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Abstract

The Molasse basin recorded over the course of more than 30 Ma the evolution of the Central
Alps, which underwent changes in tectonic processes and experienced shifts in the paleo climate. A
common feature that records such changing conditions are variations in the sediment flux — the amount
of supplied material — that was released from the catchment and stored in the foreland basin. Early
attempts to estimate sediment fluxes date back to the 19% century, and subsequent approximations refined
these estimates, leading to a more comprehensive understanding of sediment budgets throughout the
Oligo- and Miocene times. However, these assessments were based on the entire basin's scale. This thesis
shifts the focus to determine sediment fluxes at the scale of individual megafan systems that were
recorded by numerous stratigraphic sections encountered in the Swiss Molasse Basin. It further delves
into the topic to unravel the sedimentary dynamics of the paleorivers on these alluvial megafans and
provides insights into the sedimentary dynamics and the broader tectono-geomorphological evolution of
the Swiss Molasse Basin. A crucial part of this thesis bases on the application of models and quantitative
approaches for simulating sediment fluxes. Amongst other parameters, the underlying concepts require

information on grain sizes, which measurements build another important aspect of this thesis.

Accordingly, the first study in this thesis, Chapter 2, focuses on how grain sizes can be measured
from stratigraphic deposits. For this, we measured grain sizes from outcrops in a Quaternary gravel pit
near Bern, Switzerland, thereby following three different measuring approaches. To this end, we
compared grain size data obtained from digital photos with data collected using callipers and mechanical
sieving. The study highlights that the size of the longest visible axis, measured on digital photos,
underestimates the full length of the grains’ intermediate b-axis, measured by hand and calliper, by
c. 17 %. We inferred that this underestimation arises from the occlusion of grains due to finer-grained

matrix or particles.

The second research study, Chapter 3, explores the sediment transport dynamics of paleorivers
on alluvial fans in the Swiss Molasse basin. It focuses on the intermittency of the dispersal systems as a
proxy for the fan’s activity, providing insights into the relative importance of tectonic and climatic
controls. To this end, we calculated the intermittency factor for three paleo fan systems that were
constructed during Oligo-Miocene times. These fans were recorded as stratigraphic sections where
proximal-distal relationships are still preserved and are situated in the western, central, and eastern part
of the Swiss Molasse basin. The results revealed variations in the sediment transport dynamics between
the western, central, and eastern fans, shedding light on the Alpine’s tectonic and climatic history. As
such, the most active central fan and its paleorivers could accomplish its sediment transport work in c.
55 hours per year, whereas the paleorivers on the western and eastern fans were actively transporting
sediment in c. 17 and 10 hours per year, respectively. While the construction of the central fan was most
likely controlled by the legacy of the slab break-off of the oceanic European lithosphere at c. 32 — 30 Ma,

the western fan was constructed when the related environmental adjustments reached a balance between
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crustal uplift and surface erosion. For the eastern fan, the exhumation of the crystalline external massifs
and associated tectonic unroofing in the core of the Alps possibly reduced the sediment supply to the

Swiss Molasse Basin.

In the third research study, Chapter 4, we delved into the Swiss Molasse Basin's tectono-
geomorphological evolution by analysing grain size data preserved in stratigraphic sections. The focus of
this chapter lies on how the relative mobility, an indicator of the paleo streams' competence to transport
the supplied material, evolved through space and time. We measured grain sizes along 15 stratigraphic
sections that are situated in the Swiss Molasse Basin and which recorded the evolution of alluvial
megafan sedimentation between c. 31 and 13 Ma. From the dataset of these systems, we determined the
critical grain size of particles that were preferentially in transport, that is related to the concept of relative
mobility. Our results revealed that the dispersal systems on these alluvial fans were capable to transport
particles with grain sizes smaller than c. 12 mm. Throughout the investigated timespan, this critical grain
size did not change significantly, despite the conditions that controlled the grain sizes in the paleostreams
on the alluvial fans that underwent large changes, notably at the scale of the entire basin. We therefore
suggested that the formation rate of accommodation space and the rate at which sediment was supplied to

the fans, occurred in equilibrium.

In summary, this thesis provides insights into the challenges upon reading the stratigraphic
record, on how to measure grain sizes from these and contributes to our understanding of the sedimentary

processes and the dynamic evolution of the Swiss Molasse Basin.
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Chapter 1

Introduction

1.1 Motivational overview

The Swiss Molasse Basin was, and still is, a playground for geologists. Undoubtedly, its appeal
lies in the breathtaking landscapes, but even more in the processes that shaped this foreland basin. Since
Bernhard Studer’s (1825) first attempts to place its development into a larger geological context, it has
become one of the best studied foreland basins from various perspectives. Not only because foreland
basins generally serve as key to unravel the history of the adjacent hinterland, but also because
particularly in Switzerland, large parts of the Swiss Molasse Basin are covered by cities and
infrastructure, and thus serves as an important foundation ground. Moreover, rising interest in geothermal
energy and CO; sequestration provided the basis to establish a 3D geological model of the Swiss Molasse

Basin (GeoMol CH; Mock, 2017).

The Swiss Molasse Basin and its sedimentary fill recorded over the course of more than
30 million years valuable information of the evolution of the adjacent Alps and the foreland basin itself.
The research of several decades has provided us with a profound knowledge on the distinct
paleoenvironmental conditions (Keller, 1989; Platt and Keller, 1992; Schlunegger et al., 1997b; Kempf et
al.,, 1999; Kuhlemann and Kempf, 2002; Strunck and Matter, 2002; Berger et al., 2005), the
compositional and sedimentological properties of the deposits (Tanner, 1944; Biichi, 1958; Matter, 1964;
Biirgisser, 1981; Eynatten, 2003) and the temporal relationships of the Molasse sediments (Engesser,
1990; Burbank et al., 1992; Schlunegger et al., 1996; Bolliger, 1998; Kempf and Matter, 1999; Kélin and
Kempf, 2009), to name a few examples only. Amongst various landforms that dominated the Molasse
basin throughout its evolution, alluvial megafans situated at the front of the rising Alps, particularly,
improved our understanding of how the Molasse Basin and the adjacent hinterland are mechanically
coupled (Beaumont, 1981; Allen et al., 1991; Sinclair and Allen, 1992; Schlunegger and Kissling, 2015;
Kissling and Schlunegger, 2018). Therefore, numerous stratigraphic sections, that are considered as
recorders of sedimentation on alluvial megafans, have been intensively explored according to their

relationship to the formation of the Alps.

Consequently, shifts in the petrofacies of the sediments that build stratigraphic sections (Kempf
et al.,, 1999; Schlunegger and Castelltort, 2016; Stutenbecker et al., 2019), the stacking pattern of the
channel fills (Schlunegger et al., 1997b; Kempf and Matter, 1999) and the size of individual grains within
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the conglomerate beds (Kempf, 1998; Schlunegger, 1999; Schlunegger and Norton, 2013; Garefalakis
and Schlunegger, 2018) were related to periods when major environmental adjustments took place in the
Alps (Pfiffner, 2002). A common feature of many proxies that record changes in the environmental
conditions is considered to be the amount of supplied material, or the sediment flux, that was released
from the catchments and stored in the foreland basin (Hinderer, 2012). The advantage in determining the
sediment flux of a specific system at various scales (e.g., of a single river or an entire fan) lies in the
nature to use these estimates as a proxy for the denudation rates in the catchment, or for the underlying
subsidence rates in the basin. Although determination of sediment fluxes or erosion rates are challenging,
the very first attempts were already made in the 19" century (Studer, 1825; Kaufmann, 1860), yet on a
qualitative basis. Subsequent approximations with a focus on estimating the amount of eroded material
from the Alps, which was supplied to the Swiss Molasse Basin and other perialpine basins, were only
attempted more recently (Schir, 1979; Hay et al, 1992; Schlunegger, 1999; Kuhlemann, 2000;
Kuhlemann et al., 2001; Schlunegger et al., 2001). These authors approximated the volume or mass of
sediments based on data collected in the Swiss Molasse Basin: They produced contour maps displaying
thicknesses of deposited material, which in turn were drawn using information from restored cross-
sections, stratigraphic sections and drill cores. Despite the various applied concepts, all these attempts of
estimating sediment fluxes resulted in a similar trend of the sediment budget throughout Oligo- and
Miocene times. Moreover, related outcomes have greatly improved our understanding on the evolution of

the Alps and the Swiss Molasse basin.

However, the provided outcomes are based on the scale of the entire basin only. This opened the
possibility to apply more recent concepts to determine sediment fluxes at the scale of individual megafan

systems, and this idea frames the focus of this thesis, which is outlined in the next section.

1.2 Aims of the thesis

The rising interest in landscape evolution models provided us with a broad palette of quantitative
approaches to simulate sediment fluxes using various approaches (Slaymaker, 2003; Bridge, 2009;
Veldkamp et al., 2017). Amongst many, a concept that has particularly been applied to stratigraphic
deposits, is the so-called grain size fining model, which has been developed in its current form by Fedele
& Paola (2007). This model allows to predict grain sizes based on estimates of the volume of supplied
sediments and upon using information of the underlying subsidence rates in the basin where stratigraphic
architectures were built. Inversely, it allows to determine sediment fluxes from grain size measurements
and estimates on the sediment accumulation rates only (Fedele and Paola, 2007; Duller et al., 2010;
Whittaker et al., 2011). Both datasets can be extracted from stratigraphic deposits, particularly, from the

numerous and thoroughly studied sections in the Swiss Molasse.

The application of the aforementioned model furthermore allows to investigate how regularly
sediment transport occurred on an alluvial megafan. In this context, a proxy for expressing the activity on

such fans is offered by the intermittency, which is a value that is defined as the ratio between the long-

2
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term sediment flux that arises from the Fedele & Paola (2007) model, and the short-term instantaneous
sediment flux, calculated from equations that are based on concepts of bedload sediment transport
(Meyer-Peter and Miiller, 1948; Wong and Parker, 2006). In the latter context, the entrainment of clasts
along a river bed bases on the inference that coarse-grained particles (> 2 mm) are transported if the drag
force of the water flow exceeds a critical value, known as the critical shear stress (Shields, 1936). The
related mechanisms have been elaborated through laboratory flume experiments and tested against field
observations, and therefore build a robust first-order approximation to quantify and predict bedload
fluxes (Ancey, 2020). Finally, the grain size fining model also allows to determine the critical grain size
that is preferentially in transport. The related concepts have been referred to as relative mobility (Fedele
and Paola, 2007). The technical details and explanations of the grain size fining model, the relative
mobility and the bedload transport equations are given in the appendices of Chapters 3 and 4, as these

would exceed by far the scope of an introduction.

Finally, to conduct the abovementioned models, one needs to establish a grain size dataset. In
that context, of particular interest is the intermediate b-axis of a grain, as concepts and equations of
sediment transport have been calibrated to this specific axis (Meyer-Peter and Miiller, 1948). Therefore,
the precise determination of this grain axis, (amongst the three axes of a grain that are oriented
perpendicular to each other, i.e., a-, b- and c-axis) attained large interest in the grain size community over
many decades (Zingg, 1935; Wolman, 1954; Wohl et al., 1996; Buscombe, 2008; Stihly et al., 2017).
Nowadays, measurements of the sizes of coarse-grained clasts are commonly carried out on digital
photographs, thereby using fully- or semi-automatic approaches (Bunte and Abt, 2001). Although related
techniques to measure grain sizes from flat-lying deposits, such as in a riverbed, are rather
straightforward, their direct application to stratigraphic deposits is ambiguous. This is mainly due to the
nature of such sediments, because i) the identification of a specific grain axis is difficult, and ii) related
sedimentary deposits often prevent the full exposure of the grain axes. The first objective is mainly
because, when clasts are deposited in a river, they tend to be oriented with their a-/b-axes plane parallel
to the riverbed, when viewed from above, and if the clasts are not imbricated. Consequently, the
formation of the stratigraphic record, containing several layers of deposited material, disclose either the
a-/c-axes or the b-/c-axes pairs, if the outcrops expose the sedimentary layering. Moreover, complex
cutting-relationships of outcrop surfaces that are often oriented (sub-)vertical to the initial bedding of the
sediments adds another obstacle upon identifying the grain sizes. The second objective is mainly related
to the occlusion of grains, because the finer-grained matrix (e.g., small particles, sand) cover the coarser
grains and thus occlude the full length of the grain axes, which is particularly the case for conglomerate
beds. Conventionally, and for simplicity, the longest or largest visible axis (LVA) of particles in such
deposits was measured as a proxy of the intermediate b-axis of a grain (Whittaker et al., 2010; Brooke et
al., 2018; Garefalakis and Schlunegger, 2018). However, it remained to a certain degree unclear, to what
extent the size of the LVA underestimates the size of the b-axis, particularly when measured from

outcrops consisting sedimentary clasts. Therefore, the preparation of an answer to the question on how
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precisely grains can be measured from conglomerate beds builds an important aspect of this thesis. After
this problem has been solved, the aforementioned models can be applied to tackle challenges on the

relationships between grain size trends, sediment flux and the underlying controls thereof.
Therefore, in this thesis, [ aim to answer the following research questions:

- How precisely can grain sizes be measured from conglomerate beds?
- What were the magnitudes of sediment fluxes at the scale of individual megafans, and how
frequently did these systems accomplish their transport work?

- What is the critical grain size that the paleorivers on these megafans could transport?

Before we delve into the details, I provide a brief overview of the Swiss Molasse Basin's evolution,

which serves as the study area, and then give an outline of the thesis’ structure.

1.3 The evolution of the Swiss Molasse Basin

The North Alpine Foreland Basin (NAFB; Fig. 1.1) or Molasse Basin, located north to the
European Alps, extends approximately 900 km from west to east through France, Switzerland, Germany
and Austria. Its width can be as narrow as 10 km, particularly at its lateral ends, and reaches a maximum
of 150 km in its centre (Pfiffner, 1986). The Swiss Molasse Basin (SMB; Fig 1.1) stretches from Geneva
in the southwest to Lake Constance in the northeast and covers the area between the front of the Central
Alps in the south, which has been referred to as the basal Alpine thrust in Alpine literature (e.g., Pfiftner,
1986), and the Jura Mountains in the north (Fig. 1.1). The Swiss Molasse Basin is further divided into the
tilted, folded and thrusted Subalpine Molasse (SM; Fig. 1.1) at the proximal basin border, and the flat-
lying and undeformed Plateau Molasse (PM; Fig. 1.1), situated at the more distal positions in relation to

the Alps (Fig. 1.1).

The development of this peripheral foreland basin is mechanically coupled to the evolution of the
Alps and started no later than in the Tertiary. The subduction of the European mantle lithosphere beneath
the Adriatic plate induced a flexural bending of the European plate, thereby creating accommodation
space (Beaumont, 1981; DeCelles and Giles, 1996; Pfiffner et al., 2002; Schlunegger and Kissling,
2022). This space was subsequently filled with the erosional products of the rising mountain range,
resulting in a wedge-shaped basin in a cross-sectional view perpendicular to the strike of the Alps, with
its thickest part (c. 5 km-thick) at the southern basin margin (Sommaruga et al., 2012). This basin-fill
records two large-scale megacycles that were deposited between c. 35 and 10 — 5 Ma (Allen et al., 1991;
Sinclair, 1997; Kuhlemann and Kempf, 2002). Each of these sedimentary cycles records the transition
from a transgressive and thus marine to a regressive and terrestrial (freshwater) stage. The first
transgressive-regressive cycle started with the North Helvetic Flysch unit (NHF; Pfiftner, 1986) and is
associated to the Flysch stage of sedimentation that occurred from c. 35 Ma onwards (Sinclair, 1992).
The following Molasse stages or Molasse type of sedimentation are characterised by four

lithostratigraphic groups. Conventionally their German abbreviations are used (Matter et al., 1980),
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which are the UMM ‘Untere Meeres Molasse’ (Lower Marine Molasse), USM ‘Untere Silisswasser
Molasse’ (Lower Freshwater Molasse), OMM ‘Obere Meeres Molasse’ (Upper Marine Molasse) and
OSM ‘Obere Siisswasser Molasse’ (Upper Freshwater Molasse).
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T

Figure 1.1: Simplified geological map of the Molasse Basin (North Alpine Foreland Basin) with the adjacent Alps, the
Jura mountains and the external massifs. The study area of this thesis is situated in the Swiss Molasse Basin, north
to the Central Alps. The geological units are modified after Schmid et al. (2004), and the underlying hillshade map is
modified after Hengl et al. (2020).

The Flysch stage starting at c. 35—32 Ma (late Eocene to early Oligocene; Fig. 1.2a) was
characterised by the sedimentation of sand- and mudstone sequences that were deposited on submarine
fans in a deep marine trough (Allen et al., 1991). This period of the underfilled basin stage preceded the
Molasse stages, which then recorded filled to overfilled basin conditions, but the Flysch type of
sediments often build a seamless transition into the lowermost lithostratigraphic group of the Molasse,
the UMM (Fig. 1.2; Pfiftner, 1986; Sinclair, 1997). The UMM deposits are characterised by sequences of
deep marine marls and mudstones that transitioned into shallow-marine mud- and sandstones (Diem,
1986). As a consequence of the initial rise of the Alps and the retreat of the Alpine Tethys between c. 32
and 30 Ma (Allen et al., 1991; Handy et al., 2010; Schlunegger and Castelltort, 2016), these sediments
gave way to the succeeding USM type of sediments. Sedimentation of the USM (middle to late
Oligocene; Fig. 1.2) endured for c. 10 Myrs and was associated with large sediment fluxes that were
recorded by several km-thick sedimentary sequences (Schlunegger et al., 2001). Related sediments are
characterised by conglomerate, sandstone and mudstone beds of terrestrial origin (Stirm, 1973;
Schlunegger et al., 1997¢) which were deposited on alluvial megafans with a radial discharge pattern

situated at the front of the Alps (Schlunegger et al., 1993; Kuhlemann and Kempf, 2002). Towards the
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north and thus at more distal positions in relation to the adjacent mountains, the alluvial megafans
transitioned into meandering rivers that eventually merged with an axially oriented distributary system in
the central part of the basin (Platt and Keller, 1992). The time around c. 21 — 20 Ma (Burdigalian;
Fig. 1.2a) marks the end of the first transgressive-regressive megacycle when marine conditions were re-
established in the Swiss Molasse Basin, marking the beginning of sedimentation of the OMM (Keller,
1989). A drop in the Alpine sediment fluxes (Kuhlemann et al., 2001), in combination with the marine
transgression and the accelerated rise of the external massifs (Fig. 1.1; Boston et al., 2017; Herwegh et
al., 2017) and enhanced subsidence of the foreland plate (Jost et al., 2016; Garefalakis and Schlunegger,
2019) enabled the establishment of underfilled basin conditions around these times. This caused the
alluvial fans to back-step towards the Alps and sedimentation was dominated by sequences of shallow-
marine sand- and mudstones formed under wave- and tidal-dominated conditions at both, proximal and
distal positions in the Swiss Molasse Basin (Garefalakis and Schlunegger, 2019). The few remnants of
the terrestrial depocenters at the southern basin margin, that interfingered with the Burdigalian seaway as
fan deltas led to the construction of fanglomerates (Keller, 1989; Frieling et al., 2009). Thereafter, at c.
18 Ma, terrestrial sedimentation was re-established in the Molasse Basin, which initiated the stage of
OSM sedimentation (late Burdigalian to late Serravallian; Fig. 1.2a). Related sediments consist of
conglomerate, sandstone and mudstone beds that were deposited on alluvial megafans (Kempf and
Matter, 1999). An increase in the supply rate of sediments from the Alps at that time supported the
construction of the large depocenters that extended far into the basin, which laterally and distally partly
interfingered with lacustrine and floodplain deposits (Kuhlemann and Kempf, 2002). OSM sedimentation
continued up to 10 — 5 Ma (Fig. 1.2a), however, during the Pliocene an inversion of the Swiss Molasse
Basin resulted in uplift and subsequent erosion of the Molasse deposits (Cederbom et al., 2004, 2011;
Mazurek et al., 2006). Therefore, the youngest preserved OSM sediments date to ¢. 13 — 12 Ma, which
are particularly preserved in the eastern basin only (Fig. 1.2b; Bolliger, 1998; Kélin and Kempf, 2009).

This Pliocene phase of erosion (Baran et al., 2014) marked the end of the Molasse type of sedimentation.

During the Quaternary period, starting at 2.6 Ma, the Swiss Molasse Basin was dominated by
recurring periods of glaciations and deglaciations (Preusser et al., 2011; Schliichter et al., 2021). Phases
of erosion, deposition and fluctuating ice extents led to the construction of several hundreds of meter-
thick glacio-fluvial sequences of gravelly deposits covering the Molasse deposits (Claude et al., 2016).
Commonly exposed in gravel quarries for industrial purposes, especially fluvially dominated deposits
offer a high similarity to conglomerates. In contrast to these, the loosely packed gravels are astonishingly

easy to excavate — advantageously to test various approaches of grain size measuring techniques.
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1.4 Outline of the thesis

Chapter 2 provides a detailed description of how I measured the size of grains with the aim to
answer the question whether the technique that I employed to measure the sizes of grains throughout all
of my studies might be biased. To this extent, we carried out an experiment in a gravel pit (FIH in
Fig. 1.3a) situated in the north-west of the Swiss Molasse Basin, where Quaternary deposits are exposed
as steep headwalls. The advantage of these type of sediments is the loose packing of individual clasts,
which can readily be excavated. Generally, I was interested in exploring how the various grain size
measuring techniques yield different results. To this end, I particularly focused on measuring the size of
grains i) upon sieving, ii) by hand with the help of callipers, and iii) on digital photographs, notably
carried out on the same deposits. Upon statistically comparing the results with each other, grains
measured through sieving and on photographs, albeit two different sampling techniques, yielded similar
results for the intermediate b-axis. However, and which is the major outcome of Chapter 2, both
approaches tend to underestimate the size of the fully-exposed b-axis by c¢. 17 %, when compared to the
measurements by calliper. We suggest that this difference arises from the nature of the exposure where,
the fine-grained matrix or other clasts might cover individual grains thereby preventing a full exposure of

these.

Chapter 3 and Chapter 4 can be considered as a composite study, because the core of both is
offered by the grain size fining model developed in its present form by (Fedele and Paola, 2007). The
scope of Chapter 3, however, lies on the determination of sediment fluxes at the scale of three alluvial
megafans, whereas Chapter 4 focuses on the concept of relative mobility, where I determine the critical
grain size that is preferentially transported on the alluvial megafans in the Molasse Basin. The
stratigraphic sections and related depositional systems that were analysed for the studies outlined in
Chapter 3 and Chapter 4 are situated along the southern border of the Molasse basin, within the Plateau
Molasse and the Subalpine Molasse (Fig. 1.3a). These several hundreds of m-thick stratigraphic
sequences consist of alternations of conglomerate, sandstone and mudstone beds and are considered as
the deposits on alluvial megafans. The individual sections have been analysed by previous authors
regarding their petrofacies and sedimentologic properties, they have been placed in a chronological
framework (Schlunegger et al., 1996, 1997a; Kempf et al., 1997; Kempf and Matter, 1999). Figure 1.3
provides an overview of the analysed stratigraphic sections, separated by their geographical location in

the Swiss Molasse Basin (Fig. 1.3a), and the age ranges of the related deposits (Fig. 1.3b).

Figure 1.3 (next page): Study area and age range of the analysed sites. a) map with all sites that were analysed in
this thesis, situated in the Swiss Molasse Basin. The geological units are based on GeoCover V2 (swisstopo, 2017)
and the underlying digital elevation model is the LIDAR DEM Swiss ALTI3D (swisstopo, 2022). b) the age ranges of
the stratigraphic sections, arranged against their geographical position in the SMB; Swiss Molasse Basin (see
Chapters 3 and 4 for the references that were used to obtain the chronological frameworks and more information on

the construction of these).
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The major scientific outcome of Chapter 3 is that the streams constructing the analysed alluvial
megafan deposits accomplished their transport work within a few hours to a few days per year. As will be
shown, these outcomes are mostly explained by the different tectono-geomorphological conditions that
were established particularly in the adjacent Alps at that time. Chapter 4 highlights that the grain sizes of
stratigraphic sections, when compared to each other at the scale of the entire basin, do not disclose
significant differences. The application of the concept of the relative mobility, which offers a measure for
estimating the size of particles that have the same probability of being in transport or deposited in the
substrate, also disclosed no differences between the records of all analysed sections. We concluded that
the lack of significant temporal trends in the granulometric data of the conglomerate beds points towards
a long-term equilibrium between the rate at which sediment was supplied to the basin and the rate at

which accommodation space was formed.

Finally, in Chapter 5 1 will provide a summary of the conclusions of the preceding chapters and

give a brief reflexion on the outcomes of this thesis as well as an outlook.
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Abstract

The size of grains in gravel and conglomerate deposits is most easily measured on photos taken from related
outcrops. However, the occlusion of grains by the sedimentary matrix or other grains, and possible distortions of
photos, could introduce a bias in such datasets. Here, we explore the uncertainties associated with datasets where
the lengths of the grains were measured on photos. To this end, we analysed coarse-grained (>2 mm) fluvial
material from a gravel pit (Bern, Switzerland). We compared grain size data collected from digital photos with the
results where the same material was measured with a calliper and mechanically sieved. Our analyses reveal that the
percentile values such as the Djs, Ds5o and Dsy of datasets where the grains’ longest visible axes were measured on
digital photos best correlate to the corresponding percentile values of data collected through sieving. We also find
that the longest visible axes of grains measured on digital photos are c. 17% smaller than the lengths of the
intermediate b-axes of grains measured with a calliper. We therefore suggest to measure the longest visible axes on
digital photos, and to correct the data by a corresponding factor such as +17% for the target grain size percentiles.
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2.1 Introduction

Grain size distributions, percentiles values thereof and grain shapes are essential to quantify the
dynamics and processes of sediment transport in rivers (e.g., Dade and Friend, 1998; Church, 2006; Petit
et al.,, 2015). Grain size distributions additionally allow a classification of the sorting of a grain
assemblage (e.g., Inman, 1952; Rice and Church, 2010; Schlunegger et al., 2020) and help to characterise
the morphologies and bedforms of coarse-grained fluvial deposits (e.g., Lane, 1955; Brayshaw, 1984;
Leopold, 1992; MacKenzie et al., 2018). Research in these fields has mainly focussed on material
>2 mm, which is commonly referred to as the ‘coarse-grained fraction’ of the clastic material, and called
gravel or conglomerate for unconsolidated or lithified material, respectively (Wentworth, 1922). Fluvial
transport of such material starts if a grain-size dependent flow strength is exceeded, and the subsequent
transport occurs as bedload through rolling and/or gliding along the riverbed (e.g., Dade and Friend,
1998; Recking, 2010). The transport of smaller grains (<2 mm, sand fraction and finer) either occurs as
bedload or suspension load, depending on the strength and dynamics of the flow (e.g., Parker, 1990;
Wong and Parker, 2006).

A single grain can be described as an ellipsoid, where its three axes, the largest-, the
intermediate- and the smallest-axis (all oriented perpendicular to each other) are referred to the a-, b- and
c-axis, respectively (Yuzyk and Winkler, 1991; Fig. 2.1a). The ratio of these individual grain axes allows
for a quantitative characterisation of the grain shape (Zingg, 1935; Blott and Pye, 2007). From the three
axes of a grain, the a-axis is generally oriented sub-perpendicular to the water flow direction whereas its
orthogonal b-axis is aligned sub-parallel and the c-axis vertical to the discharge direction (Wadell, 1936;
Brayshaw, 1984; Aberle and Nikora, 2006; Fig. 2.1a). Consequently, the b-axis is generally used for the
calibration of hydraulic formulae elaborated from flume experiments and for the quantification of

sediment fluxes (e.g., Meyer-Peter and Miiller, 1948; Parker, 1990; Recking, 2013).

211 Challenges with measuring grains from outcrops and scope of the study

Most authors investigating the sizes and shapes of coarse-grained material have focused on
modern systems where individual grains are lying flat on gravel bars and where the a-/b-axes plane can
be viewed from above (Johansson, 1976; Brayshaw, 1984; Strom et al., 2010). However, the partial
hiding of clasts due to imbrication or burial of individual grains poses major challenges when collecting
grain size data from photos (e.g., Kellerhals and Bray, 1971; Adams, 1979; Graham et al., 2010).
Furthermore, since photos display the grains as projections in 2D, they cannot resolve the full 3D-view
of a single grain, which introduces an additional bias during the collection of such grain size datasets
(e.g., Warrick et al., 2009; Stihly et al., 2017). This problem is amplified for photos taken from deposits
of ancient fluvial systems like unconsolidated gravel or consolidated conglomerate beds, because larger
grains might partially occlude neighbouring clasts, or the fine-grained matrix can hide parts of individual

clasts. Such archives are commonly exposed through outcrops (Fig. 2.1), which cut (sub)-vertically
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through the bedding, thus exposing the thickness of a layer rather than the surface of a bed. Outcrops
thus tend to display the a-and c- or the b- and c-axes (rather than the a- and b-axes when seen from
above), which in turn depends on the paleoflow direction (Paola and Mohrig, 1996; Storz-Peretz and
Laronne, 2013, Guerit et al., 2018). The entire length of a grain can thus only be seen if the material is
completely excavated and measured with a calliper. Accordingly, the identification and measurement of

specific grain axes (e.g., the b-axis), have remained a challenge.

Transport
direction

Cb: Cross-beds; Pb: Planar-beds; M: Massive-beds; Imb: Imbricated grains; Ocl: Occluded grains

Figure 2.1: Grain axes and coarse-grained gravelly outcrops. a) Grain axes in relation to each other and to the
transport direction. b) Close-up image of gravel outcrop (location 3; Fig. 2.2a) where imbricated and occluded grains
are visible. ¢) and d) Example of outcrops with bedding surfaces perpendicular to the wall exposure. Occasionally,
cross-, parallel- and massive-bedded structures are visible. See also Fig. 2.2 for location of these outcrops. Photo c)
© N. Akgar / J. Pfander, 2020.
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Here, we address this problem and explore the uncertainties that can be associated upon
collecting grain size datasets from outcrops of gravelly deposits. For this, we compare the percentile
values of datasets where the grains were measured (i) by hand with a calliper, (ii) on digital photos and
(ii1) through sieving of the same material. Among the three methods, the presumably simplest, non-
invasive, and least time-consuming one is the approach where the grains are measured on digital photos.
We therefore put our major focus on the results of photo surveys and explore whether photo-specific
factors (distorted or non-distorted, rectified photos), different approaches to select the grains on photos
(either randomly or using a regular spaced grid), and the number of measurements introduce a bias upon

collecting grain size datasets.

2.2 Previous studies

2.21 Measuring grains from gravelly riverbeds

Over the past decades, the quantification of coarse material in modern streams has undergone a
significant development. Time-consuming in-situ class counting (e.g., Wolman, 1954) and sieving
techniques (e.g., Batel, 1960) were partially substituted by manual collections of grain size datasets on
photos (e.g., Ritter and Helley, 1969; Kellerhals and Bray, 1971; Adams, 1979) and approaches where
clasts were semi-automatically measured (e.g., Butler et al, 2001; Buscombe, 2008; Graham et al., 2010;
Purinton and Bookhagen, 2019). Grain measurements on photos (both manually or semi-automatic) are
usually accomplished on a selection of grains only, using either grid-by-area (e.g., Ibbeken and Schleyer,
1986; Church et al., 1987) or grid-by-number concepts (i.e., class-based; e.g., Wolman, 1954; Kellerhals
and Bray, 1971). Nowadays the flourishing use of uncrewed aerial vehicles (i.e., drones) allows simple
and rapid surveys of large areas. This has proven an efficient method for the quantification of grain sizes
(e.g., Carbonneau et al., 2018; Woodget et al., 2018; Marchetti et al., 2022). In the past years,
applications of semi-automatic grain size measuring methods, where algorithms model ellipsoids around
single grains, have gained an increasing popularity (Detert and Weitbrecht, 2012; Purinton and
Bookhagen, 2019). Despite improvements in such techniques, measuring sizes of fluvial gravels in an
accurate and reproducible way still bears challenges (e.g., Chardon et al., 2021; Purinton and Bookhagen,

2021; Mair et al., 2022).

2.2.2 Measuring grains from outcrops of sedimentary rocks

Sieving has been used to determine grain sizes from coarse-grained unconsolidated material
(e.g., Claude et al., 2017; Preusser et al., 2021). It avoids selective picking of clasts, yet it delivers a
single mesh-size value averaging a 3-parameter shape. Other attempts to measure grain sizes from such
deposits were accomplished after the clasts were excavated from the outcrops. Individual grains were
then measured manually with the help of callipers. However, this method is time consuming, yields a
limited number of measurements, and bears the risk of shattering individual pebbles upon extraction,

(Tanner, 1944; Haldemann, 1948; Nemec et al., 1980). Subsequently, the measurement of grains on
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photos has attracted interest because this has proven a simple, non-invasive, and least time-consuming
method. This is especially the case when the deposits are lithified (such as conglomerate beds) and
individual clasts cannot be readily extracted. Neumann-Mahlkau (1967) were among the first to conduct
such surveys applied to outcrops. They particularly found that measuring the grains’ longest visible axes
on photos yield different results (differences of £10-50%) than sieving the same material. Based on this
work, the grains’ longest visible axes have been preferably measured on photos taken from outcrops
(e.g., Paola and Mohrig, 1996, Duller et al., 2010; Litty et al., 2016; Garefalakis & Schlunegger, 2018).
Similarly, upon using material collected from a 1.2 m-deep trench in a gravel bed, Guerit et al. (2018)
evidenced differences (£10-15%) between grain size data that was collected through sieving the material
or through measuring the length of the b-axis by hand and calliper. In other contributions, Graham et al.
(20054, 2005b) introduced what they referred to as an automatic grain sizing (AGS) technique where the
shape of individual grains (visible on photos) is automatically fitted through ellipsoids. These were then
used to establish a grain size dataset. Such an approach yields area-by-number results, and the data needs
to be converted following e.g., Kellerhals and Bray (1971). Storz-Peretz and Laronne (2013) built on this
AGS method and found agreements ranging from +3 to +27% (values are method specific) between the
results where grains were measured on photos, by hand and with a calliper after excavation of the

material, and finally through sieving the material.

Storz-Peretz and Laronne (2013) showed that shaded photos taken from short distances provided
better data than photos taken with either a flash or a strong exposure contrast. For volcaniclastic
sediments, Smith and Maxwell (2021) applied photogrammetric techniques on photos taken with drones,
on which they measured the longest and shortest visible axes of grains >2 cm with a workflow fully

applicable to coarse-grained fluvial successions.

2.3  Study site and methods

2.3.1 Study site

The study was realised in the Finsterhennen gravel pit (approx. 47°00'55"N / 7°10'10"E; Bern,
Switzerland) where unconsolidated coarse-grained fluvial material is exposed in large headwalls
(Fig. 2.2). For these Quaternary deposits, measurements of cross-bed orientations and alignments of
imbricated clasts revealed a paleoflow direction towards the N-NE (Fig. 2.2a; Pfander et al., 2022). We
collected grain size data from eight locations that have four different orientations relative to the
paleoflow direction (Fig. 2.2a). The grain size data from these locations were grouped as pairs (hereafter
sites A — D), where sites A and C are oriented sub-perpendicular to the paleoflow, whereas sites B and D
are aligned sub-parallel to the measured paleoflow direction (figs. 2.2a and b). All clasts were extracted
from the same c. 7 m-thick stratigraphic layer (i.e., FIH-S — LFA 4 in Pfander et al., 2022). The analysed
deposits comprise clast-supported coarse-grained gravels, which are mostly massive-bedded but show

cross-beds and imbrications in places (figs. 2.1b, ¢ and d). The grains consist of a large variety of
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lithologies, mostly derived from Alpine conglomerates, with a predominant occurrence of limestone
constituents and a minor contribution of quartzites, granites and metamorphic pebbles (Pfander et al.,

2022).

7 6%

D l\

1o Outcrop location
Sample site

[ 460 - 470
[1450 - 460

[ ]1440-450m a.s.l

7

Figure 2.2: Study site. a) Contour map of the gravel pit near Finsterhennen (Bern, Switzerland) with locations 1-8
and sample sites A-D (© swisstopo). Discharge rose mod. After Pfander et al., 2022. b) Drone-photo showing the
gravel pit with locations 1-8 and outcrops of Fig. 2.1. Photo b) © N. Akgar / J. Pfander, 2020.

2.3.2 Data collection

In the field, we first sprayed an outcrop surface spanning c. 0.5-1 m? using a biodegradable
yellow paint for later identification of the grains. We then took digital photos with a hand-held camera
(Panasonic Lumix FT5, digital single lens mirrorless camera, 16.6 megapixels, JPEG-photos of format
4:3). By taking photos at a distance of 1-1.5 m from the outcrops, enough (> 200) clasts are portrayed on
one single photo, and the photo resolution is sufficient to allow identification of grains >2 mm (e.g.,
Storz-Peretz and Laronne, 2013). We took photos perpendicular to the outcrop to avoid perspective

distortion effects. We then measured only grains situated approximately 10 cm away from the photo

20



Chapter 2

frame to reduce distortion introduced by the camera lens. Nevertheless, we measured grains on the
original (distorted) and the ortho-corrected (undistorted) photos to explore whether this influences the
resulting grain size datasets. The related orthorectification was accomplished using the method of Zhang
(2000), which is implemented in OpenCV (Bradski, 2000). The resolution of the distorted and
undistorted photos is quite similar and ranges between 0.14 and 0.29 mm/pixel. Next, the material was
excavated with a shovel at a depth of approximately twice the size of the largest visible grain, and the
material, which also includes the fines <2 mm and grains beyond the coloured surface, was collected in a
tarpaulin to prevent any loss of coloured grains. We measured only the coloured grains (that are equally
visible on the photos) by hand with a calliper, and we sieved the bulk-material (fines <2 mm included) in
the laboratory. Hereafter, the results of the manual measurements with the help of a calliper are referred
to as hand data, the datasets collected on photos as photo data and the datasets established through

sieving as sieve data, respectively.

For each site A — D, individual samples from two neighbouring outcrop locations were merged so
that the material composition of the sampled outcrop was better represented (Mosley and Tindale, 1985).
We then measured 200 grains per sample site upon collecting the data by hand and calliper and on
photos. This number is sufficient to calculate accurate percentile values for moderately- to well-sorted
material (Daniels and McCusker, 2010; Galia et al., 2017; Eaton et al., 2019), as is the case in the
Finsterhennen gravel pit (Pfander et al., 2022). Upon sieving, the minimum representative weight of the
sample to be collected was estimated based on the length of the largest »-axis measured with a calliper.
Ideally, as documented in the tables by various authors (e.g., Neumann-Mahlkau; 1967; Church et al.,
1987; Bunte and Abt, 2001), the percentage of the largest grains should be 1% of the sampled bulk-
material if the lengths of the b-axis lays between 32 and 128 mm. However, in case where this length is
larger than 128 mm, the largest grains could constitute 5% to the sample mass (Church et al., 1987;
Bunte and Abt, 2001; Attal et al., 2015). At each sample site (Fig. 2.2a) we excavated between 32 and
61 kg of bulk-sediment (Table 2.1) and yielded corresponding values between approximately 0.4 — 5.5%.
Although these (e.g., site A; Table 2.1) are in cases slightly larger than suggested for an ideal survey
(Church et al., 1987), they can be regarded as acceptable (Guerit et al., 2018; Watkins et al., 2020;
Harvey et al., 2022). Note that grains <2 mm were then removed from the datasets for further analyses to
ensure a consistent comparison between the different measuring methods, because grains <2 mm cannot
be measured by hand with callipers and are barely detectable on photos taken with the setup (camera,

distance) used in this study.
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Sieve data Bulk samples Used Fines Fines Largest b-axis Approximate proportion of largest b-
[kel samples <2 mm <2mm (hand data) axis to bulk and used samples*
[kel [kel [%] [mm]
Site A 61.38 50.14 11.24 18.31 139.93 5.1% (bulk) / 5.5% (fines removed)
Site B 32.96 25.08 7.88 23.91 47.43 0.4% (bulk) / 0.6% (fines removed)
Site C 37.41 30.59 6.82 18.23 69.01 1.3% (bulk) / 1.6% (fines removed)
Site D 40.09 31.10 8.99 22.42 68.32 1.2% (bulk) / 1.6% (fines removed)

*after Church et al., 1987

Table 2.1: Sieve sample mass. Bulk-weight and truncated-weight (rounded to 2 decimals) of the sieve samples for
each sample site.

2.3.3 Grain size measurement protocols

2.3.3.1 Measurements by hand and calliper

For the collection of the hand data (Table 2.2), the coloured grains were separated from the
others, evenly poured on a tarpaulin, and we blindly picked grains for measuring the lengths of the a-, b-
and c-axis with a digital calliper (resolution of 0.01 mm and precision of £0.03 mm). Two grains larger

>150 mm (a-axis) from site A were measured with a meter stick, yet at a lower precision (c. £5 mm).

2.3.3.2 Measurements on digital photos

On each photo, we manually measured the longest visible axis (hereafter denoted as LVA) and the
shortest visible axis (hereafter denoted as SVA4), which are oriented perpendicular to each other. We
followed two approaches upon selecting the grains to be measured (Table 2.2): A digital grid was added
on each photograph as a first approach (grid-approach, GA4; Fig. 2.3a); and randomly placed dots were
generated on each photo as a second one (random-approach, RA4; Fig. 2.3b). For the G4 (e.g., Green,
2003; Warrick et al., 2009; Strom et al., 2010), we placed a regularly spaced grid of 4x4 cm calibrated to
the meter stick on each photo (Fig. 2.3a). The grid size has been selected using the average grain size of
¢. 39 mm of the hand data (a-axis) of all 4 sample sites, which varies between 31.5 mm (site B) and
48.9 mm (site A). Following this method, we measured the LVA and SVA of each grain situated beneath
an interception dot (Fig. 2.3a). The RA is a method where the LVA and SVA of coincidentally marked
grains are measured (e.g., Wolman, 1954; Duller et al., 2010; Whittaker et al., 2011; Fig. 2.3b). Such a
selection of grains is accomplished through superimposing randomly generated dots on the photos using
a built-in Image] Macro (vs. 1.51f; Rasband, 1997-2018). In cases where the same grain was situated
beneath multiple grid-intersection dots (GA) or several randomly placed dots (RA), this grain was
measured only once. This approach is thought to reduce a potential bias caused by an overrepresentation

of large grains (Diplas and Fripp, 1992; Bunte and Abt, 2001; Attal et al., 2015), but is different from
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other but similar grid-based measuring methods (e.g., Kellerhals and Bray, 1971). Additionally, both

methods (G4 and RA4) were shown to yield consistent results, and they prevent a selective bias by the

operator (e.g., Kellerhals and Bray, 1971; Adams, 1979; Ibbeken and Schleyer, 1986; Church et al., 1987;

Strom et al., 2010). Following the aforementioned concepts, we manually measured a total of 100 grains

per photo (i.e., 200 measurements per site) with the photo analysis software ImageJ. This resulted in four

grain size datasets for each location, which are referred to as: GAD (grid-approach distorted photos),

GAU (grid-approach undistorted photos), RAD (random-approach distorted photos) and RAU (random-

approach undistorted photos), respectively (Table 2.2).

Method

Measuring approach Specific factor Axes Sample size References (selection)
name

. Grains >150 mm by . Wolman, 1954

Hand Measurement by calliper meter-stick a-/b-/c-axis 200 Green, 2003

GAD: measurement . .
Photo beneath grid-intersection Distorted images LVA / SVA 200

Kellerhals & Bray, 1971

GAU: measurement . . !
Photo beneath grid-intersection Non-distorted images LVA / SVA 200 Ibbeken & SCh.Ieyer’ 1986

RAD t wh Paola & Mohrig, 1996
Photo I‘(";essurer;e” c;"’ te" Distorted images LVA/ SVA 200 Bunte & Abt, 2001

marked by random Ao Rice & Church, 2010

RAU: measurement when . .
Photo marked by random dot Non-distorted images LVA / SVA 200

Weight- tage; Ds* Church et al., 1987

Sieving dry-/wet-sieving elght-percentage; s 30-60 kg** urch etat,

square-hole sieves

(b-axis equiv.)

*Ds: sieve-axis; Square-hole sieves allow the b-axis of a grain to pass through (e.g., Church et al., 1987).
**Sampling weight depending on proportion of the largest b-axis from the hand data to the sampled mass (see also Table 2.1)

LVA: Longest; and SVA: Shortest visible axis

GAD: Grid-approach, distorted images; GAU: Grid-approach, undistorted images
RAD: Random-approach, distorted images; RAU: Random-approach, undistorted images

Attal et al., 2015

Table 2.2: Grain size measuring approaches. Key properties of the methods used in this study.
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Figure 2.3: Two approaches upon measuring grains on photos. a) Coloured outcrop (location 3; Fig. 2.2) with
superimposed grid (Grid-approach, GA) or b) with randomly placed dots (Random-approach, RA) for grain size
measurements on the photos. Please note that the dot size is enlarged for visualisation purposes.

2.3.3.3 Sieving of the material

The mechanical dry- (fraction >0.5 mm) and wet-sieving (fraction <0.5 mm) of the sediment was
performed in a laboratory (Berner Fachhochschule, Switzerland) following SN EN-standards
(SN EN 933-1/2012-03; Table 2.2). The dry-sieving was effectuated with a Haver EML 400 Digital Plus
sieve shaker (Haver and Boecker OHG) with square-hole sieves (mesh sizes from 0.5 to 125 mm, with
intervals of doubling each mesh size). Grains >125 mm were measured separately with a meter stick (b-
axis), weighted, and assigned to the grain size class 125-250 mm. The wet-sieving was performed using
a Retsch AS 200 sieve shaker (Retsch GmbH; sieve mesh sizes of 0.063 mm, 0.125 mm and 0.250 mm).
This was accomplished on a homogenised sub-sample of 50 g that was previously separated from the
<0.5 mm fraction. For the sieve data, the sieve mesh sizes (or sieve bin-openings) are thought to
represent the length of the b-axis, because square-hole sieves allow in general individual grains with this
specific axis to pass through (Church et al., 1987; Stihly et al., 2017). Therefore, the sizes of the

percentile values are hereafter denoted as the sieve-axis.

2.3.4 Limitations and biases related to the three measuring methods
2.3.41 Measuring grains with a calliper

Measuring by hand and calliper involves the risk of a selective bias and under-sampling (e.g.,
Fripp and Diplas, 1993; Marcus et al., 1995; Wohl et al., 1996; Galia et al., 2017), and it may yield less
precise results for large, small, or irregular-shaped grains (Fripp and Diplas, 1993; Marcus et al., 1995).
Additionally, the shape of grains can lead to a misidentification of a specific axis, e.g., for rounded or

spherical grains that might have similar long axes (Yuzyk and Winkler, 1991). Because we measured all
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three grain axes, we tested whether the resulting grain sizes, using the hand »-axes as a reference, depend
on the grain shape. For this, we classified the hand data into four shape endmembers (Zingg, 1935; Blott
and Pye, 2007) referred to as: flat if b-/a-axes >2/3 and c-/b-axes <2/3; spherical if b-/a-axes >2/3 and c-
/b-axes >2/3; elongated if b-/a-axes <2/3 and c-/b-axes >2/3; and flat-elongated if h-/a-axes <2/3 and c-
/b-axes <2/3.

2.3.4.2 Measuring grains on photos

On photos, we set the lower limit of a measurable grain to 2 mm, based on the pixel resolution of
the photos. As outlined in the introduction, the projection of clasts onto the photo plane and the occlusion
of clasts by the fine-grained matrix or other clasts (Fig. 2.1b) could either lead to an underestimation of
the grain size and/or to a misidentification of a specific grain axis. We explore both biases by analysing
the ratios between the lengths of the LV4 and SV4 measured on photos and the grain axes measured with
a calliper. Additionally, we tested whether the exposed grain axes on the photos, reflecting the orientation

of the grains after deposition, show a dependency on the paleoflow direction.

As mentioned above, images can be distorted, which could introduce a further bias upon data
collection. We therefore tested whether the four different photo acquisition methods (GAD, GAU, RAD,
RAU; see section 3.3.2) applied to the same outcrops yield identical results (Kolmogorov-Smirnov two-
sample (KS2) test, Hodges, 1958). As null-hypothesis Hy we considered that two grain size distributions
are likely identical and drawn from similar populations. The Hjis tested based on a significance level of

alpha = 0.05 corresponding to the 95% confidence interval.
2.3.4.3 Sieving coarse-grained material

Sieving of the sampled material should significantly reduce or even eliminate a selective bias, as
this approach includes the entire range of grain sizes (Leopold, 1970; Attal and Lavé, 2006), and sieving
a sufficiently large sample mass can further reduce the errors associated to percentile values. Still, the
results can depend on the grain shape particularly if square-hole sieves are used (Fernlund et al., 2007).
This is because grains with small c-/b-axes ratios (flat or flat-elongated grains) are likely to pass to the
smaller, lower sieve, whereas grains with large c-/b-axes ratios (spherical or elongated grains) are
retained in the larger sieve (Church et al., 1987; Stihly et al., 2017). To account for this bias, Church et
al., (1987) introduced a conversion factor, expressed as the ratio between the sieve mesh size D, and the

length of the b-axis of a grain:

Dej = L, [1 + (g)z] -] Eq. (2.1).

Here, b and ¢ are the grain axes’ lengths from the hand data, where the ¢/b-ratio denotes the
flatness/roundness of a grain (Blott and Pye, 2007). We compared the sieve data (before and after

correction) with the outcomes of the other two methods to investigate the effect of this shape correction.
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2.3.5 Percentile and uncertainty calculations

The most used grain size percentiles for hydraulic calculations are the Djs, Dso or Dss. Here, D;
denotes the grain size where i percent of all grains are equal to or smaller than this specific length (e.g.,
Hoey and Ferguson, 1994; Ferguson and Paola, 1997; Green, 2003). The Dsy is frequently employed for
hydraulic calculations because the equivalent grain size is considered to characterize the material
particularly during equal mobility conditions in a river (Parker, 1978; Wilcock and McArdel, 1993;
Church, 2006). The Ds, is considered as the frame building grain size of gravel bars (Hey, 1979;
Leopold, 1992; MacKenzie and Eaton, 2017; MacKenzie et al., 2018), and the D;s acts as counterpart
and characterizes the size of the fine-grained fraction (Kondolf and Li, 1992; Leopold, 1992; Bunte and
Abt, 2001). For the hand and photo data, the Djs, D5y and Dss grain size percentiles were directly
calculated from the grain size datasets. For the sieve data, we translated passed-weight percentages into
grain size percentiles by linear interpolation between the sieve bins below and above the target

percentiles.

For the calculations of the uncertainties on the hand and photo data, we conducted bootstrapping
with replacement where the grain sizes are randomly sampled during 10* iterations (see e.g., Rice and
Church, 1996 for description). We proceeded similarly to the approach of Mair et al., 2022, but did not
consider the modelled measurement errors (see also Eaton et al., 2019, for alternative methods to
estimate percentile uncertainties). We calculated the 95% confidence interval for each of the
aforementioned percentiles. We used this confidence interval because not all the hand and photo datasets
follow a normal Gaussian distribution. In contrast to the hand and photo data, the sieve data does not
contain information on individual grain lengths. Therefore, for each percentile of interest we calculated a
lower and upper confidence boundary following Watkins et al. (2020). For instance, error bars on the Dsy

values are expressed by the spread between the Dys (lower) and the Dss (upper boundary).

Additionally, we calculated how the number of measurements (sample size per site) influences
the uncertainties of the percentile values extracted from the hand and photo data. For this, we determined
the relative uncertainty on the percentile values (g;) following Eaton et al. (2019) where:

g = 0.5+ (FepperClower) 4 100 [o4] Eq. (2.2).

D;

Here, the confidence length (Clyper — Cliower) 1s dependent on the upper and lower confidence
values from bootstrapping based on the 95% confidence interval. A normalisation by the related
percentile values (D;; e.g., the numerical value of the Dsg) is required for comparing the uncertainties
across the three percentiles of interest and various measuring approaches. A multiplication by 0.5 is
applied to account for error margins (i.e., = uncertainty). We additionally tested whether the uncertainties
significantly decrease with a larger number of measurements. We did so by bootstrapping to 400

simulated measurements thereby doubling the sample size.
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2.3.6 Comparison between different datasets

Two different measuring methods yield the same results, if the percentile values, once plotted
against each other fit on the 1-1-line, also known as the line of equality, where x=y. This can be tested
either visually or statistically. For a statistical test, we used a concordance correlation coefficient (CCC)
following Lin (1989, 2000), which combines the degree to which all percentiles of a specific method
adhere to their linear regression and the correlation between this best-fitting to the 1-1 line. Thus, it
quantifies the similarity or discrepancy between the results of two different measurement methods for all

percentiles. Here, the CCC is computed through:

21050y

ox? + Jyz"'(l‘x_ ﬂy)z

cCC = ] Eq. (2.3).

Here, r denotes the Pearson correlation coefficient of the linear regression, o is the standard
deviation, x is the mean, and ¢° the variance of the percentile values x and y derived from two different
measuring approaches (e.g., photo and sieve), respectively. Because the CCC procedure can only be
accomplished on data with ten or more data pairs (Lin, 1989, 2000), we used all percentiles values
between the D;s and the Dss with a spacing of five, starting from the D>y and ending with the Dsy (i.e.,
Dis, D2g, D3s ... Dso, Dss). For the sake of clarity, the figures encompass the percentiles D, Dso, and Dss
only. Lin’s CCC can be considered to indicate a good correlation if the values are >0.80 (Altman; 1990).
Thus, if the CCC values are close to 1.00, then all percentile values of the two methods are well
correlated with respect to the line of equality and to each other (expressed by the Pearson r-value; full list
in Fig. B.2.1, appendix B). We thus used the CCC values to identify those measuring methods that yield

the highest similarity between the resulting percentile values.

24 Results

241 Data consistency

The grain size distributions of all hand datasets indicate that grain sizes <10 mm are scarce,
especially for the a- and b-axes (Hand in Fig. 2.4). The grain size at site A is generally coarser than at
sites B — D, especially for the Dsp and Dss (Fig. 2.4). This concerns the hand, photo and especially the
sieve data. The lengths of the LVA and SVA, which were measured on the photos of sites A, B and D,
display very similar distributions (Fig.2.4) that are independent on whether data collection was
accomplished on distorted or undistorted photos, and whether grains were randomly selected (R4) on the
photos or measured if located underneath a grid point (GA). This is supported by the results of the KS2
test where almost all comparisons failed to reject the Hy at varying p-values (Fig. B.2.2, appendix B),
meaning that the individual grain size distributions are comparable to each other. An exception is site C
where some of the measurement approaches applied to photos yield in one case a different distribution

for the SVA values (Fig. 2.4). In particular, at site C the lengths of the SVA appear to be different if the
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data was collected with either the GAD or the RAU approach (rejection of Hy at a very low p-value of
0.003 upon comparing the two datasets; Fig. B.2.2, appendix B). Further details are shown in figures and
tables A.2.1 — A.2.4 (both appendix A) for the curves of the grain size distributions and for the percentile

values with confidence intervals and relative uncertainties, respectively.

Site A Site B Site C Site D

AN Al A
)| L) L) LA

=y

T
2 10 30 100 250 2 10 30 80 125 2 10 30 80 125 2

100

%-finer

0 80 125
Grain size (mm) Grain size (mm) Grain size (mm) Grain size (mm)
LVA : Longest visible axis —— Hand : a- > b- > c-axis Dga; Dso; D16 : grain size percentiles
SVA : Shortest visible axis —— Sieve

Figure 2.4: Grain size distributions. Data expressed as %-finer for all acquisition methods per sample sites A, B, C
and D. Please note the logarithmic scale. The positions of the grain size percentile values (D16, Dso, Dg4) are marked
by horizontal lines.

2.4.2 Comparison of percentile values

2.4.21 Photo versus sieve data

The closest similarity between the data can be found when comparing the LVA4 data collected on
photos with the sieve data (LVA in Fig. 2.5a). This is particularly the case for datasets (and all related
percentiles) collected with the GAD, GAU, RAD and RAU approaches at sites B — D, and this is also
illustrated by the corresponding CCC (Eq. 2.3) values >0.9 (Fig. 2.5a). At site A, the LVA photo values
deviate from such a correlation with the sieve data (average CCC value of 0.53; Fig. 2.5a), particularly
for the D5y and Ds.. In contrast, at all sites, the Dsy and Dsy values of the SVA (measured on photos) tend
to be lower than the corresponding percentile values of the sieve data. The finer grained fraction (D;s) of
both methods, photo measurements and sieving, yielded relatively consistent results (SV4 in Fig. 2.5a).
Yet the corresponding average CCC values are all below <0.70 and thus below the threshold of 0.80 (SVA4
in Fig. 2.5a). A complete table of all individual CCC values is shown in figure B.3 (appendix B).

2.4.2.2 Photo versus hand data

The lengths of the LVAs measured on photos are consistently shorter than those of the hand a-
axes (a-axis in Fig. 2.5b). In contrast, measurements of the LVA yield Ds, values that are comparable to
the related percentile values of the hand b-axes. Regarding the D;s and Dsg, however, the correlations
between the related hand and photo values are only moderate (b-axis in Fig. 2.5b). Despite that, only site
D has an average CCC value >0.87 if the comparison of the LVA with the hand b-axis and all percentile

values are considered. A comparison of the LVA4 with the hand c-axes shows that the Ds, percentile values
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of the photo data are larger than those of the hand data in most of the cases, whereas the D;s and D5y are
in relatively good agreement (c-axis in Fig. 2.5b). Average CCC values for all percentiles are only above
the threshold of 0.80 for site B, whereas they are below it for sites A, C and D in case of the hand c-axes
(Fig. 2.5b). Measurements of the SVA on the photos yield percentile values that are generally smaller
than those of the hand a-, - and c-axes in almost all cases (Fig. 2.5¢). In particular, only the Ds, value of
the hand c-axis is comparable to the corresponding percentile values of the SV4 photo data, especially for

site D (average CCC value of 0.81 for all percentiles; Fig. 2.5¢).

2.4.2.3 Hand data versus sieve data

All percentile values of the hand g-axis data are clearly larger than those of the sieve datasets at
sites B—D, yet site A shows an acceptable correlation between them (CCC = 0.80). Although the
measurements of the hand a-axes of site A revealed larger D;s and smaller Dss values than sieving the
same material, both methods return comparable Dsy values (a-axis of site A, Fig. 2.5d). The hand b-axis
data show good correlations to the sieve datasets only for the Dss (sites B and D), and moderate
correlations for the Dsy (sites A, B and D), respectively. In contrast, all D;s values of the hand b-axes are
generally larger than the corresponding percentile values resulting from sieving (b-axis in Fig. 2.5d).
Overall, sites B and D are best correlated if the lengths of the hand-b-axes and sieve-axes and all
percentiles are considered (both CCC = 0.83 in average). The hand c-axes show a good correlation to the
sieve data for the D¢ (sites A, B and D), whereas site C shows a better correlation for the Dsy. The data at

site C has the highest average CCC = 0.89 for all percentiles (c-axis in Fig. 2.5d).

29



P. Garefalakis

El

Site A Site B Site C Site D
120 60 60 60
@ cce: / @ cce: ( @ cce: / @ cce: /
E 100 10.53 (LVA) Y1 50 40.91 (LVA) Y| 50 40.93 (LVA) Y| s040.98 (LVA) >
< 0.23 (SVA) 0.38 (SVA) 0.70 (SVA) 0.62 (SVA)
< 80+ 40 40 40 -
n I [
3 60 LVA 30 30 g 30
< ..t—< -/ H ; ==
< 401 20 z 20 Y 't::"»; 20 ¥
2 20 i : 10 3 10 L& w0l g/
o s SVA A
0 T T T T T 0 T T T T T 0 T T T T T 0 T T T T T
0 20 40 60 8 100 120 O 10 20 30 40 50 60 O 10 20 30 40 50 60 O 10 20 30 40 50 60
Sieve — axis (mm) Sieve — axis (mm) Sieve — axis (mm) Sieve — axis (mm)
Site A Site B Site C Site D
80 60 60 60
L Jocce: 4 @ cce: 4 @ cce: 4 @ cce: 4
0.43 (a-) ¥ 5040.33 (a-) ~] s040.30 (a-) Y| 504 053 (a-) N
E 607073 (b-) 0.68 (b-) 0.65 (b-) 0.87 (b-) —
£ 40 40 T 7 40 - -
E 504078 (c) 084(c); ./ 0.79 (¢-) =k a3 0.59 (c) /1 L
S 40 i IRER B =ty 30 /i /)t 7 30 4
~ c-///b- ~a-axis + — 1/ 4 4
% 30 / 20 4 Y/ ) 5 o 2// 3/ nf/:( 56 -
£l PAA 1V 1 e
(S 10 Vo 10 & 104 4 ¥a&
10 | g ¥ (O L
0 T T T T T T 0 T T T T T o T T T T T o T T T T T
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 O 10 20 30 40 50 60 0 10 20 30 40 50 60
Hand axes (mm) Hand axes (mm) Hand axes (mm) Hand axes (mm)
Site A Site B Site C Site D
80 60 60 60
20 4 @ CCC: 4 g ccc: ! @ CcCcC: ! g ccc: !
0.16 (a-) Y| 504012 (a-) Y| 504012 (a-) ~| 504 0.20 (a-) ~
E ©070.26 (b-) 0.21 (b-) 0.23 (b-) 0.37 (b-)
E 40 40 40
E 504071 () 0.56 (c-) 0.63 (c-) 0.81 (c-)
S 40 c- /b- a-axis| 30+ 30 30
2 30 -;F -;F - z
s} 20 s 3 I 20 : k% 20 A
& 20 ; B = TS
10 A o R 10 1 E A w0y A AN
v e ¥ 'L
0 — T T T T T T 0 T T 0 T T T T T 0 T T T T T
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 O 10 20 30 40 50 60 0 10 20 30 40 50 60
Hand axes (mm) Hand axes (mm) Hand axes (mm) Hand axes (mm)
Site A Site B Site C Site D
120 60 60 60
110 4 @ CCC: / @ cCC: % / @ cCC: /
100 4 0.80 (a-) ~| so A Y| s Y| s0 M
= 85
£ 0.55 (b-)
£ 80 g 40 40 40
€ o]0
% 60 | 30 30 A 30
50
g 40 20 20 / Q@ CCC: | o 1
T 30 0.25 (a-)
20 10 10 0.49 (b-)| 10+
10 o 0.89 (C-)
0 T T T T T 0 T T T T T 0 T T T T T 0 T T T T T
0 20 40 60 8 100 120 O 10 20 30 40 50 60 O 10 20 30 40 50 60 O 10 20 30 40 50 60
Sieve — axis (mm) Sieve — axis (mm) Sieve — axis (mm) Sieve — axis (mm)
HH  GAD: Grid-approach, distorted images HH  RAD: Random-approach, distorted images LVA: Longest visible axis
GAU : Grid-approach, undistorted images 4 RAU: Random-approach, undistorted images SVA: Shortest visible axis
Hi a—axis b—axis HH c—axis CCC: Concordance Correlation Coefficient

Figure 2.5: Comparison of percentile values from different measuring approaches. a) Comparison between the
photo and the sieve data. b) Comparison of the hand data with the longest visible axis (LVA) and c¢) the shortest
visible axis (SVA) on photos. d) Comparison between the hand and the sieve data. Percentile values in increasing
order (i.e., D16 < Dso < Ds4). Error bars represent the 95% confidence interval (hand and photo data). The sieve data
uncertainties show a confidence range of + 5 percentiles. Numbers represent average CCC values.

30



Chapter 2

2.4.3 Uncertainty estimates

For all hand datasets and for 200 measurements, the relative uncertainties (¢;; Eq. 2.2) are on
average £7.82% for the D5, £6.97% for the Dsy and +£9.87% for the Dss (Table 2.3). For 400
measurements, the relative uncertainties for the hand data are reduced to +5.71% for the D, +4.83% for
the Dsg, and to £6.60% for the Dss on average (Table 2.3). These relative uncertainties (95% confidence

interval) concern all three grain axes measured by hand and calliper.

For the photo data (both LVA and SVA; see Table 2.3 for details) and for all photo acquisition
methods, the average relative uncertainties are c. +£17.45% for the D;s, £12.99% for the Dsp and £14.30%
for the Dsy. For 400 measurements, the average relative uncertainties for the photo data decrease to
+13.81% for the D;s, £9.37% for the Dsy, and to £9.87% for the Dss (Table 2.3). These uncertainties
(95% confidence interval) are independent of the grain axes (LVA and SVA). They concern all grain size
percentiles (Dys, Dso, Ds4), all sites A— D, and all approaches through which the photos were processed
(distorted versus rectified photos) and the grains were selected on these photos (grains selected on a grid

versus random selection of grains).

The average uncertainties of the sieve data (expressed by a lower and upper boundary of +5
percentiles) are £21.37% for the Djs, £12.13% for the Dsy, and +£17.55% for the Dgy (Table 2.3). All
individual uncertainty values are shown in tables A.2.1 —A.2.4 (appendix A). Figure B.2.7 (appendix B)

shows the relative uncertainties of the hand and photo data plotted against increasing sample size.

Average relative uncertainty E16 €16 &50 &s0 Es4 Es4

€ for all sites [+ %] (n =200)* (n =400)* (n =200)* (n =400)* (n =200)* (n =400)*
Hand data (a-, b-, c-axes) 7.82 5.71 6.97 4.83 9.87 6.60
Photo data (LVA) 18.46 13.81 13.14 9.37 13.91 9.87
Photo data (SVA) 16.49 13.81 12.83 9.36 14.69 9.86
Sieve data (Ds) 21.37 - 12.13 - 17.55

Ds: Sieve-axis (Sieve-mesh size) ; LVA: Longest; and SVA: shortest visible axis (incl. all measuring approaches on photos)
* Sample size is valid for hand and photo data only. See table 2.1 for sieve sample mass.

Table 2.3: Uncertainties on the percentiles. Relative uncertainties are based on the 95% confidence interval (hand
and photo data) or on a confidence range of + 5 percentiles (sieve data).

2.4.4 Influence of grain shape and paleoflow direction

The ratios between the individual axes remain stable, over the entire range of grain lithologies
and are independent of the grain size and the sample sites. On average, the b/a-axes ratio is c. 0.74,
whereas the ¢/b-axes ratio is c. 0.67 (Table 2.4). Also, for all sites, the shape classification reveals that the

majority of the grains are either flat (in average c. 38%) or spherical (c. 34%), whereas the rest
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corresponds to elongated (c. 17%) or flat-elongated grains (c. 11%; Table 2.5). Additionally, grain shapes
are not correlated to the lengths of the hand b-axis nor to the a- and c-axis, in the sense that the shape
classes spread over various grain sizes. Further details on the grain shape in relation to the a-, - and c-

axes of the hand data are shown in figures A.5a, b and ¢ (appendix A), respectively.

The influence of the grains’ shape on the sieving results is evaluated using Eq. 2.1. The average
Dy/b-ratio of c. 0.85 (Table 2.4) for all four sites shows that the percentile values of the sieve data are
c. 15% smaller than the corresponding values of the hand b-axes. Applying this factor to the sieve data
thus yields in c. 15% larger percentile values compared to those before the correction (e.g., figs. Sa and
d). The comparison of these corrected values (sieve data) with the results of the other grain size
measuring methods shows that such corrections do not significantly improve the CCC values and thus

the correlations (Fig. B.2.4, appendix B).

The comparisons of the grain size percentiles in relation to the exposure of the outcrop relative to
the paleoflow (Fig. 2.2a) reveal that both, the LVA and SVA percentile values of site A, are generally
larger than those of the perpendicularly oriented site B. This is particularly the case for the Dspand Dsy
values (Fig. 2.6). In contrast, the LVA4 and SVA of sites C and D (which are perpendicular to each other)
disclose very similar percentile values, only the Dsy values of site D are slightly larger than those of site

C (Fig. 2.6).

Axes ratios [-] Site A Site B Site C Site D Average
b/a 0.74 0.73 0.74 0.75 0.74
c/b 0.64 0.70 0.66 0.66 0.67
Ds/b 0.85 0.87 0.85 0.85 0.85
LVA/a 0.60 0.58 0.57 0.66 0.60
LVA/b 0.82 0.81 0.78 0.90 0.83
LVA/c 1.30 1.18 1.19 1.40 1.27
SVA/a 0.35 0.35 0.34 0.39 0.36
SVA/b 0.49 0.50 0.47 0.53 0.50
SVA/c 0.78 0.71 0.72 0.83 0.76

a, b, c: Grain axes (hand data); Ds: Sieve-axis (Sieve-mesh size);
LVA: Longest; and SVA: shortest visible axis (incl. all measuring approaches on photos)
(Averages calculated from unrounded values per site)

Table 2.4: Grain axes’ ratios. Based on the hand data (numbers rounded to 2 decimals).

32



Chapter 2

Grain shape classes [%] Site A Site B Site C Site D Average
Flat (b/a2>2/3 & ¢/b<2/3) 43.0 31.0 37.0 40.0 38.0
Spherical (b/a>2/3 & ¢/b>2/3) 29.0 39.0 34.0 33.0 34.0
Elongated (b/a <2/3 & ¢/b >2/3) 16.0 21.0 16.0 16.0 17.0
Flat-elongated (b/a < 2/3 & ¢/b < 2/3) 13.0 9.0 12.0 10.0 11.0

a, b, c: Grain axes (hand data)

Table 2.5: Grain shapes. Classification after Zingg (1935) based on the grain axes ratios (hand data; rounded
numbers, 1% rounding error).
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Figure 2.6: Photo data in relation to paleoflow direction. Comparison of percentile values (in increasing order, i.e.,
D16 < Dso < Dsa4) of sites with different orientations with respect to the paleoflow (Fig. 2.2a for orientation of sites).

24.5 Corrections of photo data to account for occlusion effects

Our results reveal that the lengths of the LVAs lay in general somewhere between those of the
hand b- and c-axes (i.e., a-hand-measured > b-hand-measured > LVA > c-hand-measured; Fig. 2.5b), if
considering the percentiles of interest. The lengths of the SV4 measured on photos slightly underestimate,
but generally correspond to those of the hand c-axis (Fig. 2.5¢). By comparing the lengths of the LVAs (of
all measuring approaches on images) to the hand b-axes, we found an average ratio of 0.83 for all sites
(LVA/b in Table 2.4). In the same sense, the average ratio of the lengths of all SVAs and the lengths of the
hand c-axes is 0.76 (SVA/c in Table 2.4). We corrected the LVA and SVA datasets by these factors and
compared these new values with the hand b-axis datasets. Consequently, the values for data derived
through both methods only slightly better aligned to each other for the D;s, whereas the same corrections
resulted in a better correlation of the Dsy (Fig. 2.7). Yet the alignment between the Dg, values becomes
worse but remains acceptable (Fig.2.7). Besides, we found that for all percentiles the correlations

between the photo and hand data highly improve (CCC values >0.80; Fig.2.7 and Fig. B.2.5,
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appendix B). Corrections by other ratios (i.e., LVA/hand-a; LVA/hand-c; SVA/hand-a; and SVA/hand-b;

Table 2.4) do not improve the correlations of the percentile values between the photo and hand data.
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Figure 2.7: Comparison of percentile values of the corrected photo data. The photo data is now corrected by a) the
average LVA/hand b-axes ratios of 0.83, and b) the average SVA/hand c-axes ratios of 0.76. Percentile values in
increasing order (i.e., D16 < Dso < Dg4). Error bars represent the 95% confidence interval. Numbers represent
average CCC values.

25 Discussion

2.5.1 Biases related to data collection and measuring approaches

As shown by the results, the material at site A is coarser grained than at the other sites B — D and
contains grains that are larger than 125 mm (largest sieve-mesh size; figs. 4 and 5). This allows us to
explore, for site A, how the occurrence of such large grains adds a bias to the calculations of the
percentile values. In particular, the hand data of site A comprises the lengths of 3 grains and the photo
data of 1-2 grains (depending on the photo acquisition method) that were larger than the threshold of
125 mm. Removing these grains from the datasets do not significantly lower the percentile values of the
Djs, Dsp and Dsy of both the hand and photo data. However, the sieve data of site A contains 4 grains
>125 mm, which are 4.6 kg and contribute c. 9.3% to the sample mass after fines <2 mm were removed
(or c. 7.6% to the bulk-mass). Upon removing these 4 grains from the sieve dataset, the Ds) and
especially the Ds, are shifted towards smaller size values, and the corresponding CCC values for sample
site A are consequently higher. This is illustrated for the comparison between the photo with the sieve

data, where the average CCC values (site A in Fig. B.2.6, appendix B) for all percentiles shifted from
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0.53 to now 0.97 (LVA) and from 0.23 to 0.64 (SVA). Although the sieve data were within acceptable
uncertainty ranges concerning the sample weight, they are sensitive to a few large and heavy grains and
thus sensitive to the particle shapes and the way of how clasts pass through the sieve openings (Church et

al., 1987; Fernlund et al., 2007; Attal et al., 2015).

Data collection by hand is prone to under-sampling of grains <10 mm (Fig. 2.4). Furthermore,
considering all percentile values, the lengths of the hand-axes reveal the least consistent correlation to
those of resulting from the other measuring approaches, which is supported by large variations of the
CCC values (figs. 5b and c). Even though the sampling was effectuated blindly, under-sampling of
smaller grains is likely because larger grains tend to be unintentionally favoured upon picking (e.g.,
Marcus et al., 1995; Wohl et al., 1996; Daniels and McCusker, 2010). The under-sampling thus results in
narrower underlying grain size distributions of the hand data, which likely yield in low uncertainties
(Eaton et al., 2019; Table 2.3). The inconsistent correlations between the hand data and those collected
with the other two methods might also reflect the lower precision upon measuring large, small, or
irregular-shaped grains that are difficult to handle (Fripp and Diplas, 1993; Marcus et al., 1995). Yet our
approach bears the advantage that the operator measured all available axes and had not to determine the

length of a specific axis only (e.g., the b-axis), which sometimes has not been done in previous studies.

Grain size measurements on photos yield precise, consistent, and unbiased datasets, if performed
by the mentioned sampling procedures. The result of the KS2 test shows that the various acquisition
methods (GA and RA) and photo-specific factors (distorted and undistorted photos) yield comparable
grain size datasets (Fig. B.2.2, appendix B). The average relative uncertainties (95% confidence interval
and thus considering two standard deviations of the mean) on the grain size percentile values of the photo
data (both LVA and SVA) range between +£12.83-18.46% for 200 grains (Table 2.3 and Fig. B.2.7,
appendix B). Such values were considered as acceptable for coarse-grained material (e.g., Whittaker et

al., 2011; Guerit et al., 2018; Eaton et al., 2019; Watkins et al., 2020).

2.5.2 Influence of particle shape, outcrop orientation and grain occlusion

The ratios between the individual hand axes (Table 2.4), and thus the general grain shape
(Table 2.5), are identical at all sites, and they are in concordance with the outcomes of previous studies
that present similar axes’ ratios for coarse-grained fluvial deposits (e.g., Paola and Mohrig, 1996; Litty
and Schlunegger, 2017). The grain shapes are furthermore independent of the lengths of the b-axes.
Moreover, the axes’ ratios of the coarse-grained material used in this study are similar to those reported
for Alpine conglomerate beds (Tanner, 1944; Haldemann, 1948; Buergisser, 1980), most likely because
parts of the material in the gravel pit was derived from these (Pfander et al., 2022).

We further investigated the influence of the grain flatness/roundness on the outcomes of sieving
the material. By applying a correction of c. +15% to the percentile values of the sieve data (that is based

on the average Dy/b-ratio of 0.85; Table 2.4), we particularly expected an improvement of the
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relationships between the sieve-axes and the hand b-axes’ percentile values, which was generally not the
case (Fig.B.2.4, appendix B). Yet, our calculated Dy/b-ratios reflect the outcome of other studies
(Graham et al., 2010; Stdhly et al., 2017), notably calculated for flat-lying grains only, showing that grain
size lengths of the sieve data indeed underestimate the lengths of the hand b-axes. Note that this
observation also considers possible biases upon measuring grains by hand and calliper. Nevertheless, we
anticipate that the measuring approach with callipers provide the least biased datasets, and because it is
the only method that provides information on all three grain axes, we use this data as benchmark for
further discussion. Accordingly, we propose that the ratio between the lengths of the LVA and the hand b-
axes can be used to correct for effects that result from the occlusion of grains and from distortions
through projections on photos. Applying the LVA/hand-b and SVA/hand-c ratios (Table 2.4) to correct for
these effects improves the comparison between the hand and photo percentile values for the D;s and
especially for the Dsy (Fig. 2.7). For the Dss, such a correction only slightly worsens the correlation
between the hand and photo data, but the related uncertainties are acceptable (Fig. 2.7). Because CCC
values consider all these percentiles, recalculations thereof revealed a highly better correlation between
the hand data and the corrected photo datasets (Fig. B.2.5, appendix B). Therefore, we consider that these
ratios, considering the entire grain size distribution, reflect the degree to which the lengths of the grain
axes are underestimated on photos from outcrops, which is c. 17% (i.e., 0.83) for the LVA and c. 24%
(i.e., 0.76) for the SVA (both Table 2.4). These values agree with similar outcomes from previous studies
(Storz-Peretz and Laronne, 2013). Moreover, the average LVA/hand-b ratio of c. 0.83 is very consistent
with the average D,/b ratio of c¢. 0.85 (Table 2.4). This explains the significantly good correlations
between grain size data collected through sieving and measurements on photos, because both methods
yield lower b-axis values than measuring the material by hand and calliper. Similar effects have been
observed for datasets collected on outcrops (Storz-Peretz and Laronne, 2013) and for flat-lying deposits

(Adams, 1979; Stéhly et al., 2017).

The dependency of the sample site orientations related to the paleoflow direction revealed no
clear influence on the lengths of the exposed grain size axes measured on photos (LVA and SVA;
Fig. 2.6). Particularly the outcrops of sites C and D, which are oriented perpendicular to each other,
revealed similar LVA4 and SVA datasets. We therefore infer that the lengths of the exposed grain axes are
independent on the outcrop orientation. We acknowledge that the data of site A depart from this picture,

probably because the material is generally coarser grained than at the other sites.

2.6 Conclusions

Grain size measurements from outcrops with orientations (sub-)vertical to the initial bedding can
be best achieved by photo-analysis. Our study reveals that the applied measuring approaches where
grains are either randomly selected on a photo (random-approach; RA4) or depicted if they occur on a grid
intersection (grid-approach; GA) yield directly comparable and statistically similar grain size datasets.

Our data additionally shows that photo-specific factors (distorted and undistorted photos) seem not to
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play a crucial role in short-distance surveys (c. 1-1.5 m from outcrops) with hand-held cameras. Also,
the orientation of the outcrops relative to the paleoflow direction does not have a measurable impact on
the grain size datasets. Uncertainties considering the 95% confidence interval of the percentile values for
all datasets where 200 grains were measured on photos are on average +16.45% for the D;s, £12.80% for

the Dsg and £14.00% for the Ds..

Measurements of the longest visible axis (LVA) on photos yield datasets that show a good
correlation with grain size data established through sieving the same material. Both methods, however,
underestimate the length of grains measured by hand with a calliper. If the lengths of these hand b-axes
are taken as a reference, the sieving of the material underestimates these lengths by c. 15%, whereas
measurements on photos (LVA) yield in an underestimation of c. 17%. The same is also the case where
the lengths of the shortest visible axes (SVA) are measured on photos, which yields in an underestimation
of the hand-measured c-axes by c. 24%. These underestimations are either based on the particles’ shape
expressed by the ratio between the size of the sieve mesh size (Ds) and the lengths of the hand-measured

b-axes or explained by the occlusion of grains and their projection onto photos.

Finally, we find that the LV4 measured on photos are comparable to the corresponding datasets
where the b-axes were measured by hand with callipers, after some corrections are made. Such a
correction is considering possible effects of grain occlusion and a foreshortened projection of grains onto
the photo plane. Accordingly, we suggest correcting the underlying grain size distributions by c. +17%,
yielding in significant good correlations between the hand and photo data for the Dsp and the Djs.
Interestingly, good agreements remained for the Dss of both datasets after such corrections (Fig. 2.7a).
We close our work with the following recommendations for measuring grains >2 mm on outcrops of

fluvial gravel and conglomerate:

1) Take photos at a distance of 1-1.5 m and as perpendicular as possible to the outcrop.

2) Ignore the outer c. 10 cm from the photo frame as they have the largest distortion. Photo corrections
through photogrammetric methods are not necessary for such short distance surveys.

3) Either use a regularly spaced grid on the photos or randomly placed dots to mark the grains to be
measured, and then measure the grains under multiple dots only once.

4) Measure the longest visible axis of at least 200 grains on one or more images from the same site.

5) Correct the underlying grain size distribution and thus the percentiles D;s, D59 and Dss by +17%.
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Figure A.2.1: Hand data. Grain size distribution for the a-, b- and c-axis from the hand data per sample site. The

positions of the grain size percentile values (D16, Dso, Ds4) are marked by horizontal lines.
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Figure A.2.2: Photo data (LVA). Lengths of the longest visible axis (LVA) of all sample sites from photo data. GAD:
Grid-approach, distorted photos; GAU: Grid-approach, undistorted photos; RAD: Random-approach, distorted
photos; RAU: Random-approach, undistorted photos. The positions of the grain size percentile values (D16, Dso, Ds4)
are marked by horizontal lines.
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Figure A.2.3: Photo data (SVA). Lengths of the shortest visible axis (SVA) of all sample sites from photo data. GAD:
Grid-approach, distorted photos; GAU: Grid-approach, undistorted photos; RAD: Random-approach, distorted
photos; RAU: Random-approach, undistorted photos. The positions of the grain size percentile values (D16, Dso, Ds4)
are marked by horizontal lines.
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2.12.2 Tables

A.2.1a
Hand Dis 95% Cl €16 Dso 95% Cl Es0 Dsa 95% Cl Es4
a-axis [mm] [mm] [+ %] [mm] [mm] [+ %] [mm] [mm] [+ %]

Site A 26.37  [24.58-28.70] 7.81 44.28 [40.71-46.71] 6.78 71.16 [66.03 —78.28] 8.61
Site B 19.69  [18.28-21.34] 7.77 28.67 [26.96 —30.03] 5.35 44.41 [38.55-49.92] 12.80
Site C 2447  [23.32-26.49] 6.48 35.40 [33.81-38.69] 6.89 51.92 [48.95 - 56.56] 7.33

Site D 21.75  [19.91-23.18] 751 3219 [30.74-34.17] 533 5279 [47.29-59.87]  11.91

A.2.1b

Hand Dis 95% Cl E16 Dso 95% Cl Es0 Ds4 95% Cl Ess
b-axis [mm] [mm] [+ %] [mm] [mm] [+ %] [mm] [mm] [+ %]
Site A 18.82  [16.92-22.20] 14.03  32.28  [29.52-35.31] 8.97 50.98  [46.90 —54.08] 7.04
Site B 14.20 [13.47-15.17] 5.99 20.82  [19.84-21.83] 4.77 31.02  [27.82-33.89] 9.79
Site C 18.05  [16.50—-19.69] 8.83 26.22  [24.35-27.94] 6.85 39.80 [36.37-42.70] 7.95
Site D 16.01  [15.54-16.91] 429 2458  [22.26-26.06] 7.73 3957  [35.07—44.00] 11.28
A.2.1c

Hand Dis 95% Cl €16 Dso 95% Cl €50 Dss 95% Cl Es
c-axis [mm] [mm] [+ %] [mm] [mm] [+ %] [mm] [mm] [+ %]
Site A 11.56  [10.03 —12.55] 10.92 18.34  [17.08-20.88] 1036  33.52  [29.98-37.16] 10.72
Site B 9.24 [8.61—9.94] 7.15 14.46  [13.15-15.00] 6.38 22.52  [20.16-24.18] 8.93
Site C 11.24  [10.26-11.83] 6.98 16.44  [15.60-17.48] 5.73 28.02  [24.11-30.18] 10.83
Site D 10.34  [9.52-10.78] 6.10 15.04  [13.96 - 16.53] 8.53 24.85  [22.96 -28.54] 11.22

Table A.2.1: Percentile values and relative uncertainties of the hand data. a) — ¢) Percentile values (D16, Dso, Ds4)
and 95% confidence interval (Cl) of all sample sites from hand data.
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A.2.2a

PhotoLVA | 95% C.I, £16 Dso 95% C.I. €50 Dss 95% C.I, o
(GAD) [mm] [mm] [+ %] [mm] [mm] [+ %] [mm] [mm] [+ %]
Site A 8.80 [7.84 -10.93] 17.56 22.33 [19.94 - 27.72] 17.42 52.97 [45.12 - 60.48] 14.50
Site B 8.13 [6.60-9.13] 15.54 15.46 [13.84 —16.80] 9.58 29.42 [26.03 —33.54] 12.76
Site C 9.66 [8.22-10.72] 12.94 18.00 [16.63 —20.59] 11.00 35.24 [30.07 —41.95] 16.85
Site D 9.29 [7.45-11.07] 19.48 19.67 [17.36 —22.42] 12.86 43.43 [35.79 — 48.38] 14.50

A.2.2b

Photo LVA Dis 95% C.1. €16 Dso 95% C.I. €50 Ds4 95% C.1. €34
(GAU) [mm] [mm] [+ %] [mm] [mm] [+ %] [mm] [mm] [+ %]
Site A 10.66  [8.24—11.83] 16.84 21.59  [19.10-24.17] 11.74 46.67 [38.28-53.60]  16.42
Site B 8.32 [7.26 -9.32] 12.40 16.01 [13.86 —17.80] 12.31 30.33 [27.97 —33.92] 9.81
Site C 8.66 [7.40-9.72] 13.40 19.41 [16.89-22.72] 15.02 37.14 [34.24-42.89]  11.65
Site D 9.33 [7.79-11.48] 19.77 20.23 [18.04 —23.19] 12.73 39.89 [35.28 —44.04] 10.99

A2.2¢

Photo LVA D6 95% C.1. €16 Dso 95% C.I. €50 Ds4 95% C.I. €34
(RAD) [mm] [mm] [+ %] [mm] [mm] [+ %] [mm] [mm] [+ %]
Site A 8.80 [7.52-12.11] 26.12 21.91 [19.56 — 25.86] 14.38 46.84 [38.02 -52.13] 15.06
Site B 7.86 [6.87-9.17] 14.66 15.90 [14.02 -17.39] 10.60 28.70 [25.69 —35.35] 16.84
Site C 7.90 [6.34 -10.32] 25.18 19.09 [15.93 —22.73] 17.81 35.68 [33.19 - 39.86] 9.35
Site D 8.52 [6.46 —10.74] 25.14 19.06 [16.91 -21.17] 11.18 42.06 [35.48 —46.45] 13.04

A.2.2d

Photo LVA D6 95% C.I. E16 Dso 95% C.I. €50 Ds4 95% C.1. €34
(RAU) [mm] [mm] [+ %] [mm] [mm] [+ %] [mm] [mm] [+ %]
Site A 8.64  [6.91-10.75] 2223 2367 [19.97-27.17] 1521 51.63 [41.09-59.86]  18.17
Site B 7.15 [6.55 - 8.69] 14.90 14.35 [12.77 - 16.26] 12.18 25.02 [21.68 —28.51] 13.64
Site C 7.25 [6.14 - 8.29] 14.81 15.88 [14.92 - 18.78] 12.14 35.61 [30.96 —40.87] 13.91
Site D 7.42 [5.98 —9.60] 24.37 19.89 [17.26 —22.87] 14.10 42.13 [34.30-47.15] 15.25

Table A.2.2: Percentile values and relative uncertainties of the photo data (LVA). a) — d): Percentile values (D16, Dso,
Ds4) and 95% confidence interval (Cl) of the LVA (longest visible axis) from photo data of all sample sites. GAD:
Grid-approach, distorted photos; GAU: Grid-approach, undistorted photos; RAD: Random-approach, distorted
photos; RAU: Random-approach, undistorted photos.
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A.2.3a

Photo SVA D6 95% C.I. £16 Dso 95% C.1. E50 Ds4 95% C.I. Esa
(GAD) [mm] [mm] [+ %] [mm] [mm] [+ %] [mm] [mm] [+ %]
Site A 5.59 [4.87 -7.07] 19.66 13.87 [11.83-16.52] 16.91 30.58 [25.60-36.49]  17.80
Site B 4.72 [4.17 -5.81] 17.41 8.91 [8.30-9.89] 8.92 16.36 [14.44 —20.82] 19.51
Site C 6.17 [4.86 — 6.68] 14.73 11.24 [9.93 -12.66] 12.12 21.62 [19.20 - 26.05] 15.85
Site D 5.63 [5.03-6.41] 12.24 11.96 [10.88 —13.43] 10.64 27.60 [23.68 —29.86] 11.20
A.2.3b

Photo SVA D6 95% C.I. £16 Dso 95% C.1. E50 Ds4 95% C.I. Esa
(GAU) [mm] [mm] [+ %] [mm] [mm] [+ %] [mm] [mm] [+ %]
Site A 6.07 [5.59 - 6.69] 9.03 12.24 [10.73 -14.52] 15.48 27.53 [22.98 —33.20] 18.56
Site B 5.15 [4.73 - 5.60] 8.48 9.60 [8.58 —10.89] 12.03 18.97 [16.39 —20.92] 11.92
Site C 5.13 [4.67 - 6.32] 16.03 11.80 [10.08 —13.02] 12.46 24.50 [20.74 — 26.36] 11.46
Site D 5.62 [4.53 - 7.00] 2197 11.44 [10.32-13.55] 14.12 2537 [22.02-27.13]  10.05
A.2.3¢

Photo SVA Dis 95% C.I. €16 Dso 95% C.1. Es0 Dsa 95% C.I. Es4
(RAD) [mm] [mm] [+ %] [mm] [mm] [+ %] [mm] [mm] [+ %]
Site A 5.75 [4.96 —7.34] 20.70 12.76 [11.50 - 14.80] 12.91 26.77 [23.12 —33.53] 19.45
Site B 4.70 [4.35-5.11] 8.08 8.96 [8.04 - 10.32] 12.70 17.98 [15.80 —20.48] 13.03
Site C 457 [3.78 - 5.58] 19.80 1072  [9.41-12.18]  12.90 23.77 [20.52-27.35] 1436
Site D 4.92 [3.43 - 6.50] 31.11 11.10 [9.66 —11.79] 9.59 24.34 [20.22 —27.93] 15.83
A.2.3d

Photo SVA Dis 95% C.I. €16 Dso 95% C.1. Es0 Dsa 95% C.I. Es4
(RAU) [mm] [mm] [+ %] [mm] [mm] [+ %] [mm] [mm] [+ %]
Site A 5.43 [4.99 - 7.16] 19.93  12.48 [10.84-14.77) 1575 27.36 [24.27-32.64] 1530
site B 4.42 [3.99 — 4.98] 11.14 8.6 [7.56 —9.38] 11.01 1592 [13.54-18.04]  14.15
Site C 4.46 [4.04 - 5.06] 1145 1017  [8.30-11.64] 16.45 21.96 [18.18-2458]  14.57
Site D 4.82 [3.85-5.92] 21.42 11.66 [10.49 —13.14] 11.37 26.03 [22.12 —28.43] 12.11

Table A.2.3: Percentile values and relative uncertainties of the photo data (SVA). a) — d): Percentile values (D16, Dso,
Ds4) and 95% confidence interval (Cl) of the SVA (shortest visible axis) from photo data of all sample sites. GAD:
Grid-approach, distorted photos; GAU: Grid-approach, undistorted photos; RAD: Random-approach, distorted
photos; RAU: Random-approach, undistorted photos.
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Table A.2.4
Sieve data Dis [D11 — D21] €16 Dso [D45 — Dss) €50 Dss [D79 — Dss) E84
+ 5 percentiles [mm] [mm] [+ %] [mm] [mm] [+ %] [mm] [mm] [+ %]
Site A 10.86 [8.23-13.48] 24.18 35.41 [30.16 —41.54] 16.07 102.12 [85.12-119.12] 16.65
Site B 7.63 [5.99-9.10] 20.41 17.89 [15.91 - 19.90] 11.15 31.89 [29.57 - 41.61] 18.89
Site C 6.33 [5.06 - 7.60] 19.99 15.88 [14.45-17.96] 11.07 30.33 [28.20 - 36.87] 14.30
Site D 8.02 [6.28 —9.63] 20.88 19.69 [17.68 —21.70] 10.22 39.12 [31.36 —47.30] 20.36

Table A.2.4: Percentile values and relative uncertainties of the sieve data. Percentile values (D1, Dso, Ds4) and
confidence range of + 5 percentiles of all sample sites from sieve data.
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Fig. B.2.4: CCC values of corrected sieve datasets. Colour-coded CCC values (see methods) and averages thereof
(vertically oriented) of the sieve data now corrected by a factor of Ds/hand-b-axis = 0.85. Dark colours denote a good
correlation (i.e., CCC = 1.00), light colours show a poor correlation (CCC = 0.00).
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Fig. B.2.5: CCC values of corrected photo datasets. Colour-coded CCC values (see methods) and averages thereof
(vertically oriented) of the photo data now corrected by a factor of LVA/hand-b-axis = 0.83 and SVA/hand-c-axis =
0.73. Dark colours denote a good correlation (i.e., CCC = 1.00), light colours show a poor correlation (CCC = 0.00).
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Fig. B.2.6: CCC of sieve data with grains >125 mm removed. Colour-coded CCC values (see methods) and
averages thereof (vertically oriented) of the sieve data where grain sizes > 125 mm were removed from the dataset.
Dark colours denote a good correlation (i.e., CCC = 1.00), light colours show a poor correlation (CCC = 0.00).
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Fig. B.2.7: Uncertainties on the hand and photo data. Normalised percentile uncertainties (see methods) versus
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Abstract

Deposits of alluvial fans in the Swiss Molasse basin bear key information on the sedimentary dynamics of
these routing systems. The architectural trends and grain sizes of the conglomerates reveal information on the
sediment fluxes and thus record variations in the intermittency — a proxy for the fan’s activity — which inform on the
relative importance of sediment production and transport controls, i.e., tectonic or climatic processes. Here, we
calculated intermittencies from sediment transport dynamics using the ratio between the long-term average and the
short-term instantaneous sediment fluxes. For this, we collected grain size data from three paleo fan systems
through Oligo-Miocene times where proximal-distal relationships are still preserved.

Our results show that the sediment transport dynamics vary significantly between the three fan systems,
which we term the western, central, and eastern fans. The eastern fan shows a low long-term sediment flux
(6.8 km?> Myr™') which needed the fan to be active during c¢. 10 h yr' (intermittency factor of 1.07 x 10). The
western fan reveals a higher long-term sediment flux (17.0 km? Myr™') which could have accumulated during c.
16 h yr'! (intermittency factor of 1.93 x 10-) thereby reflecting a less intermittent system. The central fan shows the
largest long-term sediment flux (38.9 km? Myr™') that would require c. 55 hyr' to be deposited (intermittency
factor of 6.31 x 10~) thereby representing the most active system.

By relating these characteristics to the regional exhumation history, we consider that the highly active
central fan likely reflected the transient response of the Alpine surface to the break-off of the European mantle
lithosphere slab, with only a minor climatic control. Contrarily, the western and eastern fans were formed during the
Alpine evolution when steady-state conditions between uplift and erosion were reached and when sediment fluxes
to the basin were lower.
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3.1 Introduction

The formation of alluvial fans in sedimentary basins at the tip of an adjacent mountain belt is
influenced by tectonic or climatic perturbations in the source area, or through adjustments of the eustatic
sea level farther down-system (Blair and McPherson, 1994; Harvey et al., 2005; Ventra and Clarke,
2018). Shifts in the signals of sediment flux and water discharge, propagating from the source area into
the sedimentary sink, are considered as transmitters of these processes (Allen et al., 2013; Castelltort et
al., 2015; Romans et al., 2016). Changes in sediment flux can modify the distribution of the sediment’s
calibre along alluvial fans in basins (Jordan, 1981; Flemings and Jordan, 1990; Heller and Paola, 1992;
Whittaker et al., 2011; D’ Arcy et al., 2017), which is additionally controlled by the spatial distribution of
accommodation space, and hence the basin’s subsidence (Beaumont, 1981; Sinclair et al., 1991; Sinclair
and Naylor, 2012; Brooke et al., 2018). From a stratigraphic perspective, coarse-grained conglomerate
beds with sandstone and mudstone interbeds are commonly attributed to deposits of alluvial fans, or
megafans if their radii exceed >10 km (Matter, 1964; Allen et al., 1991; Blair and McPherson, 1994;
Schlunegger et al., 1996; Kempf et al., 1999; Harvey et al., 2005). Consequently, in such stratigraphic
records, sediment flux signals are often preserved by the arrangement and the size of grains.
Furthermore, information on the small-scale stacking pattern and the large-scale architecture of such
deposits, paired with a chronological framework, yields the basis for quantifying the sedimentary
dynamics on these fans (Bridge, 1985; Flemings and Jordan, 1989; Heller and Paola, 1992; Allen et al.,
2013; Ventra and Nichols, 2014). Such stratigraphic sequences have also been identified in the Swiss
Molasse basin (SMB), situated on the northern margin of the European Central Alps. This basin hosted
three major large-scale dispersal systems (i.e., megafans), to which we refer for simplicity as the western,

the central and the eastern fan, respectively (section 3.2.3 and Fig. 3.1).

Previous contributions have linked changes in the stacking pattern in these conglomerates and
the size of grains to orogenic events in the Alpine hinterland (Allen et al., 1991; Sissingh, 1997;
Schlunegger and Castelltort, 2016; Garefalakis and Schlunegger, 2018). Moreover, some authors
provided first estimates on sediment fluxes, however at the scale of the entire SMB, based on the
preserved mass (Hay et al., 1992) or volume of sediments (Schlunegger, 1999; Kuhlemann, 2000;
Kuhlemann et al., 2001a). They found that sediment fluxes increased at c. 30 Ma and throughout the
Oligocene, reaching a peak at ¢. 20 Ma (c. 22000 km® Myr™!), followed by a drop, and then a short-term
increase, after which sediment supply stabilised at lower values (c. 15000 km® Myr!) after 15 Ma. Yet,
no estimates exist on the magnitude of sediment fluxes at the megafan scale in the SMB. Furthermore,
we lack information on their activities — known as the intermittency. The intermittency factor can be
expressed as the proportion of a year during which a system accomplishes its mean annual transport
work (Dury, 1961; Parker et al., 1998; Mohrig et al., 2000; Navratil et al., 2006). Intermittent flow or
intermittent sediment transport is widely recognised in modern rivers but is directly applicable to alluvial
fan systems as well (Paola et al., 1992; Tucker and Slingerland, 1997; Meybeck et al., 2003; McLeod et

al., 2023). Because during a bankfull discharge event, which we will use as a reference, all grains are
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transported at nearly the same rate (equal mobility, Paola et al., 1992), the intermittency can be a measure
for the geomorphologic effectiveness of a fluvial system (Wainwright et al., 2015; Pfeiffer and Finnegan,

2018; Wickert and Schildgen, 2019; Hayden et al., 2021; Lyster et al., 2022).

Here, we estimated the long-term and short-term sediment fluxes and particularly the
intermittencies of the three major megafan systems in the SMB based on stratigraphic information
preserved by well-exposed sections (Fig. 3.1). Our aim is to unravel the activity of these paleo-fans,
mainly because alluvial fan intermittencies are of key importance for determining how these systems
record tectonic and climatic signals in the Alpine hinterland. Accordingly, a wider goal of this work is to
explore how erosional-depositional mechanisms responded to the built-up of the Alpine topography,

which occurred simultaneously with the construction of the target fans.
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Figure 3.1: Simplified geological map of the Swiss Molasse Basin and the location of the three paleo megafan
systems. The three fans were all sourced from the Central Swiss Alps throughout the Oligo- and Miocene. Sites
denote locations where grain size data was collected (see also detailed geological maps of each fan system in
appendix A). The underlying digital elevation model (LIDAR DEM Swiss ALTI3D; © swisstopo) shows the current
topography of the Alps. The inset map shows the position of the North Alpine Foreland Basin in relation to the Alps
and the present-day position of the Lepontine dome (EU-DEM v1.1 © European Union, Copernicus Land Monitoring
Service 2023, European Environment Agency, EEA).
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3.2  Geological setting

3.21 The evolution of the Central Alps and the Swiss Molasse basin

The SMB is situated to the north of the Central Alps and is bordered to the South by the basal
Alpine thrust (Fig. 3.1). It formed synchronously with the build-up of the Alps between the Oligocene
and the Miocene and recorded the erosional response of sediment routing systems to the different stages
of the Alpine orogeny and the related topographic evolution (Beaumont, 1981; Pfiffner, 1986; Allen et
al., 1991; Schlunegger and Kissling, 2022). The SMB consists of two transgressive-regressive mega-
cycles, each consisting of (shallow) marine and freshwater deposits (Matter et al., 1980; Allen et al.,
1991; Kuhlemann and Kempf, 2002). The Molasse basin is further subdivided into the flat-lying Plateau
Molasse, which is undeformed and constitutes the SMB to a large part, and the tilted, folded and thrusted
Subalpine Molasse farther to the South (Fig. 3.1). Terrestrial clastic sedimentation is recorded by the
Freshwater Molasse and occurred by transverse braided systems on alluvial megafans close to the Alpine
front (Stiirm, 1973; Matter et al., 1980; Biirgisser, 1981; Schlunegger et al., 1996; Kempf and Matter,
1999). The Freshwater type of Molasse sedimentation yielded in the construction of stratigraphic
deposits that have been analysed in detail for their sedimentological and chrono-stratigraphic properties
(Matter and Weidmann, 1992; Schlunegger et al., 1993, 1997a; Kempf and Pfiffner, 2004) and for the
petrology and geochemistry of individual clasts and the grain-supporting matrix (Tanner, 1944; Biichi,
1958; Stiirm, 1973; Matter et al., 1980; Biirgisser, 1981; Schlunegger et al., 1997a; Bolliger, 1998;
Kempf et al., 1999; Eynatten, 2003; van der Boon et al., 2018).

3.2.2 Orogenic and climatic conditions during the Oligo-Miocene

The three target fans were active during the Oligo- and Miocene, thereby reflecting the erosional
evolution of the adjacent Central Alps (Pfiffner, 1986; Schlunegger et al., 1998; Kuhlemann, 2007).
During Oligocene times, between c. 32 and 26 Ma, the Central Alps experienced strong topographic
modifications due to rapid uplift of the orogen particularly in the Lepontine area (Fig. 3.1; Steck et al.,
2013), expressed by high exhumation rates (Schlunegger and Willett, 1999; Boston et al., 2017) and large
sediment fluxes (Kuhlemann et al., 2001a). Such tectonic adjustments of the orogen were explained by
crustal thickening of the subsequent northward thrusting of the Alpine orogen (Beaumont et al., 1996;
Schmid et al., 1996; Pfiffner et al., 2002) or by a slab break-off from the European mantle lithosphere
that occurred at 32 — 30 Ma (Sinclair, 1997; Schlunegger and Castelltort, 2016; Késtle et al., 2020;
Schlunegger and Kissling, 2022). Uplift related to slab break-off was considered to have initiated a
transient stage in the evolution of the Alpine landscape (Garefalakis and Schlunegger, 2018), where a
highly dissected terrain was formed through headward retreat of the erosional front, thereby exhuming
the crystalline core of the Alps at that time. This adjustment to high uplift in the Lepontine area
continued until c. 25 — 24 Ma, at which time the Alps reached a steady-state topography (Schlunegger
and Kissling, 2015). At 20 Ma, the situation in the Alpine hinterland started to change again when the
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exhumation of the external crystalline massifs was initiated and when tectonic unroofing in the core of
the Alps reached the highest rate (Schlunegger and Norton, 2013; Baran et al., 2014; Boston et al., 2017;
Herwegh et al., 2017). This induced a re-organisation of the drainage network in the core of the Alps,
where an orogen-normal drainage network with short streams and steep gradients (Fig. 3.2a) changed to
an orogen parallel system with longer flow paths and thus shallower gradients (Fig. 3.2b; Schlunegger et
al., 1998; Kiihni and Pfiffner, 2001; Spiegel et al., 2001; Stutenbecker et al., 2019; Bernard et al., 2021).
As a consequence, supply of sediment to the SMB started to decrease (Hay et al., 1992; Schlunegger,
1999; Kuhlemann et al., 2001b). Also at 20 Ma, syn-depositional back-thrusting along the southern
margin of the Plateau Molasse resulted in the establishment of the triangle zone (Fig. 3.1; Kempf et al.,
1999; Schlunegger and Mosar, 2011) and the formation of a basin-wide progressive unconformity close
to the Alpine thrust (Schlunegger et al., 1997b). After a short period of a high sediment delivery to the
Molasse basin between 18 — 16 Ma, the supply rates of clastic material continuously decreased

(Kuhlemann et al., 2001b).

From a paleoclimate perspective, stable carbon and oxygen isotope data collected from Chattian
deposits (Late Oligocene) in the Molasse basin suggest that at ¢. 25.5 Ma the paleoclimate possibly
changed from a humid towards a warmer and drier, but probably stormier (Schlunegger and Norton,
2013), climate (Berger, 1992; Schlunegger et al., 2001; Kuhlemann and Kempf, 2002; Schlunegger and
Castelltort, 2016). This is also in accordance with interpretations of the global oxygen isotope record
(Zachos et al., 2001). During the Miocene, floral faunas (Mosbrugger et al., 2005) and carbon and
oxygen isotope data from pedogenic carbonates (Methner et al., 2020; Krsnik et al., 2021) suggest a
cooling between c. 15 and 14 Ma, right after the Mid-Miocene Climatic Optimum (at c. 17 Ma), which
was also interpreted to have occurred globally (Zachos et al., 2001).
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Figure 3.2: Simplified paleogeographical sketch of the drainage network in the Central Alps and the alluvial fans in
the adjacent Molasse basin. a) During the Oligocene a drainage network, oriented normal to the Alpine strike,
sourced the Central Alps (e.g., Kiihni and Pfiffner, 2001; Stutenbecker et al., 2019). b) During the Miocene the
drainage network evolved into an orogen-parallel oriented pattern, possibly influenced by the exhumation of the
external massifs in the Central Alps and a northward shift of the drainage divide (e.g., Schlunegger et al., 1998;
Bernard et al., 2021) This induced a re-organisation of the drainage network that experienced an extension of the
pathways and a lowering of the channel slopes, respectively (e.g., Schlunegger, 1999; Spiegel et al., 2001).

3.2.3 Temporal and spatial framework of the target fans

The fan deposits have been placed into a chronological framework using magnetopolarity
stratigraphies paired with micro-mammalian data collected along stratigraphic sections (Kempf et al.,
1997; Schlunegger et al., 1997b; Kélin and Kempf, 2009). The westernmost section in the study area
(western fan in Fig. 3.1), known as the Thun section, and its contemporaneous twin section located
farther to the ENE, recorded the construction of the Blueme megafan during Oligocene times between c.
26.2 — 23.1 Ma (Schlunegger et al., 1993; 1996; Strasky et al., 2022). In the central part of the SMB
(central fan in Fig. 3.1), the Rigi megafan constitutes another major depositional system, which was
active c. 29.5 — 24.7 Ma ago (Schlunegger et al., 1997a, 1997c). Contemporaneous deposits farther
downstream are encountered at four sections situated at the proximal basin border (Stiirm, 1973;
Schlunegger et al., 1997a). In the eastern part of the SMB (eastern fan in Fig. 3.1), deposits of the
Hoernli megafan are exposed along two stratigraphic sections that recorded the evolution of this
dispersal system (Biichi, 1958; Biirgisser, 1981; Kempf et al., 1997; Kempf and Matter, 1999; Kélin and
Kempf, 2009). These deposits are younger and span the time interval between c. 14.7 — 13.3 Ma (Kempf
et al., 1997, Kempf and Matter, 1999; Kélin and Kempf, 2009). Detailed geological maps and

stratigraphic sections of the three fans are available in appendix A.
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Proximal-distal relationships were already reconstructed as documented by earlier works based
on paleo-flow and petrographic data (Stiirm, 1973; Biirgisser, 1981; Schlunegger et al., 1993, 1996,
1997a; Kempf et al., 1997; Kempf and Matter, 1999; Garefalakis and Schlunegger, 2018). The position
of the paleo fan apex was reconstructed based on mapping, paleo-stratigraphic restorations and
measurements of discharge directions (details in appendix A). For modelling purposes, we placed the
apex +3 km upstream of the location that currently exposes the most proximal deposits. We did so to
compensate for the amount of tectonic erosion during the emplacement of the overlying thrust nappes
(Pfiffner, 1986). This is in accordance with the outcomes of the studies that provided relatively precise
positions for the paleo apex of the western (Schlunegger et al., 1993, 1996) and central fans (Stiirm,
1973; Schlunegger et al., 1997a; 1997b). For the eastern fan the situation is different because large parts
are not preserved (Biirgisser, 1980, 1981; Bolliger, 1998) as the basin was inverted and the Molasse
sediments have been eroded since the Pliocene at the latest (Mazurek et al., 2006; Cederbom et al., 2011;
Schlunegger and Mosar, 2011). Consequently, the position of the paleo apex of the eastern fan may have
been located at least 3 km upstream (or even c. 10 — 15 km farther to the SE according to Biirgisser,
1980; 1981) of the most proximal location where sediments are exposed. In that context, we investigated
the sensitivity of the paleo-apex’ position on the outcomes of the grain size fining model (see appendix A
for detailed results). Accordingly, the distance between the paleo apex and the most distal location is c.

12 km for the western, 12 vs. 24 km for the eastern, and 32 km for the central fan (Fig. 3.1).

From a sedimentological and stratigraphic perspective, the analysed deposits are similar in their
large-scale architecture (Fig. 3.3). At proximal positions, the sequences are characterised by hundreds of
m-thick amalgamations of several dm- to m-thick conglomerate beds, intercalated by a few m-thick
sandstone and mudstone beds. Towards more distal sites, individual conglomerate beds thicken to a few
meters and amalgamations thereof are rare, but the frequency of m-thick sandstone and mudstone
interbeds increases. This reflects a downstream transition from a stream with braided, shallow channels
towards an environment with single-thread and deep channels (Boothroyd and Ashley, 1975; Church,
2006; Huggenberger and Regli, 2009; Garefalakis and Schlunegger, 2018). At distal positions, the
mudstones with reddish to yellow mottling, rootlets, and pedogenic carbonate nodules have been
considered as deposits on floodplains bordering the channel belts (Stiirm, 1973; Schlunegger et al., 1993,
1997a; Kempf et al., 1999; Garefalakis and Schlunegger, 2018).
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Figure 3.3: Field examples of outcrops showing conglomerate beds and sedimentary structures of the a) western, b)
central and c¢) eastern fan system. Please see appendix A for the locations of these sites and appendix B for the
related coordinates.
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3.3 Methods

3.3.1 Revision of chronological framework

We recalibrated previously published magnetostratigraphic data through correlations to the recent
Global Time Scale GTS2020 (Gradstein et al., 2020) and incorporated the results of new mapping
(Hantke et al., 2022; Strasky et al., 2022) to build an updated chronological and sedimentological
framework. We did so because the original temporal calibrations of the sections were either based on
correlations of the magneto stratigraphic framework to the CK95 (Cande and Kent, 1995) or to the
ATNTS2004 time scales (Lourens et al., 2004). However, these chronologies have partially different
numerical ages than the GTS2020, particularly for the timescales of interest. The detailed

chronostratigraphic revision is given in appendix A of this chapter.

3.3.2 Intermittency

We used the ratio between the long-term sediment flux QSZ, and the instantaneous bankfull

bedload flux O,  as a proxy for the intermittency of our target fans (Lyster et al., 2022). The

dimensionless intermittency factor (/r) is calculated as:
Ir = Qs,/Q" [-] Eq.(3.1).

We computed QS; through the grain size fining model (section 3.3.3), and Q)" through the
Meyer-Peter and Miiller (1948) bedload equation (section 3.3.4). Alternatively, also in a stratigraphic
framework, QSZ could be determined using the volume of the investigated deposits as basis (Hayden et

al., 2021). We also expressed the Ir in hours per year [h yr''], thereby using 365.2425 days for a year.

3.3.3 Long-term sediment flux

3.3.3.1 Principles and basic equations

Long-term sediment fluxes were calculated by applying a self-similar grain size fining model for
gravel introduced by Fedele & Paola (2007). The model depends on input parameters that can be derived
directly from field observations, which are: 1) the down-system length of the depositional system, ii) the
spatial distribution of accommodation space and its down-system decreasing rate, and iii) the grain size
distribution at the apex. We then iteratively determined (through the grain size fining model) the
sediment flux at the fans’ apex, which reflects the long-term sediment flux QS;. The model is ultimately
derived from the Exner equation (Paola and Voller, 2005; Fedele and Paola, 2007), which bases on the
principle that deposition or erosion of sediment results in a modification of the bed-surface elevation that
changes in proportion to the volume of the deposited or eroded mass (Paola and Voller, 2005). Thus, it is
founded on a mass-conserving sorting process (Fedele and Paola, 2007) where the balance between

sediment being deposited, transported, or bypassed is maintained at any point on the fan (Fedele and
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Paola, 2007; Duller et al., 2010; Armitage et al., 2011; Allen et al., 2013; Brooke et al., 2018).
Additionally, it assumes that gravel grain size distributions are self-similar (i.e., the mean and standard
deviation down-system decreases at the same rate). In its simplest form (details in appendix A of this

chapter), the model computes the spatial distribution of sediment flux Qs "(x*):
L
Qs (x) = Qs — (1 - 2p) f *(x*) dx* [m3 Myr~t m™1] Eq.(3.2).
0

Here, Qs; is the unit input sediment flux at the system’s apex (x*=0, where x* is the
downstream length normalised by the total depositional length L, i.e., x* =x/L), 4, = 0.3 is the sediment
porosity and set as constant (Fedele and Paola, 2007) and r* is the subsidence rate along distance
(Eq. (3.7) and section 3.3.3). Following a dimensionless distance transformation (i.e., y*, Eq. (S3.7) in
appendix A) applied to the spatial distribution of sediment mass (i.e., Eq. (S3.4) in appendix A) and
considering the principle of self-similarity (Eq. (3.5), see below), the down-system modelled grain size

Dy, can be calculated through:
*\ CZ -Cy*
Dy (x™) =Dy + @4 C—(exp ' —1) [m] Eq.(3.3).
1

Here, D, is the input grain size, calculated through Eq. (3.8), and ¢4 its deviation, both at the
apex (x*=0). We expressed ¢4 as the product of the input grain size, D and the coefficient of variation,
C,, thereby following D’Arcy et al. (2017). The constants C; and C, describe how the variance in
sediment supply is partitioned in downstream variations of the mean grain size (C>) and in variations of
its standard deviation at a specific site (C;). The ratio of C; and C; can be expressed by C, (Fedele and
Paola, 2007) and thus by the ratio between the standard deviation and the mean of the grain size data (C,
= ¢ / D). By modelling the spatial distribution of sediment, we also calculated the ratio between the
volumes of sediment that was supplied to the system and deposited on the fan as a function of the
available accommodation space. This ratio (>1: overfilled -; <1: underfilled basin) is expressed as Fz,
which is the fraction of sediment in excess (D’Arcy et al., 2017):

Fp = Csa - Eq.(3.4).

(1= 2p) [ r=(x") dx

As we noted above, the application of the equations assumes that grain sizes fine downstream in
a self-similar way. Accordingly, the distribution of the grain size similarity variable ¢ for each site is
expressed through (Fedele and Paola, 2007; Brooke et al., 2018):
Dk - E(X*)

e [—] Eq.(3.5).

f:

This variable should approximately remain constant at any downstream position of a fluvial

system. Here, Dy is the size of an individual grain measured at a site, and D and o are the mean and
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standard deviation of the grain size distribution at a given location x* We statistically compared the
similarity variables ¢ of two sites at each fan using the Kolmogorov-Smirnov two-sample (KS2) test
(Hodges, 1958). We tested the null hypothesis Hy that two grain size distributions are similar and likely
drawn from identical distributions at a significance level of alpha = 0.05 (i.e., 95 % confidence interval;

two samples are statistically similar if the reported p-value > 0.05).

3.3.3.2 Adjustments of the grain size fining model

We applied a bootstrapping to recover possible input unit sediment fluxes and iteratively adjusted
Eq. (3.2) to fit the results of Eq. (3.3) to the given conditions. The advantage of this approach is that it
allows us to determine a plausible range of input sediment fluxes instead of getting one best fit only. To
find the optimal modelled grain sizes through Eq. (3.3) for each of the 10* bootstrapping scenarios, we
calculated the Root Mean Square Error (RMSE), thus the standard deviation of the residuals, to evaluate
the difference between the modelled grain size value D,, and that of the best-fit grain size regression
curve (Eq. (3.8) and section 3.3.3). For this, we kept all other parameters (i.e., D4, @4, C,, Ci, C>, and r¥*,
see equations above and section 3.3.3) fixed for a given iteration and only adjusted the input sediment
flux QS;. Conceptually, if the modelled grain size along distance is situated above the curve that best fits
the regression of the downstream fining trend of grain size, and in order to minimise the RMSE, then the
input sediment flux was decreased by an increment of 0.1; if the opposite was the case, then the input

sediment flux was increased by steps of 0.1:

> D(x*) [m] = Qs — Qs - 0.1 [km? Myr~1]

< D(x") [m] N Qs; + Qs; .01 [ka Myr‘l] Eq. (3.6).

if Dy (x7) [m]{

Here, D,, is the modelled grain size calculated through Eq. (3.3) and D is the best-fit grain size
regression calculated through Eq. (3.8), both along downstream distance (x*), and QS; is the input unit
sediment flux in [km? Myr™']. We repeated this procedure for each of the 10* possibilities resulting from

the bootstrapping until the RMSE was minimised.

3.3.3.3 Field data: Subsidence rates and grain size

Equation (3.2) requires information on the subsidence rates as input parameter. We determined
these rates using information on the preserved thickness of the sedimentary units and the time interval
during which they were deposited. We then approximated the total subsidence rate down the fan transect
by an exponential function (Duller et al., 2010; Whittaker et al., 2011; Sinclair and Naylor, 2012; D’ Arcy
etal., 2017):

r*(x*) = 1, exp P [m Myr=1] Eq.(3.7).

Here, r,4 is the subsidence rate at the apex (x* = 0) and f is the rate at which »* decreases down-

system. The resulting exponential decrease of the inferred subsidence rates are typical for a foreland
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basin setting (Allen et al., 1991; Sinclair and Naylor, 2012). For each fan, the subsidence pattern is based
on data from two (for the western and eastern fans) and four (for the central fan) stratigraphic sequences
that record the same sedimentary units along distance (appendix A). The interpolation between the
sections and the extrapolation towards the apex (r4) was done through a regression using Eq. (3.7). We
additionally calculated the cross-sectional area of the accommodation space (generated through

subsidence) along the projection line in 2D (appendix A) using the trapezoidal rule.

Estimates of the long-term sediment fluxes also hinges on grain size. Such data was collected on
digital photos taken from outcrops. Accordingly, for each fan and at each location where outcrops >5 m?
were accessible, we took 3-6 photos with a hand-held camera (Panasonic Lumix FT-5) at 1-1.5 m
distance from the outcrops. We added a digital grid scaled to the meters stick in the photograph and
measured the longest visible axis of 100 grains >2 mm that are situated beneath each grid-node following
Wolman (1954) and the protocol of Garefalakis et al. (2023). We present the resulting grain size
distribution at each outcrop by the median or Dsy grain size percentile, thus the grain size at which 50%

of the grains are smaller or equal to this specific size.

Finally, the downstream decrease in grain size was shown to follow an exponential function
(Sternberg, 1875; Rice, 1999; Blom et al., 2016; Litty et al., 2017). We therefore approximated fining
rates by fitting an exponential regression on the Dsy of each outcrop, thereby applying the ‘Sternberg-

law’ (Sternberg, 1875):
D(x*) = D, exp‘“(x*) [m] Eq.(3.8).

Here, D, is the input grain size at the apex (x*=0) and « is the grain size fining rate along

normalised distance x*, which can be expressed in [% km™!] (Parsons et al., 2012).

3.3.3.4 Requirements for application of the grain size fining model, and sensitivity of the model

The grain size fining model is based on some assumptions and requirements (Fedele and Paola,
2007; Duller et al., 2010; Whittaker et al., 2011), which can restrict its application. It assumes a fluvial
system to be entirely depositional at any down-system location and hinges on a unimodal and self-similar
grain size distribution. The model accounts only for a grain size fining controlled by selective transport
and deposition, and it assumes that streamflow processes are the dominant sediment transport
mechanisms. In alluvial gravel bed rivers, selective transport and deposition of the coarse-grained
material has been reported to be the dominating process, whereas the effect of abrasion, such as the
chemical dissolution or the mechanical particle break-down, are neglectable at the scale of alluvial fans
(Parker, 1991; Ferguson et al., 1996; Hoey and Bluck, 1999; Stock et al., 2008; Duller et al., 2010; Miller
et al., 2014). The mechanical particle break-down is an important mechanism in the steep headwaters of
a stream only (Miller et al., 2014). More recent modifications of the model considered lateral sediment

input by tributaries (e.g., Harries et al., 2019), and such models are also able to predict the dispersion of
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the sediment across a fan in three dimensions (D’Arcy et al., 2017). However, such modifications require
either knowledge on potential tributary sources or information on the fan width. Due to the absence of
evidence for sediment supply by tributaries (see discussion and appendix A) and because of a lack of
constraints on the fan widths, we employed a two-dimensional model where material was supplied by

one feeder channel at the fan’s apex (e.g., Duller et al., 2010; Whittaker et al., 2011).

The model is designed for applications to fluvial successions covering geological timescales of
10* — 10° years (Duller et al., 2010; Armitage et al., 2011; Parsons et al., 2012), which is appropriate for
our needs. However, processes occurring at shorter intervals, such as the dynamic formation of channels
that would locally influence the bed elevation, are neglected (Duller et al., 2010; Harries et al., 2019).
Duller et al. (2010) also found a direct relationship between the input sediment flux, the formation rate of
accommodation space, and the rates at which the sediment is distributed along the system. Accordingly, a
constant sediment flux fed into a filled basin would produce a downstream fining over a long distance
(i.e., low rates of « in Eq. (3.8)), if paired with a long-wavelength and low-amplitude subsidence pattern,
which corresponds to slow subsidence decreasing rates (i.e., f in Eq. (3.7)). Conversely, grain sizes fine
over short distances (i.e., large «) if the underlying spatial subsidence has a short-wavelength and a high-
amplitude, which corresponds to a high subsidence decreasing rate. Where the sediment flux increases,
relative to a fixed subsidence, the grain size fining rates become successively smaller as the basin reaches
overfilled conditions (Duller et al., 2010; Whittaker et al., 2011; Parsons et al., 2012). Therefore,
similarities or differences between these three variables (grain size fining rate, spatial distribution of
subsidence, and input sediment flux) allow us to make first-order inferences on the mechanisms that
drove the formation of alluvial fans. As such, they record either a tectonic control through high

subsidence rates or an environmental control characterised by a large sediment supply.

3.3.4 Instantaneous bankfull sediment flux

Bankfull sediment fluxes, or bedload (material >2 mm) sediment transport rates per unit time and
width, were calculated using a derivative of the Meyer-Peter and Miiller (1948) bedload transport
equation (details in appendix A):

05 5

Qp" =397 [(LO+ &) 7" — 71" (G5 g Dso°) ~ [m® 577

sTIm™1] Eq.(3.9).

Here we used the constant 3.97, which is based on an improved statistical fit (Wong and Parker,
2006) of the original data by Meyer-Peter and Miiller (1948), g is the gravitational acceleration
(= 9.81 m s?), and Gsis the submerged specific gravity (i.e., [(ps./ pw) — 1] = 1.65) using ps= 2650 kg m™
and p,, = 1000 kg m?, for the sediment and water densities, respectively. Furthermore, ¢ is a factor to
account for lateral bank erosion (Parker, 1978; Paola and Mohrig, 1996), z.* is the dimensionless critical
Shields-parameter (Shields, 1936), and Ds is the grain size percentile, respectively. For the
dimensionless critical Shields-parameter 7.* we used uniformly distributed values between 0.039 and

0.054 (Julien, 2010), thereby considering a broad range of plausible conditions controlling the incipient
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motion of grains with different sizes (Julien, 2010). The theoretically derived variable ¢ was originally set
to 0.2 (Parker, 1978), but Paola and Mohrig (1996) found that a value of & = 0.4 is more appropriate. We
therefore used uniformly distributed values between ¢ = 0.2 and 0.4 for our calculations. For the bedload
sediment flux estimates we solely used the D5y, first to account for the conditions during equal mobility
of all grains in a channel (Paola and Mohrig, 1996; Wickert and Schildgen, 2019), and second because
the MPM-equation was calibrated using the Dsy. Therefore, any incipient motion of grains smaller than
the Dsy (that would occur prior to the movement of this percentile) is consequently neglected (Recking et
al., 2012), which is an acceptable assumption (Paola and Mohrig, 1996). In addition, because we cannot

get any reliable estimates on the channel widths, we are left with a two-dimensional solution only.

3.3.5 Uncertainties, error estimations and limitations

We estimated uncertainties through bootstrapping (resampling with replacement; 10* iterations),
combined with a Monte Carlo framework where applicable (Rice and Church, 1996; Mair et al., 2022;
Garefalakis et al., 2023). For instance, for the grain size data we resampled 100 grain size values Dy
(measured on the photographs) and calculated the uncertainties on the Dsy within the 95% Confidence
Interval (CI). Additionally, we calculated the coefficient of determination (+°) as a measure of how the
best-fit exponential regression (Eq. (3.8)) fits the Dsy values. For each of the outcomes we either report
the mean or median value (each time indicated) along with the 95% CI in squared brackets. For a median
grain size value, for instance, this would lead to Dsp =22 [17 — 25] mm. Details of the uncertainties on

the various parameters are outlined in appendix A.

As will be shown, all three systems show a downstream trend in grain size but revealed a large
scattering of the Dsy at some positions — an issue which has been documented in other alluvial fan
systems (e.g., Duller et al., 2010; Brooke et al., 2018). One possibility is that this variation could have
been caused by a material supply from tributary sources (Rice, 1999; Harries et al., 2018). We exclude
this option based on available information about the heavy mineral and clast compositions, which
suggest that all systems have most likely been fed by one feeder channel only (Stiirm, 1973; Biirgisser,
1981; Schlunegger et al., 1993, 1997a; Kempf et al., 1999; appendix A of this chapter). The scatter of the
grain size data might thus instead reflect the consequence of the random selection of the sampling sites
on the paleo-alluvial megafans, which cannot be avoided upon working with stratigraphic deposits

(Duller et al., 2010; Straub et al., 2020).

Our calculations of the long-term sediment flux capture the average budget on a million-year
scale. Therefore, adjustments of sediment fluxes are a consequence of shifts in tectonically induced
processes, such as uplift or subsidence, or environmental controls, such as shifts in climate (Sadler, 1981;
Paola and Voller, 2005; Allen et al., 2013). In contrast, such variations cannot be observed at the
(temporal) scale at which we calculated the instantaneous bedload fluxes that capture larger values than

the annual mean (Wainwright et al., 2015; Benavides et al., 2022; Lyster et al., 2022). In addition,
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bedload sediment fluxes calculated through a shear-stress approach are dependent on the competence of a

river, which is a function of water depth and channel slope (details in appendices iii and v).

34 Results

3.41 Sediment accumulation and subsidence rates

At proximal positions on the western fan, 3250 &+ 50 m of sediments accumulated between 24.8 —
23.1 £ 0.1 Ma, yielding an accumulation rate of 1910 = 140 m Myr"' (Thun Lakeside; Fig. S3.1,
appendix A). For the same sedimentary unit, a twin section farther to the ENE (Praesserenbach;
Fig. S3.1, appendix A) and thus at more distal positions recorded the accumulation of 1250 = 50 m of
sediments between 24.8 — 24.0 = 0.1 Ma, which yields a sediment accumulation rate of 1600 +
260 m Myr!. Accordingly, the median subsidence rate at the apex of the western fan was 2088 [1795 —
2473] m Myr™! and is reduced at a median rate of 2.92 [-0.09 — 6.86] % km™! down-system (Fig. 3.4a). In
a cross-section and along the projection line of the fan (appendix A), the median sediment accumulation

area, without considering any topography, was 18.5 [15.5 —21.2] km?.

The spatial distribution of accommodation space surrounding the central fan is constrained by
four sections, all recording the same sedimentary unit with an age of c¢. 26.4 —24.9 + 0.25 Ma (Fig. S3.2,
appendix A; Schlunegger et al., 1997a, 1997b; Engesser and Kailin, 2017). The most proximal section
(Rigi; Fig. S3.2, appendix A) comprises a 1600 £ 50 m-thick suite and was accumulated at a rate of
1070.0 = 210 m Myr!. Farther downstream, 8 km to the ENE (Rossberg; Fig. S3.2, appendix A), the
same unit thins to 1485 £ 50 m, and the accumulation rate decreased to 990.0 + 200 m Myr!. Another
6 km downstream to the East (Sattel; Fig. S3.2, appendix A), the same unit is 1040 + 50 m thick,
resulting in an accumulation rate of 695.0 = 150 m Myr!. The last remnants of this unit, situated 7 km
farther down-system (Einsiedeln; Fig. S3.2, appendix A), are only 595 + 50 m thick, and the
accumulation rate was thus less (400.0 £ 100 m Myr"). The calculated median subsidence rate at the
apex was 1283 [1041 — 1552] m Myr! and was reduced at a median rate of 3.96 [2.52 — 5.62] % km"
'down-system (Fig. 3.4b). In a cross-section, the median depositional area (topography excluded) was

23.5[21.4 —25.9] km?.

In the East, two stratigraphic sections (Toess and Hoernli; Fig. S3.3, appendix A) record the same
suite spanning an age between approximately 14.6 and 13.6 £ 0.2 Ma (Kempf et al., 1997; Kélin and
Kempf, 2009). At both sites, the sedimentary sequences are ¢. 315 m-thick and accumulated at a rate of c.
240 + 100 m Myr! in average. Accordingly, this value corresponds to a median subsidence rate (i.e.,
242 [120 — 412] m Myr!) at the apex, and the median decreasing rate of the subsidence rate was
consequently 0.02 [-8.1 — 8.2] % km™! (Fig. 3.4¢). In a section along distance from proximal to distal, the
median depositional area (topography excluded) was 2.8 [1.9 —3.8] km?.
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Figure 3.4: Subsidence curves of the a) western, b) central and c) eastern fan. The crosses represent stratigraphic
sections and uncertainties in their relative position to the apex and the subsidence rates. The black line reflects the
best-fit regression curve, the blue area corresponds to the 95 % CI of the exponential regression analyses, and the
grey area corresponds to all possible regression scenarios thereby using 10* iterations. The accumulation area is the
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3.4.2 Grain size, coefficient of variation and similarity variable

For all three megafans, the grain sizes generally decrease down-system, as visible in the field
(Fig. 3.5). On average, the Dsy is approximately 51 mm for the western fan (73 sites) and 40 mm for both
the central fan (84 sites) and the eastern fan (60 sites), respectively. The fining trend of the Dsy, although
clear, is not very rapid, and some sites show a spread in Dsy values (Fig. 3.6). For the western fan, the
exponential regression fit yields an approximate median input grain size of Dy = 103 [92 — 116] mm at
the system’s apex (Fig. 3.6a). The median value of the grain size fining rate is 9.25 [7.85 — 10.7] % km™ !,
with the consequence that the Dsy values are ¢. 30 mm at distal sites (Fig. 3.6a). For the central fan, the
D5y values show large variations between proximal and distal positions, yet a decreasing down-system
trend in grain size is detectable (Fig. 3.6b). The result is a median input grain size of D4 = 49 [47 —
51]mm at the system’s apex. Approximately 14 km down-system, the sizes of the grains increase to
larger values, which is then followed by a pronounced decrease. The median value of 1.4 [1.1 —
1.7] % km™! for the grain size fining rate is quite low, yielding a Dsp of ¢. 31 mm at distal positions
(Fig. 3.6b). For the eastern fan, the Dsy values decrease from c. 45 to 35 mm down-system at a median
fining rate of 2.1 [1.2 — 2.9] % km™! (Fig. 3.6¢). Our fit yields a median input grain size value of D4 = 46
[43 — 49] mm at the system’s apex. The cumulative distribution curves of the grain size data reflect these

downstream fining trends for each fan (Fig. 3.7).

The coefficient of variation C, for the western fan is on average C, = 0.67 [0.57 — 0.77] and
remains mostly stable (Fig. 3.8a). For the central fan, the C, discloses a larger scatter at proximal
positions but remains stable farther downstream with an overall average of C, = 0.66 [0.56 — 0.76]
(Fig. 3.8b). The eastern fan has an average C, value of 0.63 [0.54 — 0.73] and shows a slight decreasing
trend towards distal positions (Fig. 3.8c). Overall, the three fans have a very similar average C, value of
0.65 + 0.10, albeit some scattering of the data is observed at individual sites. This observation supports
the notion that the mean and standard deviation of gravel grain sizes on these alluvial fans have a
constant ratio. A similar and important observation is made for the grain size similarity variable
¢ (Eq. (3.5)), when presented as cumulative distribution curves (Fig. 3.9 a, b, and c). The results show
that the grain size distributions for all sites (Fig. 3.7) collapse onto self-similar curves when presented in
&-space. Consequently, the grain size values normalised by the mean and standard deviation at a given
site indeed decrease down-system at the same rate, which is reflected by the same shape of the similarity
curves (Fig. 3.9 a, b, and ¢). The centre of the curves (i.e., 50% in Fig. 3.9) are slightly shifted to smaller
& values and deviate from a normal distribution that is simulated for the entire fan’s mean and standard
deviation of the similarity data. Nevertheless, the outcomes of the KS2 test confirms that almost all
distributions are similar to each other at a significance level of alpha = 0.05 (Fig. 3.9 d, e, and f). The
site-to-site comparison reveals a success rate of 99.85 % for the western, 97.11 % for the central, and
98.94 % for the eastern fan, thus confirming that the ¢ distributions are similar to each other (Fig. 3.9 d,
e, and f).

75



P. Garefalakis

Western Central Eastern

Site no

Site no. 74, x*=0.26, Dso =78 mm Site no. 115, x*=0.15, Dso = 36 mm .54, x*=0.25, Dso = 47 mm

(normalised distance)

Down system, x* [-]

C— 20 cm (all images are scaled and cropped to the same size)

Figure 3.5: Examples of conglomerates and values of the grain size percentile Dso at different sites on the three
fans.
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Figure 3.6: Downstream grain size trends of the a) western, b) central and c) eastern fan. The black dots
correspond to the Dso, error bars show the 95 % CI of grain size values. The black line reflects the best-fit regression
curve (solid = data available; dotted = extrapolated), the blue area corresponds to the 95 % CI of the exponential
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Figure 3.9: Cumulative density function of the similarity variable ¢ for the a) western, b) central and c) eastern fan
with respect to their relative distance to the apex. The black curve shows a simulated normal distribution based on
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3.43 Long-term and instantaneous sediment fluxes, and fan intermittency

The existence of a self-similar distribution of grain sizes in all three fan systems (see above) allows
the application of the self-similar grain size fining model (Fedele and Paola, 2007). The model results show

that for the western fan, the median input sediment flux Q, is 17.0 [14.6 - 20.3] km® Myr"! with a median

sediment excess rate Fr=1.19 [1.06 — 1.41]. According to the model, a median of 84 [71 — 95] % of the
supplied material are deposited on the fan, while 16 [5 — 29] % are exported out of the system (Fig. 3.10a;
median RMSE 0.0045 [0.0018 — 0.0111]). For the central fan, a median QSZ 0f 38.9 [29.9 - 50.4] km? Myr~!
is necessary to successfully model the observed grain size fining rates (median RMSE 0.00065 [0.00023 —
0.00145]), resulting in a median sediment excess rate £z = 2.41 [1.93 — 3.04]. The model results reveal that
approximately 58 [48 — 67] % of the supplied sediment was exported out of the system, while a median of
42 [33 — 52] % was deposited on the fan (Fig. 3.10b). In the east, we obtained a median QS; of 6.80 [3.80 -
12.4] km? Myr! and a high median sediment excess rate Fr= 3.37 [2.33 — 5.64], revealing that a median 70
[57 — 82] % of the sediment was transferred out of the system, while c. 30 [18 — 43] % of the supplied
material accumulated on the fan (Fig. 3.10c; median RMSE 0.639 [0.0935 — 2.12]*1073). Alternatively, for
the eastern fan and upon considering an apex situated +15 km to the most proximal site, the model yielded

a median QS; of 7.90 [3.20 - 21.8] km?® Myr"! and a median sediment excess rate Fr= 1.89 [1.30 — 3.61],

revealing that a median 47 [23 — 72] % of the sediment was transferred out of the system.

Calculations of the bedload capacity, or instantaneous bedload fluxes, including all sites for each
fan, returned median values for the bedload fluxes of approximately: Q," = 8870 [3070 — 24800] km> Myr™!
for the western fan, Q5" = 6150 [2240 — 16500] km®> Myr" for the central fan, and Q)" = 6370 [2750 —
14000] km? Myr'! for the eastern fan. Site-specific bedload fluxes are in cases larger or smaller than the fan
bulk values. In addition, the cumulative curves of the bedload fluxes, showing the bootstrapping values of
each site, disclose a decreasing trend towards distal sites, albeit with some scattering of the data (Fig. 3.11).
The large spread of the 95% Cl is also reflected by the positive skewness of the data (Fig. 3.11) for each of

the fan systems.

For each entire fan, the fan’s intermittencies (or their transport activities) are: /r = 0.0019 [0.00068
—0.0056] for the entire western fan, which would correspond to an activity of c. 16 [6 — 49] hours per year
during which channel-forming bankfull discharge occurred; /= = 0.0063 [0.0023 — 0.018] or ¢. 55 [20 —
157] hours per year for the entire central fan, and /== 0.0011 [0.00039 — 0.0030] or c. 9 [3 — 26] hours per
year for the entire eastern fan (Fig. 3.12). Alternative results for the eastern fan with a shifted paleo-fan
apex position of +15 km, yielded /= 0.0013 [0.00036 — 0.0048] that correspond to c. 11 [3 —42] hours per
year (see appendix A for figures and details). Site-specific intermittency factors show a large spread,
especially at the upper tail, where the cumulative distribution curves (generated from the bootstrapping data
of each site) are right-skewed (Fig. 3.12). For all systems, the intermittency factor increases towards more

distal positions (Fig. 3.12), thereby reflecting the opposite trend of the bedload fluxes (Fig. 3.11).
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3.5 Interpretation & Discussion

3.5.1 Grain size trends and intermittencies of Oligo-Miocene alluvial megafans

Our results show that grain size fining occurred at each of the investigated fan systems. While
the western fan revealed the most pronounced decreasing grain size trend, the results from the central and
eastern fans are in the same order (Table 3.1). Despite some scattering of the grain size data, which is
consistent with the variability observed for other alluvial fan systems (e.g., Whittaker et al., 2011;
Brooke et al., 2018), the standard deviation decreases at the same rate as the mean of the grain size
distributions if the data is collapsed into a self-similarity variable & (Fig. 3.9). The right-skewness of the
similarity-distributions and thus the short negative tail is due to a lack of measurements <2 mm, but
could also be related to a few, but exceptionally large grains (D’Arcy et al., 2017; Harries et al., 2018).
Additionally, the results of the KS2 test showed that at almost all sites the data are statistically identical
to each other (at 95% CI; Fig. 3.9). The coefficients of variation C,, which ae within the range of reported
values (Fedele and Paola, 2007; Duller et al., 2010; Armitage et al., 2011; Brooke et al., 2018), revealed a
similar downstream trend with an average of c. 0.65 + 0.10 that remained approximately constant for all
three systems (Fig. 3.8). The & and C, values calculated from the grain size datasets suggest that the
sorting of a given grain size population are approximately constant and scale-invariant at any down-
system position. Consequently, these results show that alluvial fan sediments of the SMB have self-
similar grain size distributions, similar to those documented for the Pobla basin of the Spanish Pyrenees
and the Bermejo basin of Argentina (Whittaker et al., 2011; Harries et al., 2019) and that the underlying

transport processes on each fan system was likely identical (Schlunegger et al., 2020).

Overall, the three depositional systems yielded differences in the annual long-term and
instantaneous sediment fluxes, and all disclose rather low intermittency factors (Table 3.1). Amongst the
three fan systems, the central fan had the highest intermittency value and was the most active one. In
contrast, both the western and eastern fans had lower intermittency factors and were therefore less active
(Table 3.1). Consequently, our data provides insights into the activity of these Oligo-Miocene alluvial
fans for the first time and suggests that the rivers on these alluvial fans were intermittent and could move

the supplied sediment within a short period.

In the following discussion, we investigate how the model outcomes (section 3.5.2) scale to
independent tectonic and paleoclimatic interpretations and propose scenarios (section 3.5.3), which were
possibly leading to the fan-formation that is in accordance with our intermittency values. Because for the
eastern fan these outcomes do not differ significantly from the situation with a shifted apex (i.e., +15 km;
appendix 3.11.1.3 and Table 3.1), we will focus in the discussion solely on the more conservative

solution.
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Fan systems:

Western

Central

Eastern +3km

Eastern +15km

Subsidence rate at apex

2088 [1795 —2473] 1283 [1041 - 1552] 242 [120-412] 244 [45 -1085]
ra[m Myr?]
Subsidence change rate

2.92 [-0.09 - 6.86] 3.96 [2.52 - 5.62] 0.02 [-8.1-8.2] 0.05[-8.1-8.2]
B1%km?]
Grain size at apex (input)

103 [92 - 116] 49 [47 - 51] 46 [43 - 49] 59 [50 — 70]
Da[mm]
Grain size fining rate

9.25[7.85-10.7] 1.4[1.1-1.7] 2.1[1.2-2.9] 2.1[1.2-2.9]
o [% km]
Long-term sediment flux

17.0[14.6 - 20.3] 38.9[29.9-50.4] 6.80[3.80-12.4] 7.90[3.20- 21.8]

Qs [km> Myr]

Bedload sediment flux

Qv* [km? Myr?]

8870 [3070 — 24800]

6150 [2240 — 16500]

6370 [2750 — 14000]

6370 [2750 — 14000]

Intermittency factor 0.001924 0.006316 0.001069 0.001251
Ie [-] [0.00068 — 0.0056] [0.0023 - 0.018] [0.00039 — 0.0030] [0.00036 — 0.0048]
Activity

16 [6 —49] 55[20-157] 9[3-26] 11[3-42]
-[hyr]

Table 3.1: Main outcomes (rounded values) of each fan system. The uncertainties correspond to the 95% CI. Please
find in appendix A of this chapter the figures to the scenario where the inferred paleo-apex for the eastern fan was
placed at +15 km.

3.5.2 Analyses of the model outcomes

A key question is whether the long-term sedimentation on these fans was governed primarily by
tectonic or environmental boundary conditions (Hajek and Straub, 2017; Ventra and Clarke, 2018).
Sensitivity analyses revealed that for a given sediment flux to the system, the grain size fining rate
depends on the spatial distribution of subsidence (section 3.3.3.4; Duller et al., 2010). Particularly for the
western fan, we observed a relatively high grain size fining rate paired with a relatively high subsidence
decreasing rate (Table 3.1). Although these high grain size fining rates are hinting at a strong tectonic
control where the basin could potentially be underfilled (Duller et al., 2010), our model outcomes
suggest that the creation of accommodation space occurred nearly in pace (Fr = 1.19) with the volumes
of supplied sediment (17.0 km? Myr™!), and both mechanisms were likely balanced. For the central fan,
the situation was different. There, the grain size fining rates were low, and they were paired with
relatively high subsidence decreasing rates (Table 3.1). Consequently, the low grain size fining rate on
the central fan was responsible for the basin to be overfilled (Fr = 2.41) and a relatively large input
sediment flux (38.9 km?> Myr') was necessary to replicate these low grain size fining rates (Table 3.1). In
the east, the subsidence decreasing rates are negligible (given a median of zero; Table 3.1), the grain size
fining rates were low, and the degree of basin overfill was much higher (Fz = 3.37) compared to the other
systems. We relate these observations to the low accommodation space that was created in the basin

during the time the eastern system was formed. As outlined in section 3.2.2, the uplift of the triangle zone
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caused a decrease of the potentially available accommodation space in which the sediments could
accumulate, thereby promoting the basin to be largely overfilled. We discuss in the following section
how these modelling outcomes and interpretations thereof align with the climatic and tectonic history of

the Central Alps and the SMB (see also section 3.2.2).

3.5.3 Tectonic versus environmental controls on the alluvial fans

The western and central fans were formed under an approximately same climate; however,
according to the model, they reveal significant differences in their sediment budgets and intermittencies.
If the tectonic boundary conditions were similar, we would have expected higher similarities in the
model outcomes, given the same climatic boundary conditions. The eastern fan, if compared to the
western and central fans, was formed under a cooler, probably also a drier, climate. Because it was
documented that sediment supply rates to modern Alpine lakes were possibly higher during a cooler than
a warmer climate (Glur et al., 2013), we would expect relatively large sediment supply rates and high
surface dynamics during the time the eastern fan was constructed, which, however, was not the case. We,
however, acknowledge that the preservation of climatic signals in stratigraphic deposits depends on the
strength of the environmental parameters and on how strong these are mitigated or amplified by
independent signals from other sources (Armitage et al., 2011; Whittaker, 2012; Castelltort et al., 2015).
Consequently, we invoke tectonic and orogenic processes to explain the differences in the sediment
fluxes and the sedimentary dynamics recorded by the deposits of the three systems. These mechanisms

are elaborated in the following paragraphs.

Among the three systems, the central fan revealed evidence for the highest sediment fluxes and
activity of sediment transport. As we ruled-out a distinct climate driving force, we interpret these high
sediment fluxes as a consequence of the underlying tectonic boundary conditions at that time (section
3.2.2). More recently, Schlunegger and Kissling (2022) suggested that post-collisional slab break-off at c.
32 — 30Ma, and the subsequent slab roll-back (Schlunegger and Kissling, 2015; Kissling and
Schlunegger, 2018), mainly contributed to surface uplift and build of the Alpine topography. As a
consequence, large sediment fluxes (Sinclair, 1997; Kuhlemann et al., 2001a) and high sediment load
concentrations (Garefalakis and Schlunegger, 2018), caused the fan to rapidly prograde into the basin.
Such a scenario is very likely given the short distance between the Lepontine area (figs. 3.1 and 3.2),
which was the major sediment source of the central fan and which also experienced a high surface uplift
rate in response to the slab break-off at that time (Schlunegger and Castelltort, 2016). We note, however,
that the erosional signal of slab break-off was recorded in the central fan c. 3.6 — 5.6 Ma later. This
difference in timing was interpreted by Schlunegger and Castelltort (2016) as a delayed secondary
response to high surface uplift rates, conditioned by the size of the system and the pattern of exhumed

bedrock.
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For the western and eastern fan, our models predict smaller sediment fluxes and lower activities
in comparison to the central fan. For the western fan, these lower activities possibly reflect the larger
distance to the Lepontine area (Fig. 3.1). In addition, between 25 — 24 Ma and after the initial sediment
pulse driven by the transient landscape adjustment to the slab break-off, the Alps reached a balance
between crustal uplift and surface erosion, and thus a steady-state elevation (Schlunegger and Kissling,
2015). We use these mechanisms to explain the decrease in the fan activity after ¢. 25 Ma when the
construction of the western fan occurred. At 20 Ma, the exhumation of the crystalline external massifs
and tectonic unroofing in the core of the Alps caused a modification in the drainage network, which
could have further reduced the sediment supply to the Molasse basin (section 3.2.2 and Fig. 3.2). This
possibly explains why the sediment supply to the eastern fan and the sedimentary dynamics were lower
compared to the other two systems (Table 3.1). Therefore, the fan intermittencies that we elaborated for
the three major megafans in the SMB, possibly reflect the stratigraphic response to different sediment

fluxes, driven by the tecto-geomorphic evolution of the Alpine hinterland.

3.6 Conclusions

The intermittency factor — a measure for the system’s activity — can be used to determine the
dynamics of sediment routing systems. We calculated such values for three Oligo-Miocene alluvial
megafans in the SMB (Swiss Molasse basin). The western and central fan evolved during the Oligocene
and both formed under similar climatic but different tectonic boundary conditions. Amongst these two,
the central fan was a highly active system that transported sediment flux in ¢. 55 [20 — 157] h yr'!
(intermittency factor of 0.0063 [0.0023 — 0.018]), whereas the western fan needed c. 16 [6 — 49] h yr!
(intermittency factor of 0.0019 [0.00068 — 0.0056]) to accomplish its annual sediment budget. We infer
that the formation of the central fan was largely controlled by slab break-off tectonics of the European
mantle lithosphere at c. 32 — 30 Ma. Particularly, the central fan was sourced the Lepontine dome in the
Central Alps, which experienced high uplift rates at that time in response to slab break-off. In contrast,
the formation of the western fan occurred some million years later, but the signal of enhanced surface
erosion and large fluxes of material derived from the Alps was not recorded anymore. In the East and
during the Middle Miocene, the least active system evolved during a time when the triangle zone in the
SMB was formed, and when the drainage network in the Alps was reorganised. This possibly explains
the low sediment supply to the eastern fan, and related to this, the relatively low activity where the
supplied sediment was transported within 9 [3 — 26] h yr! (intermittency factor of 0.0011 [0.00039 —
0.0030]). Reconstructions of the sediment flux budgets and intermittencies of alluvial megafans thus not
only provide insights into the evolution of the adjacent mountain belts but offer an ideal tool to unravel
the dynamics of these sedimentary routing systems in the geological past. Upon applying these concepts
to the Oligo-Miocene conglomerates of the Molasse foreland basin, such data provide insights onto the

tectono-geomorphic evolution of the evolving Central Alps.
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3.10 Appendix A

Appendix A summarizes the sedimentary facies of the analysed sections, gives insights into the
equations of the self-similar grain size fining model and provides the equations to calculate the
instantaneous bedload sediment flux. In addition, Appendix A comprises the approach on how to measure
channel depths from stratigraphic deposits and how to calculate the paleoslope. Furthermore, Appendix A

provides an overview of the used variables and parameters, summarised in a table.

3.10.1 Sedimentary facies and age models of the stratigraphic sections

The stratigraphic framework along with the age model is based on published information and
combined with own observations for each of the investigated megafan deposits. In the field, we analysed
the stacking pattern at the outcrop scale. We used the morphology and the arrangement of individual
conglomerate, sandstone or mudstone beds as criteria and investigated the preserved sedimentary
structures therein, such as cross-beds or erosional scours. This allowed us to analyse flow paths, and, in
combination with the arrangement or imbrication of individual clast, we updated the paleodischarge
direction as proposed from data in the literature. These analyses also provided the basis for the
chronological correlation between the various sections. We additionally recalibrated published
magnetostratigraphic data of the three fan systems through correlations to the recent Global Time Scale

GTS2020 (Gradstein et al., 2020).

3.10.1.1 Western fan

Sedimentary facies

The c. 3250 m-thick Thun section (Schlunegger et al., 1993, 1996), to which we refer for
simplicity reasons to as deposits of the western fan (Thun Lakeside section; Figs. S3.1a and S3.1b), runs
along Lake Thun and chronicles the deposits of the Blueme alluvial fan system (Schlunegger et al.,
1993). These Oligocene coarse-grained fluvial deposits constitute the Thun Formation (Schlunegger et
al., 1993, 1996), which is part of the Lower Freshwater Molasse group (German abbreviation: USM,
‘Untere Suesswasser Molasse’). The Thun Fm (Fig. S3.1b) is divided into an upper and lower part based
on characteristic lithological properties. The lower part, which is referred to as the Huenibach
conglomerate, is c. 550 m-thick and consists of alternations of several meters-thick conglomerate and
sandstone beds with intercalated mudstone (silt and clay) interbeds that are a few meters thick
(Fig. S3.1b). The conglomerate beds consist of rounded and sub-rounded grains embedded in a sandy
matrix. Sedimentary structures in these beds, such as cross-beds, are only locally preserved, while the
majority of the conglomerates are massive-bedded. Occasionally, imbrications and erosional scours are
visible. Petrological analyses (Schlunegger et al., 1993; Strasky et al., 2022) revealed that the Huenibach

conglomerate consists of up to 60 — 70% of crystalline clasts, of which 1/3 are red granites, whereas the
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rest (30 — 40% of the total) have a sedimentary origin (cherts, limestones, dolomites, sandstones). The
upper part of the Thun Fm is referred to as the Gunten Quarzite conglomerate, which is ¢. 2700 m-thick
at the site where we analysed the section (Fig. S3.1b). There, the frequency and thickness of individual
conglomerate beds increases up-section (Schlunegger et al., 1993; Strasky et al., 2022). The majority of
the conglomerate beds are massive bedded, but occasionally cross- and horizontal-bedding and erosional
scours at their base also occur. In contrast to the Huenibach unit, the Gunten Quarzite conglomerate
contains quartzite clasts (10 — 30%; Schlunegger et al., 1993; Strasky et al., 2022). Therefore, the
Huenibach and Gunten Quarzite units can be distinguished based on petrographic information. Our own
clasts counts at 19 locations confirmed this (Tab. S3.1). We used our revised age model of the Thun Fm
(see below) together with its thickness at proximal (Thun/Thunersee/Lake Thun section, c. 3250 m thick)
and distal positions (Praesserenbach section, c. 1280 m thick; Figs. S3.1a and b) to estimate proximal-

distal trends in the sediment accumulation rates.
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v -
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© 1 11364 2 4 18 2 14 43 7 12 - 100
11470 1 10 27 - 2 18 33 6 4 - 100

Table $3.1: Lithological clast counts at the western fan in the Thun formation (see Fig. S3.1a for locations of the
individual sites).
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Age model

We used the magneto- and biostratigraphic data of the Praesserenbach section (Schlunegger et
al., 1996; Strasky et al., 2022) situated 6 km to the ENE of the Thun Lakeside section to constrain our
age model (i.e., Magneto-stratigraphic section in Fig. S3.1a). To this end, we focused on the Thun Fm,
which is only c. 1300 m thick at the Praesserenbach section, where the local Magnetic Polarity
Stratigraphy (MPS) was established (Schlunegger et al., 1996; Strasky et al., 2022; Fig. S3.1b). We
considered the original corelation of the individual reversals (Schlunegger et al., 1996) to the global
magneto chrons. Yet we used the most recent temporal calibration (GTS2020 of Gradstein et al., 2020)
for assigning numerical ages to the global MPTS (Magneto Polarity Time Scale). As a first consequence,
the base of the Thun Fm is 24.8 + 0.05 Ma old, and the top of the same unit has a numerical age of
24.0 £0.05 Ma (Fig. S3.1b). Accordingly, the Thun Fm along the Praesserenbach section spans an age
interval between 24.8 —24.0 + 0.05 Ma and comprises 1280+ 50 m of sediments (Fig. S3.1b). This
yields a sediment accumulation rate of 1600 + 260 m/Myr. As a second consequence of this correlation,
the topmost unit of the Praesserenbach section (i.e., Gitzischoepf conglomerate) has an age of

23.1 £0.05 Ma (Schlunegger et al., 1996).

The 3250 m-thick Thun Fm exposed along the Thun Lakeside section has not been dated
numerically, and no information on micro mammal faunas are available there. We therefore projected the
ages established for the Praesserenbach section onto the sedimentary suite exposed along Lake Thun
because both sections record the identical development of the petrofacies (Schlunegger et al., 1993,
1996; Strasky et al., 2022). Accordingly, while the base of the Thun FM appears to be isochronous as
revealed by mapping (Roger Heinz, pers. comm. 2022), an assignment of an age for the top of this unit is
not straightforward, because of heterochronous facies relationships (Schlunegger et al., 1993). Yet,
mapping has shown that the Honegg Marls and the Gitzischoepf conglomerates, both of which are
exposed along the Praesserenbach section (Fig. S3.1b), are time equivalent to the top of the Thun Fm
farther west (Roger Heinz, pers. comm. 2022). Therefore, for the deposits along the Lake Thun, we
assign an age of 24.8 and 23.1+0.05 Ma to the base and the top of the Thun Fm, respectively
(Fig. S3.1b). Because the Thun Fm along the Thun Lakeside section is 3250 + 50 m thick, the sediment

accumulation rates were 1910 + 140 m/Myr.
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Figure S3.1a: Simplified geological map of the western fan and the surrounding area. Appendix i corresponds to appendix A of this thesis’ chapter.
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3.10.1.2 Central fan

Sedimentary facies

The central alluvial megafan was constructed by the Rigi dispersal system (Stiirm, 1973;
Schlunegger et al., 1997b, 1997a), and the resulting deposits are part of the Lower Freshwater Molasse
group (German abbreviation: USM, ‘Untere Suesswasser Molasse’). The most complete and dated
stratigraphic section (the Rigi section; i.e., the magneto-stratigraphic section in Fig. S3.2a) is a 4000 m-
thick suite of sediments spanning a time interval between 29.5 and 24.0 Ma during the Oligocene
(Schlunegger et al., 1997b). The sediments encountered along the Rigi-section can be traced 30 km
down-system and they crop out along 4 additional stratigraphic sections (Schlunegger et al., 1997a;
Figs. S3.2a and S2b). The central fan deposits consist of several lithostratigraphic units (Fig. S3.2b), of
which we selected the upper part referred to as the Bunte Rigi conglomerate for our analysis. We selected
this unit because its base can be easily identified in the field by the first appearance of granite clasts
(Stiirm, 1973; Schlunegger et al., 1997b). At proximal positions, this unit consist of an amalgamation of
several tens of meters thick conglomerate beds that are occasionally intercalated by a few dm- to m-thick
sandstone and mudstone beds. Towards distal parts, individual conglomerate beds thin to few meters and
alternate with several m-thick sandstone and mudstone interbeds. The conglomerate beds consist of
rounded to sub-rounded clasts, embedded in a sandy matrix. They are mostly massive-bedded and
occasionally display low-angular cross-beds, erosional scours at their base and fining-up trends towards
the top of individual conglomerate beds (Stiirm, 1973; Schlunegger et al., 1997a; Garefalakis and
Schlunegger, 2018). In the lower half of the target unit (between 1700 to 2800 m of Rigi section,
Fig. S3.2b), approximately 80 —90 % of the clasts are of sedimentary origin (sandstone, dolomite,
limestone, and chert clasts), and the rest (10 —20 %) consists of red granites and radiolarites
(Schlunegger et al., 1997b). The increase of the sandstone clasts towards the top could be explained by a
material supply through a paleotributary system. However, an approximately constant composition of the
heavy minerals within the sandstones (Stiirm, 1973), of which zircons constitute c. 80 % to the bulk of
the Bunte Rigi conglomerate unit, suggests that the sediments were supplied and dispersed on the fan by
a single system (Stiirm, 1973; Schlunegger et al., 1997b). The top of the Bunte Rigi conglomerate is
defined where the mudstone interbeds of the overlying Scheidegg unit become more frequent and thicker
(Fig. S3.2b; Schlunegger et al., 1997b). The occurrence of red granite clasts was then used as criteria to
trace the target unit (i.e., the Bunte Rigi conglomerate unit) from distal to more proximal positions
(Schlunegger et al., 1997a, 1997b). Accordingly, the Bunte Rigi unit is approximately 1600 £ 50 m thick
along the Rigi section, from where the thickness decreases to 1485+ 50 m along the Rossberg,
1040 + 50 m along the Sattel and finally to 595 + 50 m along the Einsiedeln section (Fig. S3.2b).
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Age model

The chronological framework of the central fan is based on the local Magnetic Polarity
Stratigraphy (MPS) established along the Rigi section (i.e., the magneto-stratigraphic section in
Fig. S3.2a). We employed the correlation of the MPS to the global MPTS as proposed by Schlunegger et
al. (1997b) but considered the most recent calibration of the magneto-chrons to the GTS2020 by
Gradstein et al. (2020) instead. Accordingly, the base of the Bunte Rigi conglomerate unit has an age of
26.4 + 0.05 Ma, whereas the top of this unit spans most likely the time interval between 25.1 and
24.7 Ma (Fig. S3.2b). We note that due to sample gaps particularly in the upper part of the section, it was
not possible to determine a more precise age for the top of this unit (Schlunegger et al., 1997b).
Therefore, Schlunegger et al. (1997b) considered the possibility of additional polarity shifts from normal
to reversed ones where the sampling density is low (grey polarities in MPS, Fig. S3.2b). As an example,
a solution where the top of the MPS would correlate with C7n.2n would imply the occurrence of a hiatus,
for which no evidence has been presented so far in the literature (Stiirm, 1973; Schlunegger et al., 1997a,
1997b; Garefalakis and Schlunegger, 2018). We are thus left with a large age range for the top of the
Bunte Rigi conglomerate unit. But for simplicity we used an average of 24.9 + 0.2 Ma, which we then
extrapolated towards more distal sites (Rossberg, Sattel and Einsiedeln sections, Fig. S3.2a and b). Note
that the proposed age model is consistent with ages offered by two micro-mammalian fauna sites at the
base of the Rossberg (Engesser and Kélin, 2017) and Sattel (Hantke et al., 2022) sections, which we
projected onto our profiles (Fig. S3.2b). Accordingly, our target unit spans a time interval that is
approximately 1.5 = 0.25 Ma long, and it thins from c. 1600 m at the apex to approximately 600 m
towards the ENE (see above and Fig. S3.2b). This yields sediment accumulation rates of approximately
1070 + 210 m Myr™! for the Rigi section, 990 = 200 m Myr™! for the Rossberg section, 695 £+ 150 m Myr™!
for the Sattel section, and 400 + 100 m Myr! for the Einsiedeln section.
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3.10.1.3 Eastern fan

Sedimentary facies

In the east, the deposits of the Hoernli alluvial megafan are encountered along two sections
(Hoernli and Toess profiles), which are part of the Upper Freshwater Molasse group (German
abbreviation: OSM, ‘Obere Suesswasser Molasse’) deposited during Miocene times (Figs. S3a and S3b).
The Hoernli section, representing the sediments at more distal positions (i.e., the magneto-stratigraphic
section in Fig. S3.3a and see below), was dated by magneto-polarity investigations and built the basis for
the chronological framework (Kempf et al., 1997; Kélin and Kempf, 2009). Approximately 9 km farther
to the South, the Toess section comprises the same sedimentary units as encountered at the Hoernli but in
a more proximal position. Amongst others, Hottinger et al. (1970) defined four sedimentary units at the
Hoernli, which are from the bottom to the top the Oehniger, Toesswald, Hoernligubel, and Hoenrligipfel
units (Fig. S3.3b). The lowermost Ochniger unit is characterised by an alternation of several m-thick
mudstone and a few m-thick sandstone beds, occasionally intercalated with dm- to m-thick conglomerate
beds. Therefore, only a few sites were available where grain size measurements could be conducted
(Fig. S3.3b). Along the Hoernli profile, the transition to the overlying Toesswald unit is very sharp. It is
characterised by several m-thick conglomerate beds, forming amalgamations of a few tens of meters. The
mudstone interbeds are only m-thick and occur occasionally (Fig. S3.3b). The conglomerate beds of this
unit consist of rounded to sub-rounded clasts within a sandy matrix. In these beds, massive-bedding
dominates over cross-bedding. Clast counts revealed that c. 60 — 80 % of the material is of sedimentary
origin (limestones, sandstones, dolomites, radiolarites, breccias), whereas crystalline clasts are
subordinate (Tanner, 1944). Heavy mineral analyses of this unit revealed a high abundance of epidote (70
—90 %), which are successively replaced by apatite and staurolite towards the top of the Toesswald unit
(Fiichtbauer, 1964). The change to the overlying Hoernligubel and -gipfel units is characterized by an
increase in dolomite and limestone clasts (c. 10 — 20, locally up to 50 % and c. 30% respectively), with a
minor contribution by crystalline constituents (c. 5 — 10 %; Tanner, 1944). The Hoernligubel and - gipfel
units are commonly combined into one single unit, mainly because the Hoernligubel unit is made up of a
c. 20 m-thick mudstone bed that is prominently exposed at the Hoernli section only (Hottinger et al.,
1970; Wyss and Hofmann, 1999). Within this mudstone bed, the occurrence of the c. 1.5 — 2 m-thick
Hoernli-Breccia, located at c. 990 m a.s.l. (Fig. S3.3b) was interpreted as a mass flow deposit (Bolliger,
1998). The Hoernli-Breccia thins out to a few dm towards more distal sites. The overlying Hoernligipfel
unit is characterised by massive, several m-thick conglomerate beds, occasionally intercalated by
mudstone and sandstone beds. Here, we focussed our study on the Toesswald unit because along the
Hoernli section, its lower and upper bounds are defined by well-visible changes in the stratigraphic

architecture.
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Along the proximal Toess section, the stratigraphic architecture of the aforementioned units is
very similar, which first hampers a distinct subdivision into units and particularly complicates a
correlation to the Hoernli section. This was also why Biirgisser (1981) introduced an alternative
stratigraphic scheme (H1, H2, and H3) based on lithotypes. Yet, our own mapping has shown that it was
impossible to extrapolate these lithotypes from the Hoernli to the Toess area. However, because
conglomerate packages are well visible in the 2 m resolution digital elevation model (LiDAR DEM
Swiss ALTI3D; © swisstopo), we traced the base and the top of the Toesswald unit from the Hoernli to
the Toess area using existing geological maps and the LIDAR DEM as a basis. In this context, we
benefitted from the fact that both sections are situated in the Plateau Molasse and that only a gently
northward dipping anticline separates both sections (Fig. S3.3a). This finally results in nearly the same

thickness of c. 240 + 50 m for this unit along both sections (Fig. S3.3b).

Age model

Kempf et al. (1997) and Kélin and Kempf (2009) presented an age model for the Hoernli section,
which is based on magnetopolarity stratigraphic and biostratigraphic constraints. This yielded a
numerical age of c. 14.9 — 13.3 Ma for the entire Hoernli section, of which the unit of interest (Toesswald
unit; see above) has an age between c¢. 14.6 and 13.6 Ma (Fig. S3.3b), respectively. While the age of the
Toesswald unit is well constrained at the Hoernli (Kilin and Kempf, 2009, Fig. S3.3b), a correlation with
the more proximal suite is hampered because neither a mammal site nor a magnetostratigraphic data are
available. Therefore, we base our age assignment on the mapping and bed-by-bed tracing on the LiDAR
DEM as outlined in the section above. Given this chronological framework for the Toesswald unit, which
covers c. 1.0 £ 0.2 Ma, we calculated a sediment accumulation rate of ¢. 240 m Myr! on average for both

sites, albeit with a considerable uncertainty of + 100 m Myr.

The position of the paleo apex and implications for the model

The point where the alluvial megafans entered the Molasse basin is of particular interest for the
grain size fining model as it defines the position where accumulation of sediment started. In that context,
the paleo apex’ position constrains the accommodation space, and placing its position has implications
for defining the wavelength and magnitude at which subsidence occurs. For simplicity, we considered the
apex for any fan to be situated 3 km farther upstream from the most proximal site. However, that of the
eastern fan may well have been located 10 — 15 km farther to the SE (Biirgisser, 1981; section 3.2.3 in
main text). We therefore applied large uncertainties in constraining the subsidence pattern at the apex for
the eastern fan (see above). The results of the subsidence distribution for a now extrapolated position of
the apex +15 km farther to the SE show that the range of possible subsidence rates at the apex largely
increased, i.e., Ry = 244 [44 — 1085] m Myr! (Fig. S3.4a). Upon applying the grain size fining model
(see e.g., section 3.10.2) we do not see a major shift in the results of the grain size fining model. The

necessary sediment flux to replicate the extrapolated grain size regression is in median QS; of 7.90 [3.20
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- 21.8] km? Myr! and a median sediment excess rate Fr= 1.89 [1.30 — 3.61], revealing that a median 47
[23 — 72] % of the sediment was transferred out of the system, while c. 53 [28 — 77] % of the supplied
material accumulated on the fan (Fig. S3.4b). Using the same instantaneous bedload sediment fluxes (see
results in main text), we obtained intermittency factors of /r = 0.00124 [0.00036 — 0.0048] that
correspond to c. 11 [3 — 42] hours per year (Fig. S3.4¢). These outcomes are in good agreement with the
results if an apex at +3 km is considered (see results in main text; e.g., Table 3.1) and therefore do not

alter the main conclusion.
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3.10.2 Self-similar grain size fining model

Derivation of the model

The grain size fining model introduced by Fedele and Paola (2007) requires four input
parameters that are: 1) the down-system length of the depositional system, ii) the distribution of the local
subsidence and its down-system decreasing rate, and iii) the grain size distribution at the apex of the fan
system, expressed by the input grain size D4. As a fourth parameter, an estimate of the unit sediment flux

QSZ at the apex, here in [km*> Myr'], is needed. Here, we used an inversion of the model thereby

iteratively determining these long-term sediment fluxes. From the three parameters, the down-system
length and the subsidence pattern can easily be extracted by analysing the sections of interest, given that
a chronological framework is provided (see section 3.10.1). The third parameter, the input grain size,
depends on the grain size fining rate along distance, which can be expressed as an exponential function

following the ‘Sternberg-law’ (Sternberg, 1875):
D(x*) = Dy exp™ ™) [m] Eq.(53.1).

Here, x* is the normalised down-system length, D, is the input grain size at length x* = 0, that
can be considered the apex of the system, and a is the grain size fining rate along the normalised
distance, respectively. The parameters D4 and o can be retrieved by approximating the grain size fining
along x* with an exponential function. For the grain size fining we used the Dsy as representation at each
location because this percentile best characterizes the bulk grain size distribution, particularly during
equal mobility conditions (Paola and Mohrig, 1996; Wickert and Schildgen, 2019). To be more
conservative, we applied a bootstrapping on the Dsy values and modelled 10* possible solutions of both
grain size fining functions and related input grain size. We then used these 10* values of D4 and « for

further calculations.

As a requirement for the grain size fining model, the distribution of the sediment size has to be
self-similar (Fedele and Paola, 2007). In other words, when the grain size distribution is collapsed into
the similarity variable &, the mean and the standard deviation of the sediment at the surface and in the
substrate decrease down-system both at the same rate. Consequently, the grain size distribution at any

site has the same shape, if normalised, as follows:

Dk - E(X*)
= —[- Eq.(S3.2).
f= o ] a.(53.2)
Here, Dy is an individual grain size value, D and ¢ are the mean and standard deviation of the

grain size distribution at a given location along a stream with a normalised down-system length x*,
respectively. This assumption is incorporated in the self-similar grain size fining model (Paola and Voller,

2005; Fedele and Paola, 2007) that is based on a constant critical Shields number of 1.4 multiplied by the
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dimensionless critical shear stress z.* (see section 3.10.3) and on the inference of threshold conditions for
sediment transport during bankfull discharge. The underlying principle of the grain size fining model is a
variation of the Exner sediment mass balance where the material is either in transport or stored in the
substrate (Paola and Voller, 2005; Fedele and Paola, 2007). In this concept, aggradation and, thus,
deposition of sediment yields adjustments of the bed-surface elevation that increases proportionally to
the deposited mass. If the material is re-entrained and the bed degrades, the bed-surface elevation also
decreases in proportion to the mass in transport (Paola and Voller, 2005). This mass-conserving principle,
in combination with knowledge of the available accommodation space, as revealed by the subsidence
pattern, thus allows to predict how much of the sediments are deposited or extracted downstream (Fedele
and Paola, 2007; Allen et al., 2013; Brooke et al., 2018). This balance between processes governing

extraction and deposition of sediment along down-system distance can be expressed as:

;3{* =f [R* (1 - ;) ‘}dd,{*] [-] Eq.(53.3).

Here, J is the relative mobility of the sediment, where J > 1 likely indicates that a sediment with
a given calibre is in transport, whereas J <1 expresses that the same sedimentary particle becomes
deposited or remains in the substrate (Fedele and Paola, 2007; Brooke et al., 2018). It reflects the
proportion of sediment in transport p and the fraction of it in the substrate f as J= p/f (as a function of
normalised down-system length x*). Because J also behaves in a self-similar way downstream, J and f
can be expressed as a function of ¢ (Fedele and Paola, 2007; Duller et al., 2010; D’Arcy et al., 2017;
Brooke et al., 2018). R* in Eq. (5§3.3) quantifies the dimensionless distribution of sediment mass down-

system, expressed as:

r*(x")

R*(x*) = (1 —Ap) L m

where 4, =0.3 is the sediment porosity (Fedele and Paola, 2007), L is the total down-system
length, while Os” is the spatial variation in unit sediment flux and 7* is the subsidence rate both along

distance x*. As a simplification, we express the subsidence rate along distance by an exponential function

(Duller et al., 2010; Whittaker et al., 2011; D’ Arcy et al., 2017):
r*(x*) = 1, exp P& [m Myr=1] Eq.(53.5).

Here, r4 is the subsidence rate at the apex where x* =0 and f is the decreasing rate at which r*
decreases down-system (x*). Examples have shown that such a function corresponds well to the
distribution of accommodation space in foreland basins (Allen et al., 1991; Sinclair and Naylor, 2012).
Section 3.10.1 (appendix A) describes how we determined the subsidence rates for our fans of interest.

The rate of sediment being extracted along distance Qs'(x*) can then be defined as the difference
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between the input sediment flux QS; per unit channel width and the deposited volume of sediment. This

volume is integrated along distance L, along which sediment accumulation occurs:

L
Q' (x) = Qs —(1—-2p) f r*(x*) dx* [m3 Myr~tm™1] Eq.(S3.6).
0

The underlying assumption here is that any change of bed elevation is taking place at relatively
short timescales and changes thereof evolve and diminish spontaneously. Therefore, these short-term
perturbations in the long-term sediment flux are considered negligible (Fedele and Paola, 2007; Duller et
al., 2010; Harries et al., 2019). To model the grain size deposited in the substrate, f, we applied a
dimensionless distance transformation y*(x*) (Fedele and Paola, 2007) that integrates the spatial

distribution of sediment mass in the down-system direction:

*

X

Yo = f R* (") dx* [-] Eq.(S3.7).
0

The removal of sediment mass, which is expressed as R*, scales proportionally to the grain size
fining rates recovered from Eq. (S3.7). Therefore it is possible to model the size D,, of a grain as a
function of y* along distance x* (Fedele and Paola, 2007):

C *
Dp(x*) = Dy + g4 C—Z(exp_cly - 1) [m] Eq.(53.8).
1

Here, D, is the input grain size and ¢4 its deviation at the apex where x* = 0, expressed as ¢, =
D, * Cy (coefficient of variation; see below), thereby following D’ Arcy et al. (2017). As outlined above,
we applied a bootstrapping approach with 10* iterations on Eq. (S3.1), thereby recovering numerous
possible solutions of the Sternberg-law and thus for the input grain size D4. Fedele and Paola (2007)
introduced the coefficients C; and C,, which describe the relative partitioning of the variance in sediment
supply. While C; scales to the standard deviation at a location, C; scales to the down-system change of
the mean grain size (Fedele and Paola, 2007). The aforementioned authors thus found that the ratio
between the standard deviation ¢ and the mean grain size D, defined as the coefficient of variation C,, is
equivalent to the ratio between C; and C,. Furthermore, they showed that for fluvial gravels, the C,
remains approximately constant along distance (Fedele and Paola, 2007). Because values for C; have
already been determined on a theoretical basis and since values for C, can be extracted from our dataset,
it is possible to compute values for C>, which is needed as an input for the model (Eq. (S3.8)), using the

following relationships:

G o(x")
"G D)

[—] Eq.(53.9).
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Here, the median value of C, was determined for each site by bootstrapping (10 iterations on
each individual grain size distribution). The C, value at the scale of the entire fan is then the average of
the individual site-specific median C, values. For further calculations, we considered a uniform
distribution within the 95 % CI averaged for the entire fan. The coefficient of variation C, for each target
fan is c¢. 0.65 £ 0.10 (see results). Additionally, our C, values are within those reported in other studies
that typically range between c. 0.55 and 0.90 (Fedele and Paola, 2007; Duller et al., 2010; Armitage et
al., 2011; Brooke et al., 2018). Similarly, the value of C;. has been shown to lie between c. 0.50 and 0.90
(Fedele and Paola, 2007; Duller et al., 2010; Armitage et al., 2011), but values ranging between 0.70 and
0.80 or an average value of 0.75 have been commonly applied in previous studies (Fedele and Paola,
2007; Armitage et al., 2011; Whittaker et al., 2011; D’Arcy et al., 2017). Therefore, and being slightly
more conservative, we assigned values to C; that are uniformly distributed between 0.60 and 0.90. This is
consistent with the results of sensitivity analyses on this variable, which showed that different values of

C; do not significantly influence the modelled downstream grain size fining rates (Duller et al., 2010).

Previous applications

The grain size fining model has been successfully applied to stratigraphic deposits in the Spanish
Pyrenees, supporting the idea that shifts in tectonically induced subsidence rates, variations in sediment
flux, and related changes of erosion rates are recorded by these sediments (Duller et al., 2010; Whittaker
et al., 2011; Parsons et al., 2012; Allen et al., 2013). Some of these applications also revealed large input
grain sizes and fining rates for four proximal-distal timelines within the Montsor conglomerates (Pobla
Basin, Spanish Pyrenees). The results additionally implied that these large values are inversely scaled to
the length of the systems (Duller et al., 2010; Whittaker et al., 2011). Additionally, the model was applied
to Holocene deposits in Death Valley, USA, where grain size fining rates and shifts in sediment fluxes
were related to climatic perturbations (D’Arcy et al., 2017). A related work conducted in the same area
could show that these environmental changes were also reflected in a modification of the relative
mobility of a given grain size (Brooke et al., 2018). Other applications and modifications of the grain
size fining model, with a focus on modern alluvial fans in the Iglesia basin, Argentine Andes, could show
that variations of sediment flux were controlled by a combination of lateral sediment input from tributary

catchments and recycling of previously deposited material (Harries et al., 2019).
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3.10.3 Instantaneous bedload sediment flux

Principles and basic equations

Sediment transport occurs as bedload if coarse particles (>2 mm) are rolling, sliding and/or
saltating along the riverbed (Baker and Ritter, 1975; Dade and Friend, 1998; Recking, 2015). The model
of non-dimensional bedload transport proposed by Meyer-Peter and Miiller (1948; known as the MPM-
equation) bases on the inference that sediment is entrained in proportion to the shear stress at the channel
bed (or competence of a stream), which itself is expressed as the basal shear stress 7, (Baker and Ritter,

1975; Church, 2006; Rice and Church, 2010):
Ty = Ppw g Ry sin(y) [Pa] Eq.(53.10).

Here, p, is the water density (1000 kg m™), g is the gravity of Earth (9.81 m s), and vy is the
gradient of the riverbed, respectively. For small angles, i.e., <1°, sin(y) approximates to tan(y).
Furthermore, R; is the hydraulic radius, which is approximated by the depth of the flow for wide
channels that exceed a width to depth ratio > 20 (Tinkler, 1982, 1997; Tucker and Slingerland, 1997),
particularly during bankfull discharge.

It has been proposed that a grain of a particular size, e.g. the Dsyp grain size percentile, is
entrained if the drag force of the flow, expressed by the basal shear stress (Eq. S3.10), exceeds a critical
value and thus overcomes the submerged weight of a grain (Church, 2006). This is defined as the

dimensionless shear stress 7* or Shields-stress (Shields, 1936):

oo PwddrS
(ps — pw) 9 Dsg

Eq.(S3.11).

Here, djy is the channel depth during bankfull discharge (see section 3.10.5 and appendix B for
channel depth measurements), S (in RAD) is the channel slope that substitutes sin(y) (Julien, 2010;
Wickert and Schildgen, 2019), Ds, is the grain size percentile, and ps and p,, are the sediment and water
densities, respectively. The dimensionless submerged specific gravity of Quartz can be expressed as Gs =
[(ps./ pw) — 1] = 1.65, which is close to values of natural sediments with p;=2650 kg m> and

pw = 1000 kg m> for the sediment and water densities, respectively.

Following Shields (1936), grains are mobilized if 7* = 7.*. Here, 7.* is the dimensionless critical
shear stress, which is the boundary shear stress needed for the incipient transport of a single grain,
commonly referred to as the critical Shields-parameter (Shields, 1936). Additionally, during bankfull
discharge, which is the underlying assumption here, shear stresses exceed the critical Shields-parameter
by a constant multiple (Parker, 1978; Paola and Mohrig, 1996; Pfeiffer et al., 2017; Schlunegger and
Garefalakis, 2018; Wickert and Schildgen, 2019), which is expressed in the following way:
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Tt = M = (1.0+¢&) 7. [—] Eq.(53.12).
Gs Dsg

Here ¢ is a variable, that considers (for a steady flow with a given water discharge) how much

water depth changes when the channel width increases or decreases downstream (Parker, 1978). It thus
bases on the equilibrium-channel hypothesis where the shear stress in the channel’s centre cannot
overcome a threshold without widening the river by lateral erosion (Parker, 1978; Engelder and Pelletier,
2013). This variable has a theoretical value of &= 0.2 (Parker, 1978), but Paola and Mohrig (1996)
suggested using ¢ = 0.4 instead. We thus employed a uniformly distributed range between both values to

consider all possibilities for our calculations.

Note that a variety of Shields-parameters have been reported for gravel-bed rivers for bedload
transport (Petit et al., 2015). Here, we used a uniformly distributed range (Julien, 2010; Schlunegger et
al., 2020) between 0.039 and 0.054 for z.*, which appears appropriate for material between > 2 mm (z.*
= 0.039; Julien, 2010) and < 128 mm (z.* = 0.054; Julien, 2010). This range of Shields-parameters also
includes the dependency of the critical shear stress on the local slopes (Miiller et al., 2005; Parker et al.,
2007; Lamb et al., 2008) and was reported for natural gravelly-bed rivers (Wilcock, 1993; Julien, 2010;
Bunte et al., 2013; Petit et al., 2015).

Bedload sediment flux equation

We used the MPM-equation (Meyer-Peter and Miiller, 1948) to compute the volumetric bedload
sediment transport rate per unit time and unit channel width, denoted as the instantaneous unit bedload
sediment flux Q,". The MPM-equation was calibrated in the laboratory and has been widely applied in
both flume-experiments and on natural-datasets (Church, 2006; Huang, 2010; Wickert and Schildgen,
2019; Ancey, 2020b, 2020a). In its simplest form, it can be expressed as the dimensionless bedload

transport rate qb*:
g, =CE* — 1. [-] Eq.(53.13).

The dimensionless bedload transport rate g,  can also be expressed as the Einstein number

(Einstein, 1950):

S
(Gs g Dso3 )0'5

b (-] Eq.(53.14),

Therefore, the combination of equations S3./3 and S3.74 yields an expression that allows to

calculate the unit bedload sediment flux 0"

Q" =397 (" —1.)5(Gs g D503)0'5 [m3 s tm™1] Eq.(S53.15).
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Here, we set for C = 3.97 [-] as re-calibrated by Wong and Parker (2006) using the original
dataset of Meyer-Peter and Miiller (1948) as basis. Substitution of 7* in equation S3.15 by the expression
derived from equation S3.72 results in an expression where Q)" solely depends (among other given

variables) on the grain size Dso:
Q" =397 [(1.0+8) r." —7."1* (Gs g D503)0'5 [m? s71] Eq.(53.16).

Here, g is the gravitational force (9.81 m s2), Gs is the dimensionless submerged specific gravity
of Quartz (1.65), Dsy is the grain size percentile, z.* the Shields-parameter, and ¢ is the erosional
correction factor, respectively. We calculated the unit bedload sediment flux Q)" using a combined
bootstrapping and Monte Carlo approach and propagated each of the variables ¢, 7.* and Dsy over 10*
times and report the fan’s averaged time-transgressive median Q," value together with the 95%

confidence interval.

Yet, among other (theoretically and empirically derived) variables, our derivation of the bedload
equation solely depends on the grain size, mainly because we did not estimate paleo slopes in another
way than using a shear-stress approach (see also section 3.10.5 for details on the paleo slope
calculations). Nevertheless, the MPM-equation, on which our approach bases, has been proven to
replicate field-based measurements of bedload fluxes in recent rivers (Parker, 1990; Wilcock and Crowe,
2003; Gray and Simdes, 2008; Gao, 2011; Petit et al., 2015). In addition, the related concepts were also
considered to interpret grain size and channel depth information from stratigraphic records (Brewer et al.,

2020; Sharma et al., 2023).
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3.10.4 Uncertainties and error estimations

We reported the mean or median value (each time indicated) along with the 95% Confidence

Interval (CI) in squared brackets (e.g., Dsp =22 [17 — 25] mm). The errors were calculated as followed.

For the calculations of errors on the subsidence rate, we used the uncertainties arising from the
age models and the inferred sediment accumulation rates, and we considered uniform distributions
between the maximum and minimum accumulation rates for each section (section 3.10.1). We then
calculated a range of plausible subsidence patterns by applying a Monte Carlo simulation on these

values. This was done through a regression analysis on the values resulting from Eq. (3.7) or Eq. (S3.5).

For the grain size data, we resampled with replacement 100 grain size values Dy (measured on
the photographs) and calculated the uncertainties on the Djsp within a given confidence interval by
bootstrapping 10* scenarios. We then incorporated these values into the equations, which we used for
calculating the input grain size D, thereby considering the results of a regression analysis applied to the
outcome of Eq. (3.8) or Eq. (S3.1). For estimating the C, values, we calculated the median along with the

95% CI for each site, and we report the averages thereof for each entire fan.

For calculating the uncertainties on the unit bedload sediment fluxes Q5 , we used the grain size
values from the bootstrapping in combination with the results of the Monte Carlo error estimation. We
accomplished this for ¢ and 7. using uniformly distributed values (details in appendices ii and iii).
Uncertainties on the long-term sediment fluxes were also calculated and propagated following these
procedures. Because we only get the fan-average long-term sediment flux but have estimates on the
bedload fluxes for each individual outcrop, we calculated the intermittency factors through
bootstrapping. For this, we resampled both results (long-term and instantaneous sediment fluxes) for

each site, and we calculated their ratios (Eq. 3.1 in main text).
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3.10.5 Channel depth and paleoslope

Information on grain size, in combination with measurements of bankfull flow depth, was used
to make first-order estimates on the local paleoslope of the target channels (Paola and Mohrig, 1996;
Long, 2021). Information on paleoslopes is required for paleo-hydrological and -geomorphological
analyses of the depocenters (e.g., Castelltort, 2018; Long, 2021) and allow estimates on the
paleoelevation of the adjacent mountain range (Schlunegger and Kissling, 2015; Krsnik et al., 2021;

Lyster et al., 2021).

Channel depth

Estimates of the water depth / during bankfull discharge, the conditions used as reference in this
work, are accomplished by using the thicknesses of preserved channel deposits (Bridge, 1985; Paola and
Mohrig, 1996; Long, 2021). While this approach works well for single-thread channels, the same task is
more complicated for braided river deposits because of the amalgamation of channel fills and gravel bars
(Blair and McPherson, 1994, 2009; Harvey et al., 2005). In a braided system, the depth of a channel can
be constrained by the height of bordering longitudinal bars (Miall, 1985). Such bars overlay an erosive
base and are topped by sand layers, both of which we found recorded in the stratigraphy (e.g., Fig. 3.3).
We, therefore, used such constraints to determine the depth of channels during bankfull discharge (Miall,
1976; Bridge, 1985; Paola and Borgman, 1991; Paola and Mohrig, 1996; Long, 2021). Alternatively,
bankfull flow depths can be constrained by the height of low-angular cross-beds, as they form at the
margin of lateral bars or at the confluence between tributary and main channels (Mohrig et al., 2000;
Long, 2021). Yet, the height of these bars only yields minimum estimates for flow depths during bankfull
discharge. As reported for preserved gravel bars of braided river systems, either thickness measurements
underestimate the average water depth by a factor of ¢. 0.6 to 0.7 (Paola and Borgman, 1991). This
would consequently be c. 0.7 to 0.8 if an uncertainty of +10% is added to the field measurements,
thereby considering the thickness contribution where the conglomerate beds are decompacted
(Kuhlemann et al., 2001; Long, 2021). Therefore, the thickness of gravel bars measured in the field likely

reflects the situation during bankfull discharge, which generally exceed the average water depth.

We identified such arrangements in the field and consequently measured the thickness defined by
these features at 4 — 6 places at each outcrop. We then took the average as a reference for the channel
depth during bankfull flow and considered a decompaction contribution of +10%. To account for
potential uncertainties that would yield an under- or overestimation of bankfull conditions (e.g., because
of local scours), we considered +15% uncertainties to the decompacted thickness upon bootstrapping 10*

values.

The resulting channel depths show an increasing trend toward distal positions for all three fan
systems (Fig. S3.5). In the western fan, channel depths of 27 sites increase linearly (+° = 0.46) from c. 1
to 3 m (Fig. S3.5a) with an overall fan average of dy= 1.58 [1.36 — 1.81] m. Similarly, channel depths at
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the central fan (32 sites) also increase linearly (° = 0.69) down-system from c. 1 to 3 m, with a slightly
larger overall average of dyr = 1.91 [1.63 — 2.18] m (Fig. S3.5b). In the eastern fan (14 sites), channel
depths increase linearly (* = 0.51) towards distal positions from c. 1.5 to 2.5 m, with an average of djy =
1.64 [1.41 — 1.87] m. Note that channel depth values at the most distal position display a large scatter
(Fig. S3.5¢).

Paleoslope

For the calculation of paleoslopes we followed Paola and Mohrig (1996) that based their
derivation on a threshold shear stress approach, which they applied to gravel-bed rivers. For this, we

followed the approach outlined in section 3.10.3 and solved Eq. (S3.17) for channel slope S:

1.0+ [(P5/p,) — 1] Dso 7"
S =

[RAD; m/m] Eq.(53.18).

Here, we substituted the dimensionless shear stress z* with the critical Shields-parameter z.*
because we considered the conditions of initial sediment entrainment (threshold approach), which occurs
if 7¥ = 7.* (see also section 3.10.3). For constraining the Dsy and dir (decompacted bankfull channel
depths; see above), we used the 10* values resulting from the bootstrapping. For constraining the other
variables, i.e., ¢, and 7.* we propagated 10* values through a combined bootstrapping and Monte Carlo
simulation, solving for S. We then report the median along with the 95% confidence interval for each

location of all fan systems.

The resulting slopes for all three fan systems reveal a linearly decreasing trend in the down-
system direction. The western fan shows a pronounced decrease of .S from c¢. 0.50 to 0.10° (c. 0.0087 to
0.0017 m m™), averaging at S = 0.20 [0.15 — 0.28]° (Fig. S3.6a; * = 0.56). The slopes at the central
system decrease from c. 0.25 to 0.05° (c. 0.0044 to 0.00087 m m™"), with an average of S = 0.16 [0.12 —
0.22]° (Fig. S3.6b; > = 0.46). Similarly, the slopes at the eastern fan reveal a decreasing trend from c.
0.22 to 0.12° (c. 0.0038 to 0.0021 m m™") with an average around S = 0.16 [0.12 — 0.22]° (Fig. S3.6c;
¥ =0.44).
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Parameter | Description Value / Unit* / Equation Key reference
Downstream partitioning of variance of a Fedele & Paola, 2007;

C gravel supply expressed by its standard 0.60-0.90/[-]/ Eq. (3.3; S3.9) Duller et al., 2010;
deviation Armitage et al., 2011
Downstream partitioning of variance of a Fedele & Paola, 2007;

C, gravel supply expressed by its mean grain C;=Ci/C// [-]/ Eq. (3.3; S3.9) Duller et al., 2010;
size Armitage et al., 2011

C, Coefficient of variation C.=0/D/[-]/Eq. (S3.9)

D Mean / Average grain size [m]/ Eq. (3.5; S3.2)

D(x") Spatial distribution of grain size [m] / Eq. (3.8; S3.1) Sternberg, 1875

Dy Input grain size at the apex (x" = 0) [m]/Eq. (3.3:3.8; S3.1) Sternberg, 1875
Grain size where 50% of the sediment is

Dsy o [m]/Eq. (3.9)
smaller or equal than this grain size

Dy Individual grain size value [m]/Eq. (3.8;S3.1)

D, Modelled grain size [m] / Eq. (3.3; 3.6; S3.8) Fedele & Paola, 2007

dyr Bankfull channel depth [m]/Eq. (53.11)

F Fraction of sediment in excess: Fr = 1: filled; [1/Eq. (3.4) D'Arcy et al.. 2017

£ > 1: overfilled; < 1: underfilled basin a- 15 v M

Fraction of a given sediment size being in the

f [-]/ Eq. (S3.3) Fedele & Paola, 2007
substrate

g Earth gravity 9.81/[ms?/Eq.(3.9;53.16)
Dimensionless submerged specific gravity =

Gs ged speciiic gravity 1.65/[1/Eq. (3.9; 53.12)
[lps/ pw) - 1]

h; hy Water depth; during bankfull discharge [m]

Ir Intermittency factor; Ir= Qs / Qb" [-1/Eq. (3.1) Paola et al., 1992

J Relative mobility function [-1/Eq. (53.3) Fedele & Paola, 2007

L Total down-system length [m]/Eq. (3.2)

P Fraction of a given sediment size in transport | [-] / Eq. (S3.3) Fedele & Paola, 2007

. Einstein number or dimensionless bedload . .

9 [-]/ Eq. (53.13, 53.14) Einstein, 1950
transport rate
Instantaneous bedload sediment flux per Meyer-Peter & Miiller, 1948;

o' unit channel width (i.e., unit bedload flux or [m3stm?] /Eq.(3.9; S3.16) Einstein, 1950;
unit capacity) Wong & Parker, 2006
Spatial distribution of long-term sediment

Os'(x") flux per unit channel width (i.e., unit [m3Myrtm?] /Eq. (3.3; S3.6) Fedele & Paola, 2007

sediment flux)
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Parameter | Description Value / Unit* / Equation Key reference
Long-term input sediment flux per unit [m3 Myrim?]/
Os, ) . Fedele & Paola, 2007
channel width at the fan’s apex (x” = 0) Eq. (3.2; 3.4; S3.6)
Fedele & Paola, 2007;
(" Spatial distribution of subsidence m Myr]/ Eq. (3.2; 3.4; 3.8 ! !
re) P [ yri1/Ea. ( ) Duller et al., 2010
R'(x") Spatial distribution of sediment mass [-1/Eq. (53.4) Fedele & Paola, 2007
3 Subsidence rate at the apex (x" = 0) [m Myr?] / Eq. (3.7) Fedele & Pacla, 2007;
T4 P - v 4= Duller et al., 2010
Ry, Hydraulic radius, i.e., dis for wide rivers [m] Tinkler, 1982
S Paleoslope, channel gradient RAD [m m™] / Eqg. (S3.18) Paola & Mohrig, 1996
x Down-system distance [m]
x" Normalised down-system distance [-] Fedele & Paola, 2007
b Transformation of x” [-]1/ Eq. (3.3; S3.7) Fedele & Paola, 2007
[ Grain size fining rate / decreasing rate [m?]/Eq.(3.8;S3.1) Sternberg, 1875
Fedele & Paola, 2007;
Subsidence decreasing rate m?]/Eq. (3.7 § ’
p & [m™]/Eq. (3.7) Duller et al., 2010
X X Parker, 1978;
€ Correction factor for lateral channel erosion 0.2-0.4/[-]/Eq. (3.9; 53.12) .
Paola & Mohrig, 1996
Ap Sediment porosity 0.3/[-]/Eq.(3.2;3.4;S3.6) Fedele & Paola, 2007
Ds Sediment density 2650 / [kg m=3] Julien, 2010
Pw Water density 1000 / [kg m3] Julien, 2010
Standard deviation of a given grain size; o(x")
o . . [m] / Eq. (3.3; 3.5; S3.10) Fedele & Paola, 2007
along (normalised) distance
7 Basal shear stress [Pa] / Eq. (S3.10) Julien, 2010
7 Dimensionless shear stress / Shields-stress [-]/Eq. (3.9; S3.11) Shields, 1936; Julien, 2010
. Critical dimensionless shear stress / Shields- 0.039-0.054/[-]/ X .
7. Shields, 1936; Julien, 2010
parameter Eq. (3.9; S3.12)
Deviation of the input grain size at the apex
04 (x*=0) pute P ©a=Da*Cy,, / [m] / Eq. (3.3; S3.9) D’Arcy et al., 2017
X =
& Similarity variable [-]/Eq. (3.5; S3.2) Fedele & Paola, 2007

*Units are reported as used for calculations and might differ from the units expressed in the text and figures.
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3.11  Appendix B

Appendix B contains tables with the locations of each site of the three proximal-distal sequences
and the values for the D3y grain size percentile and the channel depth measurements. The coordinates are

based on the Swiss coordinate reference system CH1903+ (LV95).

site X-Coord. Y-Coord. .Z-Coord. D50 [mm] Distance from ) Normalised
(CH1903+) (CH1903+) (Altitude m a.s.l.) Apex [m] distance from Apex [-]
73 2621531.5 1173143.8 568.8 105.43 3000.00 0.26
74 2621541.2 1173193.8 576.2 77.70 3018.10 0.26
72 2620537.7 1174070.3 721.8 79.06 4343.65 0.38
71 2620401.8 1174039.9 663.7 55.90 4423.34 0.39
64 2620210.7 1173841.2 586.4 73.48 4449.55 0.39
70 2620333.5 1174023.3 641.2 68.91 4476.01 0.39
69 2620253.0 1173943.9 629 84.50 4490.81 0.39
68 2620227.0 1173951.2 601.3 52.48 4509.55 0.39
67 2620249.0 1174013.0 601.7 71.33 4527.60 0.39
65 2620125.8 1173898.7 601.9 58.72 4558.68 0.40
66 2620186.0 1174004.5 599.4 60.65 4571.23 0.40
63 2619393.6 1174654.1 697.6 66.07 5583.38 0.49
62 2619397.2 1174769.6 716.7 49.75 5657.32 0.49
61 2619401.2 1174889.1 774.5 54.48 5748.80 0.50
60 2618866.2 1174700.7 624.4 48.25 5973.20 0.52
59 2618785.3 1174886.7 646.1 61.76 6155.81 0.54
53 2619000.6 1175134.0 820.5 37.28 6224.86 0.54
58 2618718.0 1175036.2 659.5 54.08 6322.25 0.55
52 2618956.3 1175345.7 840.4 64.29 6419.24 0.56
57 2618678.8 1175113.8 666.9 54.21 6460.82 0.56
51 2618906.8 1175397.6 842.8 51.07 6547.54 0.57
56 2618656.6 1175170.9 676.7 53.16 6591.86 0.57
55 2618628.2 1175247.6 683.5 44,51 6662.94 0.58
54 2618620.4 1175308.3 692.9 54.64 6711.24 0.59
50 2618763.4 1175460.6 836.2 49.54 6766.76 0.59
49 2618749.4 1175502.1 837.1 46.78 6804.05 0.59
48 2618625.8 1175728.4 813.3 56.05 7036.45 0.61
47 2618606.6 1175748.6 814 54.67 7063.18 0.62
46 2618348.4 1175686.0 747 54.83 7177.56 0.63
39 2618127.0 1175747.1 637.2 66.63 7334.64 0.64
43 2618443.8 1176096.5 713.3 36.21 7395.68 0.64
37 2618134.4 1176007.6 654.9 58.23 7533.74 0.66
42 2618420.2 1176081.6 736.6 41.78 7408.80 0.65
45 2618262.0 1175950.3 743.9 48.42 7422.95 0.65
41 2618396.2 1176079.1 734.5 49.65 7425.14 0.65
40 2618347.0 1176035.3 756.1 44.05 7434.59 0.65
44 2618450.6 1176148.7 716.7 50.54 7443.12 0.65
38 2618106.7 1175940.7 649.4 56.58 7503.68 0.65
35 2618172.8 1176094.7 692.7 55.42 7581.37 0.66
34 2618281.4 1176208.1 745.3 4431 7607.97 0.66
36 2618127.4 1176075.1 683.6 40.66 7625.16 0.66
33 2618281.4 1176245.1 752.1 49.65 7666.52 0.67
32 2618059.9 1176177.2 748.4 54.00 7765.58 0.68
31 2617740.5 1176207.3 740.5 52.68 7987.64 0.70

Table B.4.1: Locations of sites and grain size values (D50) of western fan (Thun Lakeside / Lake Thun section).
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site X-Coord. Y-Coord. 'Z-Coord. D50 [mm] Distance from ) Normalised
(CH1903+) (CH1903+) (Altitude m a.s.l.) Apex [m] distance from Apex [-]
28 2617389.5 1176420.8 699.2 40.98 8343.77 0.73
29 2617351.3 1176462.3 656.8 71.59 8384.58 0.73
27 2617426.2 1176527.2 689.7 76.87 8397.80 0.73
30 2617343.5 1176485.8 659.6 53.14 8410.43 0.73
26 2617327.2 1176536.2 693.1 50.77 8466.11 0.74
25 2617297.0 1176544.9 693.5 52.67 8490.66 0.74
24 2616982.6 1177055.2 757.5 31.09 9066.17 0.79
23 2617025.6 1177090.7 772.3 43.45 9076.19 0.79
22 2616995.4 1177164.8 776.8 43.38 9151.26 0.80
21 2616941.0 1177217.2 788.7 53.23 9224.81 0.80
20 2616855 1177274.2 795.1 38.06 9316.84 0.81
19 2616786.2 1177380.6 809.5 40.03 9440.80 0.82
15 2616398.5 1177854.3 623.4 48.93 9952.61 0.87
14 2616328.9 1177836.5 629.8 43.94 9977.89 0.87
17 2616611.0 1178106.5 686 50.89 10057.24 0.88
16 2616493.1 1178059.7 684.3 44.07 10082.90 0.88
18 2616683.4 1178319.2 780.8 50.82 10216.73 0.89
7 2615645.0 1178465.6 753.3 47.63 10872.05 0.95
12 2615462.9 1178479.2 692.9 33.44 10959.49 0.96
11 2615452.4 1178551.7 686.1 32.46 11019.07 0.96
6 2615534.0 1178621.3 740.8 33.56 11049.53 0.96
5 2615524.0 1178679.3 736 40.23 11098.26 0.97
10 2615392.4 1178710.4 673.6 28.76 11171.97 0.97
4 2615449.9 1178767.8 731 38.26 11206.60 0.98
3 2615438.9 1178820.8 734.3 32.82 11254.70 0.98
9 2615298.6 1178824.3 658.7 36.22 11307.92 0.99
2 2615389.0 1178926.8 728.8 27.74 11364.26 0.99
8 2615267.6 1178864.3 653 42.53 11379.94 0.99
1 2615411.3 1179048.8 719.4 27.95 11469.90 1.00

Table B.4.1 (continued): Locations of sites and grain size values (Dso) of western fan (Thun Lakeside / Lake Thun
section).
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site X-Coord. Y-Coord. ( :I-t?t(:;:‘.m Channel | Distance from ) Normalised
(CH1903+) (CH1903+) asl.) depth [m] Apex [m] distance from Apex [-]

72 2620379.5 1173845.3 721.8 0.90 4343.65 0.39
69 2620249.6 1173939.2 629 0.80 4476.49 0.40
68 2620229.1 1173954.1 601.3 1.20 4495.23 0.40
59 2618913.1 1175028.9 646.1 0.80 6137.19 0.55
53 2618909.3 1175032.4 820.5 0.80 6206.24 0.56
56 2618704.5 1175222.4 676.7 1.20 6433.83 0.58
55 2618652.3 1175272.6 683.5 1.00 6504.91 0.58
54 2618617.9 1175305.7 692.9 1.50 6553.21 0.59
49 2618588.0 1175334.4 837.1 1.60 6641.58 0.60
47 2618388.9 1175530.0 814 1.60 6900.69 0.62
43 2618126.2 1175798.6 713.3 1.20 7228.58 0.65
32 2617904.6 1176036.4 748.4 1.50 7548.09 0.68
31 2617746.1 1176212.2 740.5 2.00 7770.14 0.70
28 2617491.5 1176507.1 699.2 0.80 8126.27 0.73
25 2617393.6 1176623.9 693.5 0.90 8268.59 0.74
24 2617046.1 1177098.6 757.5 1.00 8844.10 0.79
23 2617043.3 1177102.8 772.3 1.30 8854.12 0.80
22 2616999.1 1177167.3 776.8 0.90 8929.19 0.80
21 2616957.4 1177228.4 788.7 1.00 9002.74 0.81
15 2616487.9 1177915.4 623.4 1.80 9730.11 0.87
14 2616474.0 1177935.7 629.8 1.60 9755.39 0.88
16 2616422.3 1178011.3 684.3 1.60 9860.23 0.89
7 2615963.3 1178683.1 753.3 2.80 10648.51 0.96
6 2615855.4 1178840.9 740.8 2.00 10824.09 0.97
4 2615760.4 1178980.0 731 2.20 10979.14 0.99
3 2615732.2 1179021.2 734.3 2.10 11027.24 0.99
2 2615666.9 1179116.7 728.8 2.70 11134.15 1.00

Table B.4.2: Locations of sites and channel depths of western fan (Thun Lakeside / Lake Thun section).
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Section |  Site X-Coord. Y-Coord. (Azl-t?'::::;: m | D50 [mm] Distance from d::arlr:czlifsrii
(CH1903+) (CH1903+) a.sl.) Apex [m] Apex []
117 2680880.0 1208486.5 1475.40 72.20 3000.00 0.09
110 2680597.0 1208479.5 1433.40 43.81 3067.52 0.10
111 2680374.0 1208711.5 1455.80 24.80 3490.63 0.11
118 2681096.0 1208782.5 1544.00 48.54 3525.31 0.11
119 2680915.0 1208843.5 1534.10 42.36 3678.80 0.12
105 2680221.0 1209506.5 1463.30 43.86 4690.42 0.15
115 2680915.0 1209416.5 1511.90 35.67 4760.26 0.15
96 2679439.0 1209858.0 1344.80 26.93 4936.65 0.16
114 2680950.0 1209555.5 1507.10 54.90 5034.13 0.16
102 2679469.0 1209984.5 1446.40 3243 5129.05 0.16
116 2680828.0 1209664.5 1500.40 59.31 5191.21 0.16
101 2679433.0 1210042.5 1459.50 34.34 5202.32 0.16
:DE? 87 2679172.0 1210116.5 1353.00 44.09 5235.20 0.17
90 2679044.0 1210344.0 1425.00 52.54 5450.35 0.17
95 2678738.0 1210675.5 1457.40 46.97 5685.21 0.18
99 2678785.0 1210679.5 1483.20 39.81 5710.65 0.18
82 2678509.0 1210843.5 1450.00 45.08 5761.69 0.18
98 2678707.0 1210769.5 1492.50 37.24 5776.35 0.18
67 2678324.0 12111915 1590.90 45.11 6026.71 0.19
76 2679200.0 1210867.5 1406.50 48.16 6081.36 0.19
73 2679192.0 1211042.5 1366.70 55.40 6240.15 0.20
53 2679414.0 1211703.5 1580.60 48.54 6989.52 0.22
52 2679183.5 1212011.5 1678.60 51.91 7129.77 0.22
51 2679306.0 12124725 1502.30 31.50 7531.99 0.24
49 2679537.0 1212535.5 1545.20 29.03 7720.78 0.24

Table B.4.3: Locations of sites and grain size values (Dso) of central fan (Rigi section).
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secton | site | oo | Yoo | i | ooy | DGO | o
a.s.l.) Apex [-]
7 2685180.5 1214980.0 1511.80 42.88 13640.30 0.43
8 2685238.0 1215022.0 1522.60 43.43 13702.25 0.43
1 2685422.0 1214216.0 1137.80 38.92 13857.68 0.44
4 2685402.0 1214495.0 1254.10 64.92 13897.04 0.44
15 2685543.0 1213649.5 989.60 38.17 13987.72 0.44
2 2685438.0 1214310.0 1171.30 36.54 14048.46 0.44
5 2685394.0 1214588.5 1295.70 57.33 14090.33 0.44
14 2685542.0 1213701.0 1011.70 26.85 14187.69 0.45
6 2685387.0 1214632.5 1315.50 58.09 14291.72 0.45
3 2685431.0 1214411.0 1215.00 33.02 14329.11 0.45
16 2685543.5 1213775.0 1029.60 44.00 14395.12 0.45
9 2685474.0 1214234.0 1156.30 28.27 14436.68 0.46
12 2685416.0 1214743.0 1369.70 34.25 14505.34 0.46
13 2685387.0 1214940.5 1459.00 32.66 14534.85 0.46
10 2685498.0 1214344.0 1206.20 44.04 14626.00 0.46
11 2685463.5 1214636.0 1333.60 50.18 14667.01 0.46
o 27 2685637.0 1214164.0 1198.30 35.86 14784.21 0.47
é 22 2685788.0 1214743.0 1376.60 61.77 15018.24 0.47
no: 20 2685820.0 1214686.0 1361.20 50.90 15041.53 0.47
21 2685805.0 1214795.0 1401.70 55.58 15054.63 0.48
19 2685840.0 1214723.0 1374.80 40.78 15080.42 0.48
18 2685869.0 1214776.0 1397.00 40.64 15116.48 0.48
23 2686107.0 1214592.0 1302.30 44.03 15328.75 0.48
26 2686205.0 1214267.0 1216.00 51.63 15383.48 0.49
24 2686178.0 1214474.0 1274.70 49.27 15402.93 0.49
25 2686400.0 1214382.0 1238.40 35.61 15604.43 0.49
007 2687178.6 1214876.1 1302.80 34.58 16455.54 0.52
006 2687372.9 1215048.2 1329.30 30.01 16678.26 0.53
28 2687602.0 1214487.0 1132.10 38.20 16817.51 0.53
29 2687871.0 1214394.0 1082.10 30.21 17056.44 0.54
001 2687691.8 1215184.9 1320.00 52.87 17136.13 0.54
002 2687677.9 1215313.1 1363.30 27.83 17154.54 0.54
003 2687691.0 1215352.5 1352.90 30.65 17177.53 0.54
004 2688050.8 1215651.3 1424.90 39.74 17599.56 0.56
005 2688076.3 1215677.5 1429.30 36.08 17630.21 0.56

Table B.4.3 (continued): Locations of sites and grain size values (Dso) of central fan (Rossberg section).
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secton | s | JCoord | Yoo | (Ll | oo | DENCE O | o
ma.s.l.) Apex [-]
30 2689755.5 1215387.5 868.70 31.78 19239.34 0.61
31 2689809.0 1215449.5 859.00 35.03 19308.61 0.61
32 2689853.5 1215596.5 864.80 35.47 19391.57 0.61
33 2689854.0 1215666.5 873.70 39.77 19410.99 0.61
34 2690468.5 1215740.0 793.40 33.83 20028.60 0.63
35 2690524.5 1215899.0 787.40 21.45 20129.15 0.64
36 2690648.5 1216003.0 776.60 34.99 20278.68 0.64
39 2690888.5 1215271.5 804.30 39.23 20293.43 0.64
E 37 2690701.0 1216103.0 770.60 35.06 20369.38 0.64
E 38 2690999.5 1215441.5 815.60 34.89 20445.56 0.65
40 2690853.5 1216084.0 802.40 43.72 20507.46 0.65
45 2690896.0 1216327.0 790.80 42.50 20623.95 0.65
41 2690965.0 1216188.0 820.60 29.07 20646.50 0.65
42 2690998.0 1216236.5 829.70 44.62 20692.27 0.65
44 2691223.0 1216488.0 870.40 36.97 20991.23 0.66
43 2691325.5 1216497.5 860.40 33.47 21091.68 0.67
46 2691643.0 1216994.5 838.10 38.21 21554.57 0.68
47 2691701.0 1217120.0 892.90 38.26 21665.89 0.68
010 2694041.4 1218105.2 967.80 26.45 24251.40 0.77
- 008 2694252.9 1218139.2 1005.90 24.23 24475.99 0.77
% 009 2694547.9 1218332.3 1093.90 30.63 24821.52 0.78
E 011 2696588.8 1218297.5 1211.70 30.80 26680.72 0.84
w 48 2698276.0 1218342.0 918.70 38.29 28263.37 0.89
049 2701361.0 1219875.5 892.70 25.49 31691.79 1.00

Table B.4.3 (continued): Locations of sites and grain size values (Dso) of central fan (Sattel and Einsiedeln
sections).
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Section | ste | oot | voora | (e | channel | psance fom | O,
m a.s.l.) Apex [-]
117 2678482.6 1208014.1 1475.4 1.20 3000 0.09
110 2678466.9 1208097.9 1433.4 1.10 3067.5231 0.10
111 2678408.4 1208532.4 1455.8 1.00 3490.6261 0.11
119 2678395.9 1208701.5 1534.1 1.00 3676.1668 0.12
105 2678448.0 1209776.5 1463.3 1.50 4687.7889 0.15
115 2678457.3 1209834.3 1511.9 1.00 4757.6204 0.15
96 2678498.5 1210051.5 1344.8 1.30 4934.0159 0.16
114 2678509.5 1210101.8 1507.1 1.00 5031.4993 0.16
102 2678535.0 1210210.6 1446.4 1.10 5126.4105 0.16
S 116 2678547.0 1210258.6 1500.4 1.30 5188.5786 0.16
@ 101 2678550.6 1210272.3 1459.5 1.21 5199.6805 0.16
87 2678552.1 1210278.0 1353 2.10 5232.5692 0.17
95 2678680.5 1210695.9 1457.4 0.77 5682.0918 0.18
82 2678707.1 1210769.3 1450 1.40 5756.7529 0.18
67 2678793.8 1210987.1 1590.9 1.00 6017.2775 0.19
76 2678814.7 1211035.1 1406.5 1.00 6071.9225 0.19
73 2678885.0 1211188.9 1366.7 0.70 6230.7166 0.20
53 2679242.2 1211817.3 1580.6 1.50 6980.4876 0.22
52 2679312.4 1211919.9 1678.6 1.00 7120.3431 0.22
49 2679690.8 1212395.5 1545.2 1.30 7709.7528 0.24
4 2685418.2 1214397.7 1254.1 2.80 13782.477 0.43
5 2685425.6 1214399.0 1295.7 2.40 13796.098 0.44
6 2685425.9 1214399.0 1315.5 3.20 13802.774 0.44
12 2685472.0 1214406.7 1369.7 2.60 13846.431 0.44
13 2685475.8 1214407.3 1459 2.40 13875.934 0.44
g 29 2687758.8 1214868.7 1082.1 3.40 16233.659 0.51
g 002 2687781.7 1214874.1 1363.3 2.40 16326.125 0.52
© 004 2688221.9 1214978.3 1424.9 2.30 16770.685 0.53
005 2688252.1 1214986.0 1429.3 2.80 16801.331 0.53
45 2691070.6 1215793.3 790.8 2.50 19781.984 0.62
008 2694681.7 1217171.0 1005.9 2.40 23629.269 0.75
009 2694999.8 1217311.8 1093.9 2.70 23974.793 0.76

Table B.4.4: Locations of sites and channel depths of central fan (Rigi and Rossberg sections).
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Section site X-Coord. Y-Coord. Z-Coord. (Altitude D50 [mm] Distance from ) Normalised
(CH1903+) (CH1903+) ma.s.l.) Apex (m) distance from Apex [-]
54 2714667.9 1239456.0 1025.40 47.10 3000.00 0.25
55 2715099.5 1239592.3 1089.30 47.22 3032.62 0.25
53 2714581.0 1239516.8 1003.20 42.30 3078.78 0.26
50 2714683.6 1239571.8 982.50 41.53 3107.31 0.26
46 2714811.6 1239627.8 972.70 46.73 3131.14 0.26
51 2714806.6 1239688.8 972.40 46.29 3191.55 0.27
44 2714295.8 1239791.4 958.60 48.70 3433.28 0.29
48 2714931.6 1240027.4 965.60 51.99 3500.88 0.29
45 2714249.6 1239924.0 952.80 37.05 3572.98 0.30
49 2715086.6 1240217.4 1010.40 42.34 3646.89 0.30
32 2716905.8 1240697.2 866.60 42.33 3648.44 0.30
33 2714215.6 1240008.4 951.30 49.15 3665.78 0.31
42 2715312.8 1240322.0 978.50 60.22 3692.39 0.31
34 2714251.2 1240117.4 947.30 52.90 3762.04 0.31
29 2716234.0 1240676.4 843.30 41.58 3797.50 0.32
35 2714233.2 1240289.8 946.00 45.34 3933.25 0.33
25 2716039.0 1240772.4 840.40 39.87 3939.60 0.33
31 2714410.2 1240363.8 856.00 33.49 3957.05 0.33
27 2714485.4 1240619.4 844.20 43.73 4184.78 0.35
:§ 26 2714504.4 1240684.4 843.70 43.10 4242.80 0.35
a 28 2715654.2 1241018.4 821.40 37.33 4274.16 0.36
24 2715552.8 1241000.4 842.50 36.08 4283.11 0.36
23 2714883.8 1240881.4 826.30 36.79 4344.01 0.36
36 2714186.4 1240722.4 944.50 46.15 4383.05 0.36
38 2714416.0 1240811.2 943.60 46.85 4406.56 0.37
20 2715414.8 1241134.8 814.20 37.18 4444.29 0.37
39 2714498.2 1240885.2 942.50 37.79 4455.64 0.37
18 2715007.8 1241046.8 811.90 42.18 4469.39 0.37
40 2714769.8 1240998.2 943.00 41.54 4491.22 0.37
19 2715371.2 1241170.8 814.10 34.01 4492.38 0.37
17 2715063.8 1241199.8 805.60 32.70 4602.91 0.38
15 2715185.8 1241252.8 806.60 46.93 4621.04 0.38
41 2714858.8 1241201.2 944.20 46.83 4664.19 0.39
16 2715004.0 1241325.2 797.20 32.06 4739.46 0.39
13 2714958.8 1241582.4 794.10 40.96 4999.06 0.42
14 2714843.0 1241834.4 787.40 36.91 5276.07 0.44
12 2714689.0 1241931.4 784.20 32.99 5412.95 0.45
11 2714597.2 1241984.2 776.80 32.17 5489.55 0.46
10 2714477.2 1242125.2 776.00 35.75 5658.90 0.47

Table B.4.5: Locations of sites and grain size values (Dso) of eastern fan (T6ss section).
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Section site X-Coord. Y-Coord. Z-Coord. (Altitude D50 [mm] Distance from dist:n(::?;?cfrdApex
(CH1903+) (CH1903+) m a.s.l.) Apex (m) ]
9 2714154.0 1242538.2 753.40 34.39 6146.16 0.51
8 2714137.0 1242629.2 753.90 31.66 6249.44 0.52
7 2713901.0 1242992.4 746.10 28.85 6666.60 0.55
g 2 2713900.0 1243019.4 745.50 35.40 6692.60 0.56
6 2713892.0 1243185.4 742.60 44.93 6853.03 0.57
5 2713863.2 1243216.0 733.70 42.61 6890.61 0.57
3 2713797.0 1243751.2 754.80 35.67 7432.01 0.62
1 2712190.5 1247131.7 707.50 48.34 11212.87 0.93
2 2712179.0 1247310.7 729.30 38.53 11383.15 0.95
14 2713349.0 1247816.8 995.10 38.06 11409.06 0.95
3 2712280.0 1247485.2 743.20 42.59 11506.04 0.96
11 2713305.0 1247953.8 936.60 30.51 11550.60 0.96
5 27129325 1247815.3 805.30 34.44 11561.89 0.96
% 6 2713200.5 1247941.3 868.70 44.99 11577.19 0.96
::E 7 2712820.0 1247831.3 792.70 32.54 11619.52 0.97
9 2713071.0 1248038.3 905.70 36.73 11717.67 0.98
4 2712644.0 1247878.3 778.30 37.04 11730.17 0.98
10 2713200.5 1248116.8 907.20 33.76 11740.59 0.98
12 2713086.5 1248253.3 982.20 35.75 11907.34 0.99
8 2712740.0 1248165.8 918.50 30.26 11963.88 1.00
15 2713699.0 1248641.0 938.70 42.87 12015.85 1.00

Table B.4.5 (continued): Locations of sites and grain size values (Dso) of eastern fan (Tdss and Hornli sections).

Section site X-Coord. Y-Coord. Z-Coord. (Altitude Channel | Distance from dli::;:::;:e"fs::n

(CH1903+) (CH1903+) ma.s.l.) depth (m) Apex (m) Apex

46 2715591.9 1239817.5 967.50 1.50 3131.14 0.26

48 2715502.5 1240176.8 960.50 1.20 3500.88 0.29

34 2715436.9 1240427.6 949.10 1.60 3762.04 0.31

29 2715427.0 1240465.3 838.60 1.00 3797.50 0.32

w 36 2715278.5 1241028.4 951.10 1.00 4383.05 0.36
ig 38 2715272.1 1241051.1 930.70 1.40 4406.56 0.37
39 2715258.9 1241098.4 940.40 1.40 4455.64 0.37

17 27152183 1241243.1 817.60 1.20 4602.91 0.38

15 2715213.4 1241260.5 802.50 1.00 4621.04 0.38

16 2715181.4 1241374.9 794.70 1.50 4739.46 0.39

2 2714620.7 1243248.6 739.30 1.60 6692.60 0.56

— 2 2712999.7 1247652.7 734.70 1.50 11383.15 0.95
5 5 2712932.0 1247815.1 794.80 2.00 11561.89 0.96
= 6 2712927.0 1247827.3 863.40 3.00 11577.19 0.96

Table B.4.6: Locations of sites and channel depths of eastern fan (Tdss and Hornli sections).
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Abstract

The Swiss Molasse Basin, situated north to the Central European Alps, documents the tectono-
geomorphological evolution of both, the foreland basin and the adjacent mountain belt. In this study, we analysed
grain size data preserved in long-term records of coarse-grained stratigraphic sections in the Swiss Molasse, and we
explored these regarding the competence of the paleostreams to transfer the supplied material, expressed as the
relative mobility function J.

We applied the concept of self-similarity and relative mobility to this dataset through calculating the self-
similarity variable ¢, which corresponds to a normalisation of the grain size data, and we estimated the critical grain
size that is likely in transport or preferentially stored in the substrate (i.e., the values for the relative mobility
function solved for the case where J=1). Because tectonic processes in the source area, sediment supply and
climate conditions significantly changed during the time conglomerate sedimentation occurred, we anticipated large
differences in grain size through time.

We find that the values of the Dsp and Dss grain size percentiles scatter around an average of 40 and
80 mm, respectively, and that they do not show statistically significant shifts through time. In addition, a statistical
analysis of the underlying grain size distributions GSDs of all analysed sections (a total of 15, and c. 50’000
measured grains) revealed that the GSDs are similar to each other, and they follow a normal distribution after the
data was normalised thereby applying the concept of the self-similarity. Finally, the results of the solutions for the
relative mobility function for J= 1 revealed that the rivers feeding the fans preferentially entrained particles with
grain sizes smaller than 12 mm, whereas coarser-grained material was preferentially deposited on the fan.

We then related the grain size values with the tectonic evolution in the Alpine hinterland, the supply rates
of the sediment to the basin, and the climatic conditions at the time the material was deposited. This comparison did
not disclose obvious correlations at the scale of the basin. This suggests that grain size datasets are not fully
conclusive for inferring shifts in the mechanisms driving the evolution of the Alps and the Molasse basin at the
large scale, but they do record the fluvial dynamics on the fans such as selective deposition and entrainment.
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4.1 Introduction

Alluvial fans, forming at the tip of an evolving mountain range, and their sedimentary deposits
made up of coarse-grained fluvial material, have been widely recognised as recorders of the tectono-
geomorphological and climatic conditions in the source areas as well as in the sedimentary basin (Duller
et al., 2010; Jerolmack and Paola, 2010; Armitage et al., 2011; Whittaker, 2012; Hajek and Straub, 2017).
The size and shape of alluvial fans is controlled by allogenic and autogenic processes, which in turn also
influence the built-up of the resulting fluvial stratigraphic successions (Harvey et al., 2005; Glotzbach et
al., 2010; Ventra and Nichols, 2014). Changes in the allo- and autogenic driving mechanisms exert a
control on the sediment transport dynamics and particularly on water- and sediment-fluxes, which not
only influence the large-scale architecture of the adjacent foreland basin, but also the alluvial fan
morphometry (DeCelles and Giles, 1996; Whipple et al., 1998; Schlunegger and Castelltort, 2016).
Amongst the various parameters, the size of grains and the underlying grain size distribution (GSD) are
considered as ideal recorders of these sediment transport dynamics (Paola et al., 1992; Parker et al.,
2007; Allen et al., 2013) and thus serve as indicators for the underlying environmental conditions (Tucker
and Slingerland, 1997; Wainwright et al., 2015; Romans et al., 2016; Ventra and Clarke, 2018). The
related concepts are partly based on results of flume experiments (Meyer-Peter and Miiller, 1948; Paola
and Mohrig, 1996; Wong and Parker, 2006) and that were applied to alluvial fan stratigraphies. As such,
they have offered a simple but effective way to estimate paleo-hydraulics based solely on grain size
datasets (Whittaker et al., 2011; Litty et al., 2016; Schlunegger and Garefalakis, 2018). This is also the
case for the coarse-grained fluvial deposits in the Swiss Molasse Basin (SMB), situated north to the
Central Alps (Fig. 4.1), where alluvial fans have been intensively explored from various perspectives,
including estimates of sediment supply and transport dynamics. For instance, sediment fluxes have been
established at both the scale of the entire SMB (Hay et al., 1992; Schlunegger, 1999; Kuhlemann, 2000;
Kuhlemann et al., 2001; Schlunegger et al., 2001) and at that of individual dispersal systems
(Garefalakis et al., 2023b, submitted). In the same sense, stratigraphic trends, changes in the stacking
pattern of individual sections (Allen et al., 1991; Sissingh, 1997; Schlunegger and Kissling, 2022)
together with shifts in grain sizes, both at the basin and the local scales (Kempf, 1998; Schlunegger and
Castelltort, 2016; Garefalakis and Schlunegger, 2018), have been linked to orogenic processes at the
Alpine front and in the Central Alps. However, we lack a holistic view on these processes, which
particularly includes information on how changes in the GSDs are linked to the evolution of the Alpine
hinterland from a tectonic and climatic perspective. One way to accomplish this is by applying the
concept of relative mobility (Fedele and Paola, 2007). The relative mobility of grains can be considered
as a quantitative measure for the sediment transport dynamics of a fluvial system (Fedele and Paola,
2007; D’ Arcy et al., 2017; Brooke et al., 2018; Harries et al., 2018), and such data is considered to record
the combined effect of a tectonic and climatic driving force, both operating at local and regional scales.
The related concepts are deviated from the self-similar grain size fining model (section 4.3), and base on

the principle where selective deposition or transportation of grains with a particular size results in the
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built up of stratigraphic successions with distinct characteristics (Fedele and Paola, 2007; Duller et al.,

2010).

Fedele and Paola (2007) defined the relative mobility function J as the ratio between the fraction

of material that is in transport p, and the fraction in the substrate f, both for a given GSD:
J="P/ -] Eq.(4.1).

Thus, for the case of J =1, a specific grain size has the same frequency in both underlying GSDs
of p and f(D’Arcy et al., 2017; Brooke et al., 2018; Harries et al., 2018). These frequencies of the GSDs
can be assumed to represent the probability of a given grain size that is, for J =1, both in transport and
stored in the substrate at the same time (Armitage et al., 2011; Whittaker et al., 2011; Brooke et al.,
2018). Consequently, and in a practical sense, in case that J> 1, the probability of transport occurrence of
the same sediment particle is higher; however, if J < 1, the probability of deposition and storage exceeds

that of transport (more details in section 4.3).

In this study, we applied the concept of relative mobility to 15 stratigraphic sections (section
4.2.2) made up of alluvial fan deposits encountered in the SMB (Fig. 4.1). The analysed sections are
located along the thrust front of the Central Alps of Switzerland and cover the time span between c. 31
and 13 Ma. We particularly aimed at estimating how the relative mobility changed through time and
space. In doing so, we established a database where the size of c. 50 000 grains was individually
measured. We statistically analysed the GSDs determined from these deposits for their self-similar
behaviour and modelled the relative mobility (section 4.3) at the scale of an entire stratigraphic section
and thus of an individual dispersal system. In this context, we are particularly interested on how capable,
in terms of relative mobility, the dispersal systems on these alluvial fans were to entrain a given grain
size through time. We will then link our outcomes to the climatic and tectonic evolution of the Central

Alps and the SMB.

141



P. Garefalakis

i RECBNODO0

Circum Alpine Basins / Plateau Molasse
Molasse Basin / Subalpine Molasse
Mesozoic sedimentary cover (unfolded)
Jura mountains / fold-and-thrust belt
Penninic rocks

Helvetic nappes incl. Flysch units
Austroalpine nappes (N of Periadriatic line)
Austroalpine nappes (S of Periadriatic line)

External massifs / Crystalline basement

V: Vosges; BF: Black-Forest; GR: Grandes Rousses;
Be: Belledonne; AR: Aiguille-Rouge; MB: Mont-Blanc; Go: Gotthard

Tertiary intrusions (Be: Bergell; Ad: Adamello)

Q°E 10°E 11°E 1
! | I Z
e o
MolasS :
) |
Study area bas Uba\pme Molasse__
N2
o

47°N

Tauern

47°N

Bresse Graben

iz =z
) o
< =5
...... z

2z, o
o n
uq_w <
6°E 7°E 8°E 9°E 10°E 11°E 12°E

Figure 4.1: Simplified geological map of the study area. a) The Molasse Basin, north to the European Alps, and the
oval marks the approximate position of the Lepontine Dome (marked with an L; see also Lepontine Dome in Fig. b).
b) Simplified paleogeographical units in the Alps (mod. After Schmid et al., 2004; Schlunegger & Kissling, 2022).
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SM: Subalpine Molasse 1 Lake Thun 7 Rigi 9 Steintal
AM: Aar massif 2 Prasserenbach 8 Rossberg 10 Thur
GM: Gotthard massif 3 Honegg 11 Necker
LD: Lepontine Dome 4 Emme 12 Jona
o Lakes 5 Schwandigraben 13 Goldingen
° Cities 6 Fontannen 14 Toss
15 Hornli

Figure 4.1 (continued): c) Study area (see Fig. 4.1a and 4.1b for its position) and the location of the stratigraphic
sections analysed in this study. The underlying digital elevation model (LIiDAR DEM Swiss ALTI3D; © swisstopo)
shows the present-day topography of the Central Alps, the Molasse basin and the Jura mountains.
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4.2  Geological setting of study area

4.21 Evolution of the Swiss Molasse Basin and the Central Alps

The SMB is made up of clastic sediments that accumulated during Oligo-Miocene times. The
basin is subdivided into the undeformed and flat-lying Plateau Molasse at distal positions relative to the
Alpine orogen, and the tilted, folded and thrusted Subalpine Molasse adjacent to the Alpine front
(figs. 4.1b and c). The formation of the SMB occurred contemporaneously with the development of the
Central Alps. The sediment routing systems in the SMB, therefore, acted as recorders of the erosional
history of the Alpine hinterland (Allen et al., 1991; Pfiffner et al., 2002; Schlunegger and Kissling, 2022).
At the scale of the entire SMB, the deposits form two large-scale transgressive-regressive mega-cycles
(Matter et al., 1980; Sinclair et al., 1991). Each cycle records a shallowing-upward sequence and
encompasses the transition from marine to terrestrial conditions (Pfiffner, 1986; Kuhlemann and Kempf,
2002). The latter sediments are referred to as the Lower and Upper Freshwater Molasse (USM; OSM;
conventional German abbreviations). The Freshwater Molasse records the occurrence of braided streams
on alluvial megafans that were oriented perpendicular to the Alpine front and that were sourced the
Central Alps (Schlunegger et al., 1997a; Kempf and Pross, 2005). The formation of these megafans in the
SMB is closely linked to the tectonic evolution of the adjacent Alpine hinterland (section 4.2.3).

Likewise, it was proposed that the sediment also recorded changes in the paleoclimate (section 4.2.4).

4.2.2 Stratigraphic sections as recorders of alluvial fan sedimentation

Over the course between c. 31 to 13 Ma, freshwater sedimentation yielded in the construction of
several hundred of m-thick stratigraphic sections, which in general reveal coarsening- and thickening-
upward trends and recorded the deposition on alluvial megafans where the depocenters prograded
towards more distal positions (Stiirm, 1973; Biirgisser, 1981; Matter and Weidmann, 1992; Schlunegger
et al., 1997a; Kempf and Matter, 1999). At least for some of the sections (i.e., Lake Thun, Prasserenbach,
Necker; see below), such observations were inferred to have rooted in the advancement of the basal
Alpine thrust towards the north (Schlunegger et al., 1993; Kempf, 1998). A progradation of the
depocenters, for all sections, is also supported by the change in the sedimentary facies up-section, where
alternations of conglomerate beds with sandstone- and mudstone-beds at the lower part of the sections
give way to amalgamations of conglomerate beds where finer-grained deposits become less frequent
(Hantke, 1980; Matter et al., 1980; Schlunegger et al., 1996; Kempf et al., 1999; Garefalakis and
Schlunegger, 2018). These conglomerates are made-up of rounded and sub-rounded clasts of fluvial
origin, embedded within a sandy matrix (Stiirm, 1973; Biirgisser, 1980; Schlunegger and Castelltort,
2016; Garefalakis and Schlunegger, 2018). In summary, higher, and generally younger, stratigraphic
levels are related to a more proximal-situated depositional facies, while lower and older stratigraphic

levels are associated with a more distally situated environment.
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The 15 stratigraphic sections analysed in this study are situated along strike the present-day
Alpine front and are encountered in the western, central and eastern SMB (Fig. 4.1c). The analysed
sections have been the focus of previous studies and were explored for their compositional and
sedimentological properties (Biichi, 1958; Biirgisser, 1981; Matter and Weidmann, 1992; Schlunegger et
al., 1997c; Kempf et al., 1999; Eynatten, 2003; van der Boon et al., 2018). They have been dated in the
framework of numerous paleontological and magnetostratigraphic studies that were in the western and
central (Schlunegger et al., 1996, 1997a; Kélin and Kempf, 2009; Engesser and Kilin, 2017) and the
eastern basin (Kempf et al., 1997; Kempf and Matter, 1999; Kilin and Kempf, 2009). The age constraints
are based on correlations of the magnetostratigraphic polarities and biostratigraphic data with the CK95
(Cande and Kent, 1995), the ATNTS2004 (Gradstein et al., 2004) or the ATNTS2012 age models
(Vandenberghe et al., 2012).

4.2.21 Sections in the western SMB

In the west (Fig. 4.1¢), we analysed 6 stratigraphic sections, which are named: Emme, Honegg,
Préasserenbach, Lake Thun, Schwindigraben and Fontannen. The Emme section recorded the
construction of the Beichlen dispersal system (c. 31 — 29 Ma), and the conglomerate beds mainly
comprise siliceous limestones and dolomite clasts, amongst sandstone and crystalline particles
(Schlunegger et al., 1996, 1998). Farther to the SE (Fig. 4.1c¢), the Lake Thun, Priasserenbach and Honegg
sections recorded the proximal-distal suite of the Honegg-Blueme dispersal system. The conglomerate
beds comprise a variety of crystalline and sedimentary clasts, with abundant siliceous limestone
constituents (Schlunegger et al., 1996, 1998). The Lake Thun (c. 24.8 — 23.1 Ma) and Présserenbach (c.
26.5 — 22.5 Ma) sections are made up of material that was deposited at proximal positions in the basin,
whereas the Honegg section (c. 28.3 — 24.3 Ma), situated farther to the NE, chronicles the accumulation
on a more distal position of the Honegg-Blueme fan (Schlunegger et al., 1996, 1998). After c. 24 Ma, the
Honegg-Blueme dispersal system eventually transitioned into the Napf paleoriver recorded by the

composite sections Schwandigraben (c. 18.5 — 16.5 Ma) and Fontannen (c. 16.7 — 14.7 Ma).

4.2.2.2 Sections in the central SMB

In the central part of the SMB (Fig. 4.1c), we analysed 2 stratigraphic sections. These are the
Rigi and Rossberg sections (both c¢. 29.5 — 24.7 Ma), of which the Rossberg is a composite of three
individual sections (i.e., Rossberg, Sattel and Einsiedeln section; see for details e.g., Schlunegger et al.,
1997a or Garefalakis et al., 2023b, submitted). The Rigi and Rossberg sections comprise the proximal-
distal suite of the Rigi dispersal system. The related conglomerate beds comprise limestone, siliceous
limestone and dolomite clasts at the base of both sections, which are partly replaced by sandstone and

crystalline clasts towards the top (Schlunegger et al., 1997a, 1998).
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4.2.2.3 Sections in the eastern SMB

In the east (Fig. 4.1c), we measured grain sizes along 7 sections, which are called: Thur, Steintal,
Necker, Goldingen, Jona, Hornli and Toss. The Thur and Steintal sections (both c. 31 — 27 Ma) comprise
the deposits of the Speer alluvial fan system at proximal (Steintal) and more distal (Thur) locations
(Kempf et al., 1999). The conglomerate beds are mainly made up of sedimentary clasts, where
limestones dominate over sandstone constituents (Kempf et al., 1999). The Speer dispersal system
transitioned into the Kronberg alluvial fan, the sediments of which are recorded in the uppermost part of
the Necker section (c. 24.7 — 20.2 Ma). The deposits of the Kronberg system mainly comprise
sedimentary clasts (limestone and sandstone particles), and crystalline clasts are less frequent (Kempf et
al., 1999). The Goldingen, Jona, Hornli and T6ss sections (c. 20 — 13 Ma) all recorded deposition on the
Hornli alluvial fan (Kempf et al., 1997). Due to the exposure conditions, we focused our analysis on the
coarse-grained sediments that are exposed along the Goldingen (c. 21 — 18 Ma) and the slightly younger
Jona sections (c. 17 — 14 Ma) where the proximal facies of the Hornli dispersal system is exposed. At
more distal sites, contemporaneous sediments are encountered along the Hornli and Tdss sections (both
c. 15 — 13 Ma). Petrographic analyses revealed that the conglomerate beds of the Hornli fan mainly
comprise limestone, sandstone and crystalline clasts, the latter of which become less frequent towards the

top of the sections (Kempf et al., 1999).

For a detailed summary of the depositional evolution and the descriptions of these stratigraphic
sections and related dispersal systems, the reader is referred to the aforementioned references. The
stratigraphic sections along with the chronological framework are provided in appendix A of this chapter.
As an overview of the sections, Figure 4.2 provides an overview of their age ranges (Fig. 4.2a) and their

thicknesses (Fig. 4.2b).
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Figure 4.2: Thicknesses and age ranges of the stratigraphic sections, arranged along their increasing average ages.
a) Variations in the thicknesses of individual sections, the total sections’ thicknesses and the number of analysed
outcrops (tick marks represent the relative positions of the outcrops in the stratigraphic sections); and b) age ranges
and the average ages of the analysed sections (tick marks are related to ages of the outcrops in the stratigraphic
sections). See inset in a) for legend.

4.2.3 Tectonic evolution of the Alps

Between c. 32 and 26 Ma (Rupelian to Chattian), the Central Alps, which were the main source
of the deposits in the SMB (Kuhlemann and Kempf, 2002), experienced high exhumation rates
(Schlunegger and Willett, 1999; Boston et al., 2017) due to the rapid tectonic uplift in the Lepontine area
that is situated in the core of the Alps (Fig. 4.1). This uplift initiated a transient stage in the topographic
evolution of the Alpine hinterland, where the landscape changed from an elevated plateau at ¢. 30 Ma to

a highly dissected terrain after 25 Ma (Schlunegger and Kissling, 2015; Garefalakis and Schlunegger,
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2018). Fluvial incision occurred through headward retreat from the orogenic front into the crystalline
core of the Alps and rapid erosion resulted in large sediment fluxes. The volume of supplied sediments
continuously increased form c. 2000 km?® Myr™! prior to 30 Ma, to c. 15000 km> Myr! thereafter, as
recorded by the SMB (Hay et al., 1992; Schlunegger, 1999; Kuhlemann, 2000; Kuhlemann et al., 2001;
Schlunegger et al., 2001). Around 25 —22 Ma (late Chattian to Aquitanian), the Central Alps were
considered to have reached a steady-state topography (Schlunegger and Kissling, 2015). This was also
the time when the largest sediment fluxes of ¢. 15000 — 22000 km?® Myr™! occurred. At the same time, the
uplift and exhumation of the external crystalline massifs was initiated in the Central Alps (Herwegh et
al.,, 2017; e.g., Fig. 4.1b). This was also the time when the area surrounding the Lepontine dome
(figs. 4.1b and c) experienced the highest exhumation rates, which was accomplished by tectonic erosion
through slip along the Simplon fault zone (Schlunegger, 1999; Boston et al., 2017). The resulting
exposure of lithologies with a higher erosional resistance resulted in a northward shift of the drainage
divide. This in turn caused a re-organisation of the drainage pattern in the Central Alps, thereby
establishing an orogen parallel drainage network with long flow paths (Schlunegger et al., 1998; Kiihni
and Pfiftner, 2001; Spiegel et al., 2001; Stutenbecker et al., 2019). In addition, around 20 Ma, a marine
transgression occurred in the SMB (Allen et al., 1985; Schlunegger et al., 1997b; Jost et al., 2016;
Garefalakis and Schlunegger, 2019) and a triangle-zone was established at the southern border of the
Plateau Molasse through syn-depositional back-thrusting (Kempf et al., 1999; Pfiffner et al., 2002;
Schlunegger and Mosar, 2011). During this time, the sediment supply to the basin decreased to c.
12000 km® Myr! (Hay et al., 1992; Schlunegger, 1999; Kuhlemann, 2000; Kuhlemann et al., 2001;
Schlunegger et al., 2001). Around 18 — 16 Ma, terrestrial conditions in the entire SMB were established
again (Kuhlemann and Kempf, 2002). This occurred together with a rapid increase in sediment supply to

c. 16000 km? Myr!. Then the supplies decreased to a constant value of ¢. 12000 km> Myr.

4.2.4 Paleoclimate

The Central Alps and the SMB underwent various climatic conditions during their evolution.
Globally, the period between c. 32 and 27 Ma was characterised by a relatively stable and cold
paleoclimate, as revealed by the relatively high values of the oxygen isotope record (5'*0; Zachos et al.,
2001). This is consistent with paleoclimate interpretation that base on calcarecous seeds of charophytes
collected in the SMB (Berger, 1992; Schlunegger et al., 2001). Following this period, the global oxygen
isotope record indicates a shift towards smaller values and thus warmer conditions (Zachos et al., 2001),
which is referred to the Late Oligocene Warming Event (LOWE). Slightly later, around c. 25.5 Ma, a
shift towards a warmer and drier, possibly also stormier (Schlunegger and Norton, 2013) climate was
interpreted from stable carbon and oxygen isotope data collected in the SMB (Berger, 1992; Schlunegger
et al.,, 2001). Following the LOWE, the Oligo-Miocene Transition (OMT) at c¢. 23 Ma marks the
transition towards a cold period, albeit of a short duration only (Zachos et al., 2001). During the

Miocene, temperatures increased between c. 17 — 15 Ma. This rise corresponds to the Miocene Climate
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Optimum (MCO) and is documented in both, the global records (Zachos et al., 2001) and in the carbon
and oxygen isotopes collected from pedogenic carbonates in the SMB (Methner et al., 2020; Krsnik et
al., 2021). This shift towards a warmer climate is also recorded in the record of floral faunas in the
Molasse basin (Mosbrugger et al., 2005). Eventually, the MCO was followed by a cooling event around
c. 14 Ma, also recorded globally as well as in the deposits of the SMB (Zachos et al., 2001; Methner et
al., 2020; Krsnik et al., 2021).

4.3  Grain size fining and the self-similarity model

Grain size fining in fluvial systems is primarily driven by selective deposition of the material
(Parker, 1991; Ferguson et al., 1996; Stock et al., 2008), whereas abrasion only plays a major role
particularly in the steep headwaters (Miller et al., 2014). Based on field studies, it was shown that the
fining can be approximated by an exponential function (Sternberg, 1875; Ferguson et al., 1996; Blom et
al., 2016), for which both the mean and the standard deviation of a grain size distribution (GSD) decrease
at the same rate downstream. Therefore, a GSD normalised by these two variables will remain
approximately constant at any downstream position of a fluvial system along which grain size fining

occurs. This normalised GSD can be expressed by the self-similarity variable ¢ (Fedele and Paola, 2007):

Dk — l_)(x*)

¢ = o(x*)

[—] Eq.(4.2).

Here, Dy is an individual grain size, D and o are the mean and sample standard deviation of the
GSD, all at a downstream site expressed by the normalised distance x* with respect to the length of the
depositional system. The assumption of a self-similar GSD builds the basis for the grain size fining
model proposed by Fedele & Paola (2007), which allows to estimate the volume of sediments that is
deposited or extracted downstream of a fluvial system. Therefore, although the self-similarity grain size
fining model was tailored to systems where proximal-distal relationships are still preserved, we are left
with the assumption that the analysed stratigraphic sections record such a trend if analysed up-section

(see section 4.2.2 for justification).

The grain size fining model itself is derived from the Exner sediment mass balance where
material is either in transport or stored in the substrate (Paola and Voller, 2005; Fedele and Paola, 2007).
Generally, the model considers changes in the hydraulic conditions, such as adjustments of the riverbed
slope, shifts in the critical shear stress required for sediment entrainment or the self-regulatory controls
on the river width. However, because these mechanisms are less significant for longer timescales, in our
case millions of years, these are set as constant in a modelling framework (Parker, 1991; Fedele and
Paola, 2007; Duller et al., 2010). As a consequence, grain size trends on alluvial megafans are to a first-
order controlled by the subsidence rate and pattern of a foreland basin, and by the rate at which sediment
was supplied to the basin. In this context, for a given sediment supply, a low-subsidence rate promotes

the occurrence of a low grain size fining trend, whereas a high-subsidence rate will be reflected by a
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higher rate at which the supplied material fines downstream (Duller et al., 2010; Armitage et al., 2011).
Consequently, the spatially averaged GSD is characterised by coarser-grained material for a system
where subsidence rates are low, because a large portion of the particles are transferred out of the system.
In contrast a system with high-subsidence rates yields in a finer-grained material, because most of the
particles are stored at more proximal positions on the fan, and only a few and relatively small grains
reach the outlet of the fan. In addition, large volumes of supplied sediments to an alluvial fan tend to
result in a decrease of the fining rates along distance, thereby yielding GSDs characterised by larger

grains, and vice versa respectively (Hoey and Bluck, 1999; Blom et al., 2016).

Grain size data can be used to estimate the relative mobility of the supplied material once it has
reached the fan surface. For coarse-grained material where the particle size is larger than 2 mm, Fedele
and Paola (2007) proposed a solution to calculate the relative mobility function J. Its derivation bases on
the observation that the mobilisation of coarse-grained material occurs if grain-size dependent thresholds
during bankfull discharge conditions are exceeded (Paola et al., 1992; Bunte et al., 2004; Parker et al.,
2007; Wickert and Schildgen, 2019). An important assumption of the grain size fining model is that the
J-values (Eq. 4.1) have a self-similar distribution (Fedele and Paola, 2007; Duller et al., 2010; D’ Arcy et
al., 2017; Brooke et al., 2018). Therefore, the relative mobility function J can be expressed as a function

of £ (Eq. 4.2) as follows:

](f) = ag x exp_bg* § + Cg [_] Eq. (4—3)

The parameters ag, by and ¢, (all > 0) describe the shape of the relative mobility function for the
case of gravel-sized particles (subscript g) and characterise the incipient motion of these (Fedele and
Paola, 2007). Here, the parameter a, quantifies the mobility of all grain sizes of a given GSD (if a,
increases, the particle mobility increases with grain size), b, influences the rate of the relative mobility (if
be increases, particles with larger sizes become less mobile than smaller particles), and ¢, describes the
minimum probability at which grains of all sizes are transported (if ¢, > 1, then all grains are likely in
transport). This is the case because ¢, describes the asymptote of the falling limb of the similarity
function (Fedele and Paola, 2007; Brooke et al., 2018; Harries et al., 2018). These three parameters are
based on the assumption that sediment entrainment occurs if flow-specific threshold conditions are
exceeded (e.g., shear stress; see above), and they depend on the transformation of particle size into &
(Eq. 4.2). Previous studies with a scope on fluvially transported material showed that the parameters a,,
b, and ¢, lay within the range of 0.1 — 0.9 for a,, 0.2 — 3.0 for b, and 0.01 — 0.5 for ¢, (Fedele and Paola,
2007; Duller et al., 2010; D’Arcy et al., 2017; Brooke et al., 2018; Harries et al., 2018). Related to this,
Harries et al. (2018) modelled the relative mobility function for three alluvial fans in the Central
Argentine Andes. They documented the values of the aforementioned parameters are different depending
on whether they are calculated in a normal-space or in a logarithmic-space. Especially parameter ¢, tends
to be close to 0 when the calculations are accomplished on the log-transformed data. Furthermore, as also

shown by Brooke et al. (2018), the parameters a, and b, are sensitive to the distribution of the & values,
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hereafter &-distribution, where distributions with a low standard deviation and small peaks will yield

best-fit values for largely different a, and b, values.

44 Methods: Data collection and calculations

441 Revised chronological framework

The previously established age models of the analysed sections (section 4.2.2) have
comparatively different numerical ages. Therefore, we recalibrated the original magneto polarity
stratigraphies to the recent Global Time Scale GTS2020 (Gradstein et al., 2020) and considered new
mapping results in the study area (Hantke et al., 2022; Strasky et al., 2022) to harmonise the age model
for all sections. The revised age model for the Lake Thun, T6ss, Hornli, Rigi and Rossberg (including the
Sattel and Einsiedeln) sections have been taken from Garefalakis et al. (2023b, submitted). For each
section, the calibration of the magnetostratigraphic polarities to the GTS2020 is given in appendix A of
this chapter, Table S4.1 indicates which age model (original or revised) has been considered for the

recalibration.

4.4.2 Grain size data and logarithmic transformation

The grain size data was collected on digital photos (Panasonic Lumix FT-5) taken from
accessible outcrops of conglomerates. On each photograph (3-6 per outcrop >5 m?), taken at a distance of
1-1.5 m, the longest visible axes of 100 grains >2 mm were measured with ImageJ (Rasband, 1997)
using a grid-based Wolman point count approach (Wolman, 1954). This was accomplished following the
measuring protocol of Garefalakis et al. (2023a). The grain size data of the Lake Thun, Toss, Hornli,
Rossberg sections (which includes the data of the Sattel and Einsiedeln sections) were taken from
Garefalakis et al., (2023b; submitted), and the data of the Rigi section was taken from Garefalakis and

Schlunegger (2018), respectively.

Clasts transported by fluvial processes were shown to follow a logarithmic-/log-normal or a
gamma distribution (Friedman, 1962; Church and Kellerhals, 1978; Vaz and Fortes, 1988; Armitage et
al., 2011). A log-transformation of the data has implications on the tails of the underlying distribution and
lessens the skew of these when compared to a distribution where no transformation is applied (Wilcock
et al., 2009). More important, because the calculation of the self-similarity variable & (Eq. 4.2) implicitly
bases on the assumption that the grain size data follows a normal distribution (Fedele and Paola, 2007;
Duller et al., 2010; Armitage et al., 2011; Brooke et al., 2018), we transformed the obtained GSDs into a
natural log-space (In(GSD)) to achieve a normal distribution of the datasets. Please note that the log-
transformation was only applied on the grain size data and not on the self-similarity variables that we

calculated from these. Therefore, we refer to the log-transformed ¢ data as £(In(GSD)).
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4.4.3 Statistical tests

We tested whether the original non-transformed and the log-transformed grain size datasets as
well as the & values are normally distributed. This was accomplished using the Shapiro-Wilk (SW) test
(Shapiro and Wilk, 1965; Shapiro et al., 1968). We additionally used the Kolmogorov-Smirnov two-
sample (KS2) test (Hodges, 1958) to show that the GSD expressed by the self-similarity variable £ have a
statistically higher similarity. The null-hypothesis Hj states i) for the SW-test that the data is likely
normally distributed, and ii) for the KS2-test that two pairs of datasets are similar and likely drawn from
identical distributions. For both tests, the Hy cannot be rejected if the p-value is larger than 0.05 (i.e.,
significance level a = 5% equivalent to the 95 % confidence level.). Please note, the p-value of the SW-
test is accurate if the sample size does not exceed 5000 (Shapiro and Wilk, 1965). Because 4 sections
exceed this number (i.e., Rossberg, Prasserenbach, Lake Thun and Necker; see results), we additionally
report the SW-statistics for these. In these cases, the data is likely normally distributed if the SW-statistics
tends to approach 1.

4.4.4 Calculation of the fraction in the substrate

The optimal values for the parameters a,, b, and ¢, were determined upon finding a best-fit
between the model results of f (the fraction in the substrate, Eq. 4.1) and our ¢ dataset within the 95 %

C.L (confidence interval). For this, we used the analytical solution of Fedele and Paola, 2007 as basis and
followed the approaches of D’Arcy et al. (2017) and Brooke et al. (2018). As a first step, f can be

expressed as a function of &:

f(&) = Cx exp®® [-] Eq.(4.4).

The integration constant C can be calculated using equations 4.8 and 4.9 (see below), and the

exponent O(§) is the integral of ¢(&):

®© = - [ 9@ df [-] Eq.(45),
where ¢(€) is:
1 1 J
) = (1=~ )= =[] Eq.(4.6).
Cl*(1+%*§) ( /> J

Here, J is the relative mobility function (Eq. 4.1 and 4.3) and J” its derivative with respect to the
self-similarity variable ¢ (i.e., J'=dJ(§) / d&; Fedele & Paola, 2007). The variables C; and C> describe
how the variance in sediment supply differs along distance, expressed as downstream variations of the
mean grain size (C:) and as site-specific variations of the standard deviation (C;). Values for C; were
determined on a theoretical and analytical basis and typically range between c. 0.55 and 0.90 (Fedele and

Paola, 2007; Duller et al., 2010; Armitage et al., 2011; D’ Arcy et al., 2017). The ratio of C; and C, can be
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expressed by the coefficient of variation C, (Fedele and Paola, 2007; Eq. 4.7), calculated from the grain

size dataset (see section 4.4.2). This then allows to determine the values for C»:

C, o Cy
C.o=-L=_1[= C, =— [— Eq.(4.7).
v=e =gl G=g ] a.(47)
Here, o and D are the sample standard deviation and the mean grain size of a particular GSD,
respectively. The relative mobility function J follows the assumption that mass is preserved during

selective deposition or transport, which thus excludes the occurrence of abrasion (Fedele and Paola,

2007). Following this principle, the integration constant C (Eq. 4.4) can be determined by:

[ r@ae=cx [ ewr0ae=11-1 Eq.(48),
and solved for C:
1
C= [-] Eq.(4.9).

5 exp=*@®de

Given the above-mentioned functions, we finally determined the optimal parameters a,, b and ¢,
of the relative mobility function J(§) (Eq. 4.3) within a 95 % C.I.. This can be achieved by calculating
the probability density of the self-similarity variable ¢ to which f{¢) (Eq. 4.4) was fitted using least
square regressions. For the calculations of the probability density we used 0.5-¢ binning intervals (Duller
et al., 2010; Whittaker et al., 2010; D’Arcy et al., 2017; Brooke et al., 2018; Harries et al., 2018). After
numerically solving the relative mobility function with the best-fit parameters, we calculated the values
of the relative mobility function for J =1, which is considered to be a crucial measure for the system’s
capability to transport a given grain size (see introduction). We did the calculations for both, the &-
distribution and the bulk GSD of the entire system. For the latter we report the outcomes of J against a
dimensional grain size Dy [mm)], after all calculations using Equations (4.1) to (4.9) are done in log-space

(see section 4.4.2), thereby using a reformulation of Eq. 4.2 as follows:

ln(Dk(f)) = ln(f)BT median * ln(o_)system + ln(ﬁ)system [_]
eln(Pk®) = p, (&) [mm] Eq.(4.10).

For this, we used for ¢ the values from the BT (bootstrapping, see below), for estimating the
mean grain size D and the sample standard deviation ¢ we used for each individual site of a section the
overall average D and ¢ values, all calculated by using the log-transformed data. Finally, we back-
transformed the results from log-space (dimensionless [-]) into dimensional grain size values (in [mm]).
In the figures, we only present the sections’ median solutions along with the 95 % C.I. for the sake of

clarity.
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4.4.5 Uncertainty estimations and calculations

For all calculations and computation of the related uncertainties, we applied a bootstrapping (BT)
and resampled 100 grain size values with replacement to simulate 10* scenarios. We then report the
median values along with the 95 % C.I. in square brackets where applicable (e.g., for a grain size: Dsy =
15 [12 — 17] mm). For the sake of completeness, we also show the GSD of all sections, including the
average, the Dsp and the Dsy grain size percentiles for all sites and for the entire system (i.e., the bulk
GSD). To account for the large variability in grain size values measured for each section, we applied the
same BT to the bulk GSD for the calculations of the relative mobility function (see equations above).
Consequently, for the calculations of ¢ (Eq. 4.2) and the related probability distributions and for each
iteration scenario, we used the resampled grain size dataset from which we then computed f{(§) (Eq. 4.4).
Also for each scenario and using the same re-sampled grain size values, we determined the values for C,
that is used for the calculation of the variable C> (Eq. 4.7). For this, we combined the BT with a Monte-
Carlo framework and used uniformly distributed values between 0.60 and 0.90 for the variable C;. We
justify this approach, because a small value of C; is appropriate for systems with limited down-system
changes in grain sizes, whereas for a system with a rapid grain size fining larger values of C; should be
considered (e.g., Brooke et al., 2018). Because we cannot derive grain size fining rates from our

stratigraphic sections, we assign this plausible range to the C; values.

The calculations of the statistical tests shown in the related figures are based on the median GSD
and the &-distribution, for each section. We approximated these distributions by calculating for the grain
size datasets, which base on 100 measurements per outcrop (see section 4.4.2), or the values of the
corresponding self-similarity variable & (in 0.5-bins for the probability density distributions) each time
the median value of each ordinal number in increasing order (i.e., the median of all first, second, third
etc. values of the grain size measurements of all outcrops of a section). We justify this approach, because
the distribution of the bulk grain size data (bulk GSD) or that of the bulk & values (bulk ¢-distributions)
can be biased by extreme values (e.g., maximum grain size values) and by the number of samples (see
e.g., Fig. 4.4 for number of measured grains per section). In addition, we calculated the median instead of
the average, because grain size datasets tend to follow a log-normal distribution and thus do not fulfil the
criteria of a symmetric distribution (see section 4.4.2). For the sake of completeness, the statistical tests

based on the bulk data (statistical outliers included) are shown in appendix B of this chapter.
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4.51 Accumulation rates of the stratigraphic sections

Chapter 4

Given the thickness and age dataset (e.g., Fig. 4.2), we calculated the sediment accumulation rate

for each section with an estimated uncertainty of £ 20 %. The accumulation rates scatter between c. 200

and 2000 m Myr!, with a long-term average of 500 m Myr! (Fig. 4.3c). Through time, we observe a

slow increase in these rates from 200 — 300 m Myr™! between c. 30 and 26 Ma (Emme to Honegg). The

sediment accumulation rates further increase to 500 — 700 m Myr! between c.26 —22 Ma (Rigi to

Necker), with the highest accumulation rates calculated for the Thun Lake section (2000 m Myr!) at c.

24 Ma (Fig. 4.3¢). Thereafter, between c. 19 — 14 Ma, the rates slowly decrease from c. 400 m Myr! to

values scattering around 200 — 300 m Myr! (Fig. 4.3¢).

c
£ 5 2
c = =
@ = o > 8 5 . § ¢© 3
c e L. U < ¢ © £ O O O «© c = g
£ = C o) o O @ == 2 = 2 c = = 1]
= E £ @ §5 £ 9 3 2 8§ © &€ 8§ 8 £ ©
= e » s 2§ 2 g ¢ 7 5T
[&] C g S Z L
[1}] n‘: [}
) @
Average ages [Ma]
O @ 9 o @ N % O @ © v o « -
(=] s 0] s8] [Te) n Te] <r <r
E 25 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1 2-5
>
\Eé 2_ _2
=2 1.5 -1.5
w
O 1- 1
Qo
o 0.5 [ 0.5
. 057 [ - 0.
Q L] o - ™ ™
&) 0 T T T T T T T T T T T T T T T 0
o e 0] (o] ()] M~ M~ (o)] o cO o - [#)] [aY] w Te]
- v 0] (o] — [aV] o] (=] o (o] (4p] < (=] < — —
al Al (5] [aV] M~ <=} I~ 8 <t < (ap] V] < [aV} al

Sediment accumulation rates [m/Myrs] + 20 %

Figure 4.3: Calculated sediment accumulation rates of the stratigraphic sections, illustrated with +20 % of
uncertainties and ordered against increasing average section age.

155



P. Garefalakis

4.5.2 Grain sizes, self-similarity values, and evolution through time

We measured a total of 49900 grains along the 15 sections. The number of measured grains per
section ranges between 1000 and 7300 (Fig. 4.4a; i.e., 100 grains per outcrop). The grain size values,
shown as regular box-whisker-plots (extremes not shown) and ordered against increasing average ages
(Fig. 4.3b), range between >2 mm and 90 — 160 mm (Fig. 4.4a). The values of the 25 and 75™ grain size
percentiles (interquartile-range) range from 20 to 80 mm for all sections and reveals a similar scatter as
the uppermost whiskers through time (Figs. 4.4a). The grain size average and percentile values, which
are determined from the bulk GSD of each section, show an irregular pattern through time. The average
per section ranges from c. 40 to 60 mm with an overall average of around 49 mm (Fig. 4.4a). The Dsy
ranges from c. 30 to 50 mm, with an overall average of 40 mm, whereas the sizes of the Ds, scatter
between c. 60 — 100 mm with an average of 80 mm (Fig. 4.4a). The maximum measured grain sizes
range form c. 170 to 530 mm, and the values neither follow the pattern of the upper whiskers nor that of
the indicated grain size percentiles (not shown; see appendix B of this chapter for values of the maximum

grain sizes per section).

The GSD, the average values and the percentiles based on the bulk grain size dataset and for all
sections do not disclose a clear trend through time (Fig. 4.4a). Yet, there exist time spans during which
the average grain size, the Dsy, and especially the Dss appear to increase and decrease over shorter
periods. For instance, between c¢. 29 and 26 Ma (i.e., Thur, Steintal, Honegg), the sizes of the Dsy, and
Dg, percentiles show a decrease from c. 45 to 33 mm and from c. 85 to 62 mm, respectively. Thereafter,
between c. 26 and 24 Ma (i.e., Rossberg, Priasserenbach, Lake Thun), the Dsy increases to 49 mm, and the
Dg4 to 100 mm. Finally, between c. 24 and 18.5 Ma (until Goldingen), the values for the same percentiles
decrease to c. 40 mm and 70 mm (for the D3y, and Dsy, respectively), after which they scatter between c.
60 and 80 mm until c. 14 Ma (Fig. 4.3a and 4.4a). However, these aforementioned trends of increasing
and decreasing grain size percentile values are within uncertainties (95 % C.1.) and thus not significant.
Therefore, the data likely suggest a random scatter of the bulk grain size percentiles through the entire

observed geological time.

The transformation of the grain size data into self-similarity values ¢ (dimensionless; Eq. 4.2),
based on the bulk grain size data of each section, yields the expected normalisation of the data
(Fig. 4.4b). Expressed as regular box-whisker-plots, the ¢-values range between c. -3 —3, and the
interquartile-range lays between -0.6 — 0.6 (Fig. 4.4b). The values of the &-percentiles are very similar to
each other, ranging between c. -0.01 — 0.11 for the 59 (with an overall average of c. 0.05). Likewise, the
&s4 values range between 0.98 — 1.02 and average around 1 (Fig. 4.4b). The é-transformation reveals that
the bulk grain size datasets of all sections are self-similar to each other. This behaviour is not only
observed at the scale of an entire section, but also at that of an individual outcrops (see figs. SB4.8 and

SB4.9 in appendix B of this chapter).
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Figure 4.4: Grain size distributions and self-similarity variable distributions. The a) bulk GSD and b) é-distributions of
the analysed sections expressed as box-whisker-plots. The boxes comprise the interquartile range (i.e., 25" to 75"
percentiles). The values of the self-similarity variable ¢ were calculated using Eq. 4.2.

4.5.3 Frequency distributions and statistical tests

The cumulative frequency curves of the sections’ median GSD (section 4.4.5) have a larger
spread between each other particularly for the values above the D5y (Fig. 4.5a). In addition, the GSD are
right-skewed towards larger and left-skewed towards smaller grain sizes (Fig. 4.5a). When applying a

natural-logarithm transformation to the grain size data, the resulting values yield a more evenly
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distributed cumulative distribution at both tails, thereby revealing that the skewed tails are not a relic of
the sampling technique, but that the GSD’s indeed follow a log-normal distribution (Fig. 4.5b). This is
supported by the larger similarity between the simulated normal distribution (from the bulk average and
bulk sample standard deviation of all sections; Figs. 4.5a and 4.5b) and by the outcomes of the SW-test

(see below).

The transformation of the data into the self-similarity variable ¢ yields distributions where all
frequency curves collapse on the same curve, and which disclose a high similarity to the simulated
normal distribution (Fig. 4.5¢). However, the right-skewed upper tail and left-skewed lower tail still
discloses that the underlying GSD follows a log-normal distribution (Fig. 4.5¢). Upon calculating the
self-similarity variable of the log-transformed grain size data i.e., £(In(GSD)), the cumulative frequency
curves perfectly match the simulated normal distribution and the skews in the tails are nearly absent
(Fig. 4.5d). This is observed not only at the scale of an entire sections, but also for individual sites at each

section (see appendix B of this chapter for figures).

We applied the KS2 test to explore whether the median GSD and the median /n(GSD) datasets
are similar to each other. The results show that c. 87 % of the sections are statistically similar to each
other at the 95 % C.I. (Fig. 4.6a). The large scatter of the p-values, expressing a higher similarity when
close to 1, confirms that the GSD are not completely congruent. This is already shown by the cumulative
curves (figs. 4.5a and 4.5b). Likewise, the application of the KS2 test to the self-similarity variable &
shows that the various sections and their underlying median distributions are 100 % similar to each other
(Fig. 4.6b). While all cross-comparisons yield p-values above the threshold of 0.05 (i.e., the 95 % C.1.),
only a few cross-comparisons yield p-values that are slightly below 1 (Fig. 4.6b). The corresponding KS2
test results of the &(In(GSD)) data also disclose a similarity of 100 % if cross-compared across all
sections, whereas all p-values are very close to 1 (Fig. 4.6c). Alternatively, the statistical tests can be
applied to the bulk GSD and ¢-distributions, which consequently yield largely different values. In case of
the KS2 test, its application to the bulk GSD and /n(GSD) datasets reveal a similarity of only c. 16 %. If
we apply this test to the values after the & transformation, then the results disclose a similarity of ¢. 77 %,
and for the £(In(GSD)) data the outcomes yield the highest similarity of c. 94 % (see Fig. SB4.2 in
appendix B of this chapter).

We also applied the SW test to explore whether the median GSD and median ¢-distributions
follow a normal distribution. The results show that none of the data is normally distributed (0 %;
Fig. 4.7a). This is also illustrated in the cumulative distributions, where both, the median GSD and ¢
distribution diverge from the simulated normal distribution (figs. 4.5a and 4.5b). A transformation into
log-space largely improves the SW test results to 100 % and reveals that both, the median /#(GSD) and
&(In(GSD)) datasets follow a normal distribution at the 95 % C.I. (figs. 4.7b and 4.7¢). Moreover, the p-
values of the &(In(GSD)) datasets are slightly higher than those of the /n(GSD) datasets. For sections

where > 5000 grain sizes were measured, we additionally report the SW-statistics, which are in all cases
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> 0.98 and thus close to 1 (figs. 4.7b and 4.7c). We then applied the SW test for exploring whether the
grain size and & values of the bulk datasets are normally distributed. The results show that the bulk GSDs
and ¢-distributions are not normally distributed (0 %). However, the log-transformed datasets /n(GSD)
and &(In(GSD)) of the bulk distributions revealed that c. 20 % follow a normal distribution (see Fig.
SB4.3 in appendix B of this chapter). This is not surprising, because in this case the simulated normal
distribution is based on the overall mean and standard deviation values calculated from the bulk
population of all sections and therefore includes statistical outliers, such as very coarse grain sizes (see

also section 4.5.2)

Given these results and regarding their median distributions, the grain size data of the various
sections are in average self-similar to each other, independent of the ages of the explored deposits and the
positions of the sections and the related sites in the basin. For all sections, a better statistical similarity is
reached when the unmodified median GSD is transformed into the median ¢-distribution, that is based on
the self-similarity variable & values. This suggest that on average, the values that characterise the
variations in grain sizes, and thus the mean and the standard deviations, are proportional to each other
through time and for all locations in the basin. The statistical highest similarity, however, is reached after
a log-transformation of the data (Fig. 4.6¢c and Fig. SB4.2 in appendix B of this chapter). This also yields
the highest probability that the data is normally distributed (Fig. 4.7c and Fig. SB4.3. in appendix B of
this chapter). Therefore, for the following calculations of the relative mobility function, which requires
similarity and implicitly assumes a normal distribution of the data, we considered the &(/n(GSD)) dataset

only. Please note that we used the bulk dataset for the related calculations (section 4.4.5).
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Figure 4.5: The cumulative distribution functions for each section of the a) median GSD and b) median log-
transformed GSD, and ¢) median ¢ and d) median ¢ values calculated from the log-transformed GSD. Please see
the section 4.4.5 for the calculation of the median distributions. The dotted black line indicates a simulated normal
distribution of the data for all sections. The horizontal lines in each figure mark the position of the 50t percentile of
this normal distribution, and the vertical line mark the value of the 50" percentile along the x-axis. Please find the
corresponding figures with the bulk data of each section in appendix B (Fig. SB4.1) of this chapter.
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Kolmogorov-Smirnov two-sample (KS2) - Test for similarity
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Figure 4.6: The results of the Kolmogorov-Smirnov two-sample (KS2) test for similarity for a) the GSD and the log-
transformed GSD, b) the self-similarity variable ¢ and c) the ¢ values calculated on the log-transformed GSD. The
results are based on the median GSDs and ¢-distributions (see methods). The tests were computed at the 95 % C.I.
(i.e., significance level of a = 0.05). Please find the corresponding figures with the bulk data of each section in
appendix B (Fig. SB4.2) of this chapter.
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Shapiro-Wilk (SW) - Test for normaility
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Figure 4.7: The results of the Shapiro-Wilk (SW) test for normality for a) the GSD and self-similarity variable ¢-
distributions, b) the log-transformed GSD, and c) the ¢ data calculated on the log-transformed GSD. The results are
based on the median GSD and ¢-distributions (see methods). The tests were computed at the 95 % C.I. (i.e.,
significance level of a = 0.05). Please find the corresponding figures with the bulk data of each section in appendix B
(Fig. SB4.3) of this chapter.
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454 Modelling the relative mobility

We computed the solutions for the relative mobility function J based on the &(In(GSD)) data for
all stratigraphic sections. We did so upon modelling the best-fit solutions between the modelled f(§) and
the &(In(GSD)) data. Please note, that for the calculations of the values that arise from the relative
mobility function J and related (dimensionless) variables (Cy, C;, C>) and parameters (ay, bg, cg; see 4.3.4
and 4.3.5) we considered the bulk GSD, thereby included potential statistical outliers, and transformed

into log-space.

Our calculations for Cy, which is an input variable for the model, yielded values between c. 0.14
and 0.22 with an overall average of around 0.18 (Fig. 4.8a). Our calculations for C; yielded values
between c. 3.4 and 5.3 with an average of c. 4.2 (Fig. 4.8a). Values of C, were calculated using our Cy
values (see above) and fixed values for C;. Hence, we considered values that are uniformly distributed
between the range of 0.6 and 0.9, with an average of 0.75 (Fig. 4.8a). For both, Cy and C,, we observed
no significant trends, as the data largely scatter within 95 % C.I. (Fig. 4.8a). Only the Hornli section
yielded Cy values and related uncertainties that are different to those of some of the other sections
(Fig. 4.8a). The modelling of the outcomes of the relative mobility function J for each section considers
the broad variability of the input variables Cy, C;, and C: (Fig. 4.8a). The range of the model output
parameters fall between 0.23 — 0.27 for ag, 0.67 — 0.79 for b, and are close to 0 (i.e., 2x107%) for ¢,
(Fig. 4.8b). These outcomes for a, and b, lay within the range proposed by Harries et al., (2018) also
calculated in log-space (section 4.1.1), however, these authors have fixed ¢, at a value of 0.01. When
plotted against increasing average ages of the sections, the parameters a, and b, vary within the given

uncertainties (95 % C.L.; Fig. 4.8b).

The best-fit solutions of f(§) together with the 95 % C.I. is plotted against the median of the
&(In(GSD)) distributions and the spread of the bulk data for each section (Fig. 4.9). When expressed by
the median of our modelled f{§) outcomes, the related curves (blue curves in Fig. 4.9) are slightly above
the peak frequencies of the overall median &-distributions for all sections (black dotted curves in
Fig. 4.9). Likewise, the left- and right-tails of the modelled median f{§) curves are also situated above of
the median ¢-distributions. In contrast, the median f(§) curves tend to yield smaller frequencies at the
positions of the left- and the right-shoulders of the median & distributions (Fig. 4.9). Overall, the
modelled median f{§) curves are in good agreement with the spread of the bulk §-distributions (i.e., &system
in Fig. 4.9). Given the high similarity between the model outcomes across all sections, each of the

individual best-fit solutions all collapse on the same curve (Fig. 4.10).

We additionally tested how changes in the three parameters, a,, by and ¢, of the relative mobility
function have to be adjusted to fit different shapes of &-distributions. Our sensitivity analyses showed
that symmetrical distributions with smaller peaks require smaller values for b, and larger values for ¢,. In

contrast, &-distributions with higher peaks require larger values for b, and smaller values for c,. A
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combination of right-skewed &-distributions with low peaks are better approximated by large values of
ag, whereas left-skewed distributions with high peaks generally require small values of a,. The specific
combination of a,, b and cg, together with the individual solutions for Cy and C>, might therefore create

numerous best-fit solutions which is accommodated by the spread of the 95 % C.I. of these parameters

(Fig. 4.8).
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Figure 4.8: Results of the modelling variables and parameters illustrated as range-plots of a) the modelling input
variables Cv, Cs and C2 and b) the modelling outcome parameters aq, by and cgy for calculations of the relative
mobility function. The spread of the uncertainties represents the 95 % C.l., and the data is arranged as increasing
average age of the analysed sections. Please note the scientific notation for the parameter cg.
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Figure 4.9: Solutions of the curve-fitting for the fraction of the material in the substrate as a function of ¢(In(GSD)).
The values of the model variables and parameters (top-left in each plot) are rounded to two decimals. For the related
uncertainties, please see Fig. 4.8. Please note, for visualisation purposes and the sake of clarity, we only showed the
median ¢ and f(¢§) distributions as curves and the bulk data as gray-shaded regions (see also Fig. SB4.10. in
appendix B of this chapter). Please find the related legend in the uppermost right plot.
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Figure 4.10: Solutions of the curve-fitting for the fraction of the material in the substrate as a function of (In(GSD))
for all sections (median curves only). The gray-coloured shaded area (¢an) represents the spread of all &-distributions
of all sections. The individual solution for each section is shown in Fig. 4.9.
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4.5.,5 Solutions of the relative mobility function

Based on the model outcomes for f{§) and the fitting to the &(/n(GSD)) data, which yielded the
results for the related parameters, a,, by and cg, we calculated the values for the relative mobility function
J (Eq.4.3) as a function of the &(In(GSD)) distributions for all sections. Given the high-similarity
between the model-input variables (Cy, C:), the values for J(&(In(GSD))) revealed a congruent pattern
(Fig. 4.11a). The uncertainties expressed by the 95 % C.I. largely overlap between the values
characterising the individual sections. This suggests that there are no significant differences between all
sections (Fig. 4.11a). In particular, values for the case where J =1 and for the &(/n(GSD)) distributions,
range between -1.97 and -1.80 with an overall average of c. -1.89 (inset in Fig. 4.11a). The back-
transformation of non-dimensional &(/n(GSD)) into dimensional grain size values (Eq. 4.10) reveals a
similar pattern, where the 95 % C.I. generally overlap between the various sections (Fig. 4.11b). For the
case where J = 1 and for the back-transformed grain size data, the corresponding critical grain size values
range between c. 8 and 16 mm with an overall average around 12 mm (inset in Fig. 4.11b; see also
Fig. SB4.5 in appendix B of this chapter). If compared to the relative mobility of the Dsy or the Dsy, then
these specific percentiles have a c. 75 % or 88 % higher probability of being in the substrate than being
in transport (i.e., the intersection at J for the grain size values of Dsy and Ds4). Therefore, the relative

mobility of particles at all sections is relatively low.

When plotted against increasing average ages for the analysed sediments (per section), the values
of ¢(In(GSD)) at J=1 do not show a significant trend through time, as these largely scatter around the
associated uncertainties (Fig. 4.12a). The cross-comparison of the back-transformed grain size values for
the case where J =1 revealed that all critical grain size values show variations through time, yet these
values largely scatter around the associated uncertainties, and therefore apparent trends are not
significant (Fig. 4.12b). Upon comparing the outcomes of the {(/n(GSD)) values at J = 1 to the results of
other studies, we observe that our calculations are within the same range of values and their associated
uncertainties. For instance, Harries et al. (2018) reported values between approximately -0.3 and -1.5 for
their modelled J(§) values for the case where J=1 (uncertainties included), where the underlying &

datasets were also transformed into log-space.

4.5.6 Summary of relevant results

The statistical analyses of the grain size datasets collected from 15 stratigraphic sections revealed
no significant trend of grain size variations through geological time. Such a pattern, particularly for the
D5y and Dgy values, becomes visible if the bulk grain size data per stratigraphic sections are considered.
Albeit some apparent trends, the median values of these percentiles scatter around the related
uncertainties (Fig. 4.4a). The transformation of the GSD into the self-similarity variable ¢ yielded a
similarity of 100 % for the data of all sections (median ¢ and &(/n(GSD)) distributions; Fig. 4.6b).

Moreover, our data suggests that grain sizes measured from fluvial deposits indeed follow a log-normal
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distribution, which emphasises the necessity of applying a logarithmic transformation to the data. In fact,
the & values calculated from the median /n(GSD) not only yield a similarity of 100 % of this data
(Fig. 4.6¢), it also discloses that underlying datasets follow a normal distribution (100 %; Fig. 4.7¢), if

compared to the non-transformed median GSD and &-distributions (Fig. 4.7a).

By applying the concept of relative mobility on our log-transformed data, notably by considering
for each section the entire grain size dataset (bulk GSD), we were able to calculate the values of the
relative mobility function J, which solutions for the case where J =1 allow to estimate the critical grain
size of particles that are either preferentially transported or deposited. We found that for all stratigraphic
sections, the analytical solutions of J, for both the &(/n(GSD)) and the back-transformed grain size
values, largely overlap within their uncertainties (i.e., 95 % C.1.; Fig. 4.11a and b). Finally, for the values
calculated from the relative mobility function for the case where J = 1 (the situation where a particle with
a critical grain size is equally in transport or deposited) and based on the back-transformed grain size
values, the related outcomes range between 8 and 16 mm (Fig. 4.12b). The solutions also revealed that

the Dsp and Dss have a c. 75 and 88 % higher probability, respectively, of being stored in the substrate.
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the uncertainty envelopes.
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4.6 Discussion

4.6.1 Biases related to sampling strategies

To investigate the long-term temporal variations in grain size values across multiple stratigraphic
sections, we have collapsed our GSD into a single dataset for each entire section. Accordingly, we did not
collect grain size data along a proximal-distal transect. However, since most concepts applied in this
work (section 4.3) base on proximal-distal relationships of sediment transport and deposition, our results
and the resulting conclusions could be biased. One way to avoid such a bias would be the consequent
collection of grain size data at sites that have a fixed location in relation to a specific point, e.g., the
inferred apex of a system. However, this is possible for a few sections only, which are the Lake Thun,
Rigi, and Necker sections. For the other sections, it is not possible to estimate the upstream distance to
e.g., the Alpine border at the time the sediments were deposited, or such estimates would be associated
with large uncertainties. However, for the aforementioned sections where the locations of the fans’ apices
were mapped (Schlunegger et al., 1997a; Kempf et al., 1999), the sedimentation was documented to have
been influenced by a material supply through high-concentrated flows such as debris flows and
mudflows. The mechanisms related to such mass movement processes violate the concepts of the applied
models which base on the entrainment and transport of clasts through fluvial processes. This is the major
reason why we collapsed the entire grain size dataset into a single GSD or grain size value characterising
an entire section, where the deposits at different stratigraphic positions were likely deposited at spatially
different locations on the paleo fans, in order to exploring possible controls on the long-term temporal

patterns of grain size.

4.6.2 Relationships between changes in climate, sedimentary supply and grain size

Our results suggest no significant trend for our grain size data (GSD, specific grain sizes and the
&-distributions). Likewise, no temporal changes are identified for the variables and parameters
characterising the relative mobility function and the results for the case where J= 1, as all values largely
scatter around a similar median value and within the related uncertainties. Because climate conditions,
sediment supply and tectonic processes in the Alps have experienced large changes during the time
(sections 4.2.3 and 4.2.4) as the coarse-grained material accumulated, we would expect that they would
be related to corresponding shifts in grain size signals recorded in the SMB. In particular, the apparent
increase in the median Dss and Dsg values of the bulk GSD observed for the sections that chronicle the
basin evolution between c. 28 to 21 Ma could be interpreted as the combined response to the Late
Oligocene warming (LOWE; Fig. 4.13) and the increase in sediment supply to the basin. Likewise, the
subsequent decrease in the grain size values could reflect the response to the oscillations in paleoclimate
and particularly to the nearly contemporaneous decrease in sediment supply to the basin (Fig. 4.13).

Whereas we cannot fully exclude such correlations and controls, the aforementioned changes in the
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granulometric properties of the Molasse sediments occur within uncertainties and are therefore

statistically not significant.

4.6.3 Possible controls of tectonic processes, and relative mobility

The controls of tectonic processes on the development of grain size were documented at the scale
of individual sections. In particular, as outlined in section 4.2.2, the trends towards coarser grained
material from the base to the top of the Lake Thun, Pridsserebach, Rigi and Necker sections were
considered to have been controlled by thrusting at the Alpine front or/and by the increased supply of
sediments. At the scale of the entire Alps, tectonic controls on changes in grain size patterns have not
been explored in detail. Yet changes in sediment flux and shifts in the petrographic compositions of the
conglomerates were related to large-scale tectonic processes. These include: 1) the occurrence of the slab
break-off at 32 — 30 Ma and the corresponding legacy, which was used to explain the rise in sediment
supply between 30 — 22 Ma; ii) the tectonic unroofing of the Lepontine dome; and iii) the rise of the
external massifs and the related change in the drainage pattern in the Alps from orogen-normal to orogen-
parallel. The combination of the latter two mechanisms was invoked to explain the drop in sediment
supply starting at 22 Ma and the subsequent transgression of the Burdigalian seaway at 20 Ma (Allen et
al., 1985). Because of the proposed link between material supply and tectonic processes, and since we
tentatively considered a corresponding response in the grain size datasets, such controls cannot be fully
discarded. But similar to section 4.6.2, we note that the changes in the granulometric properties of the

Molasse sediments as illustrated in Figure 4.13 occur within uncertainties.

The ambiguity in interpreting the temporal evolution of the grain size data (section 4.6.2 and
above) is mainly rooted in the possible bias explained in section 4.6.1. Here, the solutions of the relative
mobility function, particularly for the case when J = 1, where the probability of transport and deposition
is the same, offers a solution as the underlying concept accounts for proximal-to-distal effects and upon
normalising the grain size datasets (section 4.3). Indeed, our data implies that the values for the critical
grain sizes are constant through time and measure c. 12 mm on average, irrespective about the time when
the sediments were deposited, and the location where sedimentation accumulation occurred. This
suggests that the mechanisms of selective transport and deposition have not changed significantly in the

Molasse despite different climate conditions and various supply rates of material.
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4.6.4 Steady-state conditions?

In a broader sense, it is surprising to see these low variations in grain sizes at the basin scale,
where the values possibly do change through time, but where the shifts occurred within uncertainties. It
may be that variations in the rates at which sediment was supplied to the basin might have been
overprinted by local effects including e.g., sorting processes thereby averaging grain sizes on the long-
term. Although short term perturbations (i.e., <10* years) are more likely controlled by such autogenic
processes (Einsele et al., 1991; Hinderer, 2012; Hajek and Straub, 2017), recent studies showed that these
self-organised mechanisms can also take place at longer time scales (>10° years), and therefore result in a
dilution or even ‘shredding’ of the signals that have an allogenic driving force (Jerolmack and Paola,
2010; Wang et al., 2011; Paola, 2016; Romans et al., 2016; Straub et al., 2020). Therefore, any initial
grain sizes, which were either coarser or finer, might have been buffered and averaged out throughout the
long-term formation of the alluvial fans. Accordingly, signals related to external (allogenic) controlling
forces might only be preserved in the stratigraphy if their amplitude is much larger than those of

autogenic processes.

Alternatively, because selective extraction of grains into the stratigraphy is controlled by the
combined effect of sediment supply and the formation of accommodation space, as explicitly
implemented in the models (section 4.3), changes in grain size could be inferred to estimate how the ratio
between these variables changed through time. For instance, for a given sediment supply, a low-
subsidence rate promotes the occurrence of a low grain size fining trend, whereas a high-subsidence rate
will be reflected by a higher rate at which the supplied material fines downstream (Duller et al., 2010;
Armitage et al., 2011; Garefalakis et al., 2023b, submitted). In our case, however, trends in the grain size
values occur within uncertainties and are therefore not statistically significant. This would suggest that at
the basin scale, the supply of sediment occurred nearly in equilibrium with the rate at which
accommodation space is generated. This invokes a mechanism where the basin formation and the built of
the Alpine topography through subduction tectonics, and the erosional unloading of the Alps driven by
environmental controls, occurred at steady state at least between 31 and 13 Ma when conglomerates
accumulated. We thus suggest that such specific combinations likely occurred in the SMB, especially
given the observed time range of ¢. 18 Myrs. However, the transgression of the peripheral sea at 20 Ma is
not fully in line with such a view because the related shift from terrestrial to shallow marine conditions
and the associated backstepping of the megafans (Schlunegger and Norton, 2015) was considered to have
occurred because of a reduction sediment supply to the basin. Therefore, it possible that the sedimentary
facies could be more sensitive to changes in the dominant driving mechanisms than grain size alone. This
also reveals that grains and their sizes offer most likely not the best proxies for inferring tectonic and

environmental controls on the sedimentation mechanisms at the basin scale.

174



Chapter 4

Age [Ma]
32 30 28 26 24 22 20 18 16 14 12
1.0 - : - - : : : :
LOWE omT MCO MMCT
151 — i e
g : : warmer
o 20
3
to =
8 cooler
c S
c © S
3.01 g g 5 - 25000
T = om
5 3 g .
el N\ [ I s
% § 20000 s
5] e
“ 115000 =
x
g =)
110000 §
E
3
- 5000 ()
8Lake Thun
6 Rigi 15HBrnli
2Thur 5Rossberg 9Necker 11Schwéndigraben 14T9ss Section
3 Steintal 7Prasserenbach 13Fontannen I
1Emme 4Honegg 10 Goldingen 12Jona g g
1201
100 1 N N T
6 |/ ™
— 80' ////2 \\\ ,Z 9 \\\“~\ 11 ~ 131 \\ 140
£ 1 N jor N e R AN
E A | ’5 1 1B NN N et
2 Seo 12 \\;15
£ =L
©
= 11
o - R Ol
40 - % __________ 1 ‘0}/ \\‘\ /}\\14 D50
-+ 1 2{ 15
20 A
i S . Dy
e i i1 ¢
I J=1
0 . . . . . . . ;
32 30 28 26 24 22 20 18 16 14 12
Age [Ma]
Climate (Data from Zachos et al. 2001) Sediment fluxes
Smooth data; five-point running mean Kuhlemann, 2000; flux to N(W) & S(E) of Alps*
Curve fit; locally weighted mean —— Kuhlemann et al., 2001; flux to N(W) of Alps*
LOWE Late Oligocene Warming Event —— Schlunegger et al., 2001
OMT Oligocene-Miocene Transiton ~ -——-—- Hay et al., 1992
MCO Miocene Climate Optimum *: .
X ) Y . i.e., Swiss and Western Alps
MMCT Middle Miocene Climate Transition P

Figure 4.13: Grain sizes versus proxies for climate and tectonics. Compilation of proxies for the climate, expressed
by the oxygen isotope record (5'®0), and the sediment flux estimates, thereby reflecting the tectono-
geomorphological evolution of the Central Alps. The vertical lines mark the end of the corresponding geological
stage (according to the ICS; International Commission on Stratigraphy). The age ranges of the sections indicate the
uncertainty spread of the related grain size values along time. The positions of the grain size values (scatter dots)
are aligned with the average section ages. The numbers 1-15 beside the section names and corresponding Dgs and
Dso values are for reference purposes. The dotted lines show a connection between the median grain size values.
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4.7 Conclusion

We analysed long-term records of coarse-grained stratigraphic sections according to their grain
size trends. We also explored the records regarding the competence of the paleostreams to transfer the
supplied material, expressed as the relative mobility. For this, we focused on 15 stratigraphic sections
recording alluvial megafan sedimentation in the Swiss Molasse Basin (SMB) during c. 18 Myrs
throughout Oligo-Miocene times. At these sections, we measured the size of c. 50000 grains, and we
statistically analysed the underlying grain size distributions (GSD). We applied the concept of self-
similarity and relative mobility to this dataset, and we estimated the critical grain size of a particle that is
likely in transport or preferentially stored in the substrate (J=1). Because tectonic processes in the
source area, sediment supply and climate conditions significantly changed during the time conglomerate

sedimentation occurred, we anticipated large differences in the grain size through time.

Statistical tests (Kolmogorov-Smirnov two-sample test for similarity and Shapiro-Wilk test for
normality) revealed that the underlying GSD are neither similar to each other nor do they follow a
simulated normal distribution. Transformation of the grain size data into the self-similarity variable &
(which is a normalisation by the local mean and standard deviation of each outcrop and for each grain
size value; Fedele & Paola, 2007), yielded &-distributions that are 100 % similar across all sections. To
achieve normality of the é-distributions, which is implicitly assumed in the self-similarity model, we
transformed our GSD into logarithmic-space. The results showed that these log-transformed ¢&-
distributions (i.e., the (In(GSD)) data), are normally distributed and, as outlined above, 100% similar to
each other. Given that the conditions of the model were satisfied (similarity and normality), we
calculated the solutions for the relative mobility function J for each section, using the &(/n(GSD)) data
and for the case where J = 1. The results suggest that the grain sizes data of all 15 sections were likely
similar and infer the occurrence of a comparable relative mobility of the sedimentary material. In
average, the rivers feeding the fans preferentially entrained grain sizes smaller than 12 mm, whereas
coarser-grained material was preferentially stored in the substrate. In addition, the analysis of the GSD
revealed that the values of the Dsy and Dsy grain size percentiles scatter around an average of c. 40 and
80 mm, respectively, thereby revealing no significant trend through time as these values lay within

uncertainties expressed by the 95 % Confidence Interval (C.1.).

A comparison of the grain size values with 1) the tectonic evolution in the hinterland, ii) the
supply rates of the sediment to the basin, and iii) the climatic conditions at the time the material was
deposited did not disclose obvious correlations at the scale of the basin. It is thus possible that the
formation rate of accommodation space occurred in pace with the supply rates of sediment, with the
consequence that, at the scale of the entire basin, the grain sizes were nearly constant through time. If
changes in grain size did occur, they were too small to be statistically significant. However, the
transgression of the peripheral sea at 20 Ma and the associated backstepping of the megafans were

considered to have occurred because of a reduction of sediment supply to the Molasse basin. While such
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shifts in external driving forces are recorded by the development of the sedimentary facies at the basin
scale, the granulometric properties of grains are possibly not fully sensitive to these and are therefore not
fully conclusive for inferring shifts in the mechanisms driving the evolution of the Alps and the Molasse

basin.
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Chapter 4 - Appendices

411 Appendix A

Appendix A contains the lithostratigraphic profiles of the stratigraphic sections and the
correlation of the Magneto Polarity Stratigraphies (MPS) to the Global Time Scale (GTS). In addition,
listed in tables, we provided for each stratigraphic section the locations of the individual sites, the
thickness of the section at these sites, the approximate ages of the section at these sites, the altitude of the
sites and the coordinates. The coordinates are based on the Swiss coordinate reference system CH1903+
(LV95). Please find the indicated references in the bibliography of this appendix A. The lithostratigraphic
profiles of the Lake Thun, Rigi, Rossberg, Toss and Hornli sections and the related data can be found in

appendix A of chapter 3.
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Figure SA4.1: Stratigraphic section and chronological framework of the Prasserenbach section situated in the
western Swiss Molasse Basin. Please see also Fig. S3.1b in chapter 3.
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Figure SA4.2: Stratigraphic section and chronological framework of the Emme and Honegg sections situated in the
western Swiss Molasse Basin. UMM = Untere Meeres Molasse (Lower Marine Molasse); USM = Untere Siisswasser
Molasse (Lower Freshwater Molasse).
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Figure SA4.5: Stratigraphic section and chronological framework of the Necker section situated in the eastern Swiss
Molasse Basin.

188



Chapter 4 - Appendices

& 2 -
0] % § S g g
o| S| 2 & o) G|
=|%|=|Chegplo o OChron|Z|®|=
13 w o 13
v — IC5AAN Q— D. IC5AAN —
|2 [csamn ) Csann |r| D
&z 2 o) Mal= = Zlz
{E£[= [csagn s = csaBn |2 | =L
I} ) = n 13.80 by
% | [c5ABr % %8 . C5ABr _8
14 __ C5ACn CE’ CsACn __ 14
= £ 14.60 1 an
£ |csaon 3 14.80 csapn |2
e = H cr
8| |csaor € 15.20 lc5ADr Y
S| _[c5Em 2 [ o] |5,
15 - g—C5Bn.1r *7 H 16.00 csBn.tr [ € 15
| IC5Bn.2n 1625 ‘ C5Bn.2n S
1 csBr i 16.65 . LN csBr r
e} % e}
S *6b N <
] 16 cscn.1n A N C5Cn.1n - 16 (O]
GC) n.ir ) %) AN n.ir %
o 1 Cacnar L / . 1 Q N escnar L o
o | [c5Cn.or Y (m] G0|d|ngen P \JC5Cnar| | Ke)
a ] * 6a by i) -
= 17 - gcmr 1700 : g (0/3 cscr % L 47 =
P 0 : Mals = i
% IC5Dn é ) 1800 1\ C5Dn %r
1. = T S |
S| |csprar 8 %5 3 ~ csprar | |2
18 {38 gax ¢t > 5|3 18
S < : 1850 215
5| [En 13 18.60 C5En 5
m < 3 % m
1 IC5Er % 2** : C5Er i
2
* 3
19 cen ! : 1 cen 19
3 ] - ‘1950 3
: / 2 | :
' o F 20.00 g i
Section continues & a 8
cor downsection’ g 5 . ‘ cor
20 7 8 IC6AN.1n ég 2045 - ‘ [C6AN.1n 8 r 20
£ lcoan1r g connr |2
-"%; S IC6AN.2n [C6AN.2n S 'g i
z z
21 g = IC6Ar ! -‘ IC6Ar = g 21
Lithostratigraphy: Micro-Mammalian sites (in-situ):
: Conglomerate * 8 up. MN6 Bachtel-Ornberg "4
Sandstone *4 lo. MN3b Goldinger-Tobel 8 "#
Silt- & Mudstone *3 MN3 Goldinger-Tobel 3 "
Hullistein Bed *2 MN3 Goldinger-Tobel 2 4
. . . * . i - 1.4
Magnetic Polarity Stratigraphy: 1 lo. MN3a Goldinger-Tobel 1
- Normal polarity Micro-Mammalian sites (projected):
| Reverse polarity %7 mid. MN5 Guentisberg " (c. 1500 m ENE)
MPS: Magnetic Polarity Stratigraphy”  x 65 MN4b Hubertingen 2 (c. 200 m ESE)
GTS: Global Time Scale? % 6a MN4b Hubertingen 2 (c. 2100 m ENE)
*5 MN3 Goldinger-Tobel 5/6 ** (c. 250 m ENE)

References:

'Kempf et al., 1997
2Gradstein et al., 2020
3Lopfe et al., 2012
“Bolliger, 1992

sKalin & Kempf, 2009

Figure SA4.6: Stratigraphic section and chronological framework of the Goldingen and Jona sections situated in the
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Site Thickness [m] Age [Ma] Altitude [m] X-Coord. (CH1903+) | Y-Coord. (CH1903+)
73 2990 23.2 569 2621531.5 1173143.8
74 3115 231 576 2621541.2 1173193.8
72 2570 234 722 2620537.7 1174070.3
71 2560 234 664 2620401.8 1174039.9
64 2555 23.4 586 2620210.7 1173841.2
70 2545 234 641 2620333.5 1174023.3
69 2540 234 629 2620253.0 1173943.9
68 2540 234 601 2620227.0 1173951.2
67 2535 234 602 2620249.0 1174013.0
65 2520 234 602 2620125.8 1173898.7
66 2520 234 599 2620186.0 1174004.5
63 2175 23.6 698 2619393.6 1174654.1
62 2160 23.6 717 2619397.2 1174769.6
61 2115 23.6 775 2619401.2 1174889.1
60 2050 23.7 624 2618866.2 1174700.7
59 1990 23.7 646 2618785.3 1174886.7
53 1955 23.7 821 2619000.6 1175134.0
58 1935 23.7 660 2618718.0 1175036.2
52 1890 23.7 840 2618956.3 1175345.7
57 1905 23.7 670 2618678.8 1175113.8
51 1870 23.7 843 2618906.8 1175397.6
56 1885 23.7 677 2618656.6 1175170.9
55 1860 23.8 684 2618628.2 1175247.6
54 1841 23.8 693 2618620.4 1175308.3
50 1815 23.8 836 2618763.4 1175460.6
49 1800 23.8 837 2618749.4 1175502.1
48 1720 23.8 813 2618625.8 1175728.4
47 1710 23.8 814 2618606.6 1175748.6
46 1675 23.8 747 2618348.4 1175686.0
39 1620 239 637 2618127.0 1175747.1
43 1600 23.9 713 2618443.8 1176096.5

Table SA4.1: Data of the Lake Thun section in the western Swiss Molasse Basin.
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Site Thickness [m] Age [Ma] Altitude [m] X-Coord. (CH1903+) | Y-Coord. (CH1903+)
42 1595 23.9 737 2618420.2 1176081.6
45 1585 239 744 2618262.0 1175950.3
41 1590 23.9 735 2618396.2 1176079.1
40 1580 239 756 2618347.0 1176035.3
44 1585 23.9 717 2618450.6 1176148.7
38 1565 239 649 2618106.7 1175940.7
37 1555 23.9 655 2618134.4 1176007.6
35 1535 239 693 2618172.8 1176094.7
34 1520 23.9 745 2618281.4 1176208.1
36 1530 239 684 2618127.4 1176075.1
33 1510 23.9 752 2618281.4 1176245.1
32 1470 239 748 2618059.9 1176177.2
31 1390 24.0 741 2617740.5 1176207.3
28 1255 241 699 2617389.5 1176420.8
29 1245 24.1 657 2617351.3 1176462.3
27 1240 241 690 2617426.2 1176527.2
30 1235 24.1 660 2617343.5 1176485.8
26 1210 241 693 2617327.2 1176536.2
25 1200 24.1 694 2617297.0 1176544.9
24 970 24.2 758 2616982.6 1177055.2
23 970 24.2 772 2617025.6 1177090.7
22 930 24.2 777 2616995.4 1177164.8
21 900 24.2 789 2616941.0 1177217.2
20 865 24.2 795 2616855.0 1177274.2
19 815 24.3 810 2616786.2 1177380.6
15 610 24.4 623 2616398.5 1177854.3
14 600 244 630 2616328.9 1177836.5
17 565 24.4 686 2616611.0 1178106.5
16 555 24.4 684 2616493.1 1178059.7
18 495 24.4 781 2616683.4 1178319.2
7 230 24.6 753 2615645.0 1178465.6
12 195 24.6 693 2615462.9 1178479.2
11 170 24.6 686 2615452.4 1178551.7
6 160 24.6 741 2615534.0 1178621.3
5 140 24.6 736 2615524.0 1178679.3
10 110 24.6 674 2615392.4 1178710.4
4 100 24.6 731 2615449.9 1178767.8
3 70 24.6 734 2615438.9 1178820.8
9 55 24.7 659 2615298.6 1178824.3
2 30 24.7 729 2615389.0 1178926.8
8 40 24.7 653 2615267.6 1178864.3
1 0 24.7 719 2615411.3 1179048.8

Table SA4.1 (continued): Data of the Lake Thun section in the western Swiss Molasse Basin.
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Site Thickness [m] Age [Ma] Altitude [m] X-Coord. (CH1903+) | Y-Coord. (CH1903+)
1 540 25.7 749 2621551.1 1181489.3
2 560 25.6 737 2621583.4 1181481.4
3 570 25.5 746 2621617.5 1181458.4
4 580 25.5 744 2621643.4 1181443.4
5 600 25.4 745 2621663.7 1181466.0
6 610 25.4 747 2621695.2 1181451.5
7 620 25.3 747 2621711.9 1181429.2
8 625 25.3 752 2621746.7 1181412.9
9 650 25.2 756 2621800.1 1181433.4
10 675 25.1 750 2621875.1 1181462.9
11 700 25.0 754 2621911.8 1181428.7
12 725 24.9 753 2621991.0 1181358.3
13 750 24.8 759 2622005.4 1181285.4
14 850 24.7 770 2622278.5 1181102.9
15 975 24.7 775 2622417.1 1181117.9
16 1025 24.7 776 2622460.9 1181095.4
17 1050 24.6 821 2622289.0 1180708.4
18 1100 24.6 834 2622347.5 1180723.9
19 1300 24.5 860 2622456.6 1180466.0
20 1275 24.5 857 2622455.1 1180398.5
21 1300 24.5 839 2622464.5 1180313.3
22 1350 24.5 853 2622517.4 1180331.6
23 1400 24.5 861 2622575.5 1180316.4
24 1410 24.5 866 2622613.0 1180317.0
25 1420 24.5 867 2622640.1 1180299.4
26 1430 24.5 864 2622652.8 1180283.6
27 1440 24.5 867 2622667.1 1180272.4
28 1450 24.4 863 2622678.3 1180255.4
29 1460 24.4 875 2622709.7 1180217.8
30 1470 24.4 870 2622721.1 1180192.9
31 1480 24.4 872 2622747.0 1180157.1
32 1490 24.4 875 2622747.8 1180099.5
33 1500 24.4 874 2622742.1 1180079.3
34 1520 24.4 882 2622790.8 1180026.8
35 1540 24.4 888 2622812.1 1180022.5
36 1560 24.4 882 2622831.0 1179996.9
37 1575 24.4 892 2622862.0 1179900.9
38 1680 24.3 903 2622925.4 1179863.4
39 1700 24.3 897 2622967.5 1179786.0
40 1720 24.3 898 2622981.0 1179769.5
41 1740 24.3 905 2623014.5 1179772.5

Table SA4.2: Data of the Prasserenbach section in the western Swiss Molasse Basin.
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Site Thickness [m] Age [Ma] Altitude [m] X-Coord. (CH1903+) | Y-Coord. (CH1903+)
42 1760 24.3 907 2623076.9 1179751.3
43 1770 24.3 912 2623109.8 1179647.5
44 1780 24.3 913 2623108.5 1179635.8
45 1790 24.3 917 2623106.0 1179624.8
46 1800 24.2 918 2623078.0 1179602.8
47 1810 24.2 919 2623076.5 1179618.6
48 1820 24.2 919 2623087.1 1179580.1
49 1875 24.2 922 2623084.3 1179535.4
50 1890 24.2 925 2623121.8 1179519.4
51 1915 24.2 926 2623133.4 1179496.5
52 1925 24.2 933 2623162.8 1179428.4
53 1950 24.2 938 2623210.4 1179376.0
54 1975 24.1 946 2623256.9 1179345.4
55 2025 24.0 950 2623305.2 1179312.8
56 2075 23.9 952 2623331.9 1179262.3
57 2100 23.8 953 2623360.2 1179196.1
58 2150 23.7 961 2623367.2 1179161.1
59 2175 23.6 981 2623413.7 1179083.1
60 2240 23.4 1016 2623622.6 1178990.8
61 2310 23.3 1031 2623674.1 1178879.6
62 2450 23.1 1069 2623875.4 1178637.8
63 2480 23.0 1084 2623926.9 1178542.5
64 2525 22.9 1104 2623968.8 1178453.5

Table SA4.2 (continued): Data of the Présserenbach section in the western Swiss Molasse Basin.

Site Thickness [m] Age [Ma] Altitude [m] X-Coord. (CH1903+) | Y-Coord. (CH1903+)
1 75 313 794 2643987.5 1196968.9
2 125 31.1 822 2644068.4 1196913.2
3 225 30.6 772 2643909.4 1196751.2
4 250 30.4 780 2643936.6 1196698.0
5 275 30.0 777 2643950.6 1196645.5
6 325 29.9 782 2643921.8 1196489.2
7 425 29.5 786 2643885.3 1196382.5
8 540 29.1 802 2643919.7 1196108.1
9 560 29.0 812 2643897.1 1195920.2
10 580 28.9 819 2643896.8 1195711.8

Table SA4.3: Data of the Emme section in the western Swiss Molasse Basin.
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Site Thickness [m] Age [Ma] Altitude [m] X-Coord. (CH1903+) | Y-Coord. (CH1903+)
1 55 16.6 770 2642910.9 1203527.1
2 90 16.5 773 2642807.9 1203569.1
3 110 16.5 774 2642702.8 1203657.8
4 145 16.5 776 2642567.8 1203853.2
6 160 16.4 786 2642517.3 1203914.9
7 170 16.3 792 2642459.1 1203958.4
8 180 16.3 782 2642388.7 1203986.8
9 200 16.2 793 2642290.0 1204114.7
10 220 16.2 794 2642218.6 1204165.9
11 230 16.1 800 2642199.1 1204197.9
12 240 16.1 798 2642101.7 1204258.8
13 245 16.1 811 2642032.7 1204248.3
14 250 16.1 839 2641882.6 1204201.8
15 252.5 16.1 822 2641659.5 1204127.9
16 255 16.1 825 2641570.2 1204096.9
17 257.5 16.1 823 2641482.7 1204098.4
18 260 16.1 831 2641407.7 1204143.6
19 270 16.0 838 2641278.9 1204254.3
20 275 16.0 849 2641084.0 1204320.5
21 300 15.8 947 2641299.8 1204345.4
23 350 15.6 962 2641276.4 1204612.2
24 400 15.2 998 2641381.2 1204687.2
25 450 15.1 1003 2641286.1 1204831.1
26 480 15.0 1022 2641249.0 1205055.0
27 500 15.0 1038 2641121.0 1205024.0
28 530 14.9 1057 2641050.0 1204933.0
29 560 14.9 1146 2641024.2 1205234.7
30 600 14.9 1120 2640916.3 1205339.9
31 610 14.9 1167 2640863.5 1205360.0
32 630 14.9 1105 2640313.2 1205408.6
33 635 14.9 1111 2640241.2 1205364.6
34 637.5 14.9 1118 2640177.7 1205374.6
35 640 14.9 1124 2640157.2 1205308.1
36 645 14.9 1126 2639727.0 1205521.9
37 650 14.8 1125 2639662.4 1205568.4
38 652 14.8 1133 2639461.7 1205583.1
39 654 14.8 1136 2639278.7 1205548.6

Table SA4.4: Data of the Fontannen section in the western Swiss Molasse Basin.
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Site Thickness [m] Age [Ma] Altitude [m] X-Coord. (CH1903+) | Y-Coord. (CH1903+)
40 656 14.8 1161 2639236.4 1205278.8
41 660 14.8 1185 2639408.8 1205009.4
42 670 14.8 1207 2639111.4 1205078.1
43 675 14.8 1211 2639067.9 1205037.1
44 680 14.8 1209 2638980.4 1205078.1
45 685 14.8 1223 2638871.0 1204995.6
46 687.5 14.8 1249 2638925.3 1205110.5
47 940 14.6 1302 2639028.6 1206320.4
48 810 14.8 1217 2639192.4 1206910.0
50 730 14.8 1129 2639382.4 1207184.6
51 735 14.8 1140 2639291.8 1206974.6
52 745 14.8 1144 2639367.8 1206797.6
53 690 14.8 1204 2640303.6 1205614.6

Table SA4.4 (continued): Data of the Fontannen section in the western Swiss Molasse Basin.

Site Thickness [m] Age [Ma] Altitude [m] X-Coord. (CH1903+) | Y-Coord. (CH1903+)
1 10 18.5 894 2639039.5 1198666.5
3 130 18.3 900 2639003.0 1198855.0
4 240 18.1 920 2638783.5 1198904.0
5 270 18.1 932 2638606.5 1198993.0
6 280 18.0 941 2638601.0 1199068.0
7 300 18.0 941 2638552.5 1199152.0
8 465 16.8 960 2638460.5 1199390.0
9 615 16.6 998 2638188.0 1199627.5
10 665 16.5 1025 2638017.0 1199667.0
11 760 16.3 1114 2637692.5 1199835.5

Table SA4.5: Data of the Schwandigraben section in the western Swiss Molasse Basin.
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Site Thickness [m] Age [Ma] Altitude [m] X-Coord. (CH1903+) | Y-Coord. (CH1903+)
1 670 27.6 912 2632506.7 1185023.2
2 700 27.5 921 2632515.4 1184951.2
3 710 27.5 922 2632515.4 1184951.2
4 720 27.4 923 2632523.0 1184928.4
5 760 26.8 931 2632454.0 1184865.8
6 800 26.6 945 2632407.2 1184779.0
7 880 26.2 950 2632391.4 1184736.3
8 885 26.2 957 2632393.2 1184686.5
9 840 26.4 959 2632394.7 1184667.5
10 850 26.4 962 2632391.4 1184647.7
12 870 26.5 969 2632375.4 1184598.2
13 890 26.1 976 2632383.4 1184557.7
14 940 25.8 982 2632383.0 1184514.2
15 1020 25.5 988 2632388.3 1184462.2
16 1030 25.5 995 2632379.6 1184425.5
17 1070 25.3 999 2632357.9 1184402.5
18 1100 25.2 1002 2632366.9 1184377.5
19 1160 24.9 1015 2632384.6 1184348.0
20 1200 24.8 1018 2632394.1 1184317.5
21 1240 24.7 1024 2632392.6 1184289.5
22 1250 24.7 1045 2632431.6 1184238.8
23 1280 24.7 1051 2632461.0 1184226.6
24 1340 24.5 1089 2632518.8 1184166.0
25 1360 24.4 1097 2632541.0 1184164.9

Table SA4.6: Data of the Honegg section in the western Swiss Molasse Basin.

Site Thickness [m] Age [Ma] Altitude [m] X-Coord. (CH1903+) | Y-Coord. (CH1903+)
1 190 31.0 773 2734140.0 1231158.5
2 270 30.6 756 2734391.5 1229392.5
3 510 30.1 818 2734256.0 1231087.0
4 570 29.2 797 2734654.5 1230775.0
5 690 28.7 857 2734559.5 1230665.0
6 700 28.5 833 2734541.0 1230484.0
7 870 28.1 868 2734615.5 1230469.0
8 890 28.0 856 2734593.0 1230183.0
9 1330 27.3 859 2734640.0 1230131.5
10 1370 26.9 893 2734593.0 1229408.5

Table SA4.7: Data of the Thur section in the eastern Swiss Molasse Basin.
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Site Thickness [m] Age [Ma] Altitude [m] X-Coord. (CH1903+) | Y-Coord. (CH1903+)
1 150 31.0 990 2728486.0 1230986.0
2 130 30.9 930 2728603.5 1230512.5
3 125 30.9 925 2728574.0 1230527.5
4 160 30.8 940 2728389.5 1230560.0
5 310 30.4 960 2728258.5 1230286.5
7 800 28.3 1180 2727858.5 1229509.0
8 820 28.1 1190 2727872.0 1229463.0
9 840 28.1 1170 2727932.0 1229471.5
10 870 28.0 1190 2727966.5 1229438.5
11 900 27.9 1195 2727964.0 1229395.0
12 1030 27.7 1230 2728031.0 1229290.5
13 980 27.8 1220 2728088.0 1229291.5
14 1000 27.7 1220 2728159.5 1229310.5
15 1050 27.7 1240 2728188.0 1229250.5
16 1150 27.6 1290 2728251.0 1229142.0
17 1240 27.4 1320 2728326.0 1229071.5
19 1400 26.6 1360 2728305.0 1228922.0
20 1470 26.4 1400 2728269.0 1228785.0
21 1600 26.4 1410 2728231.5 1228689.5
22 1380 26.3 1300 2728010.0 1228801.5
23 1360 26.3 1280 2727965.5 1228822.0
24 1530 26.2 1320 2727971.5 1228618.5
25 1720 26.2 1450 2728173.0 1228514.0

Table SA4.8: Data of the Steintal section in the eastern Swiss Molasse Basin.

Site Thickness [m] Age [Ma] Altitude [m] X-Coord. (CH1903+) | Y-Coord. (CH1903+)
2 270 15.9 575 2709376.0 1234703.0
3 290 15.9 639 2710188.0 1234761.0
4 280 16.0 650 2710373.0 1234793.0
5 105 16.7 569 2711207.0 1234764.0
6 100 16.7 525 2711502.0 1234607.0
7 95 16.7 526 2711781.5 1234744.5
8 90 16.8 528 2711841.0 1234748.0
9 85 16.8 537 2712074.5 1234803.0
10 410 15.3 488 2707910.0 1236224.0
11 415 15.2 535 2708207.0 1236341.0
12 420 15.2 522 2708538.0 1236348.0
13 440 15.1 558 2708841.5 1238075.0
14 690 13.9 790 2708894.0 1236331.5

Table SA4.9: Data of the Jona section in the eastern Swiss Molasse Basin.

197




P. Garefalakis

Site Thickness [m] Age [Ma] Altitude [m] X-Coord. (CH1903+) | Y-Coord. (CH1903+)
1 1010 19.5 503 2714641.5 1233780.0
2 1020 19.4 501 2714630.5 1233847.5
3 1040 19.3 506 2714573.5 1233886.0
4 1065 19.3 509 2714517.0 1233909.5
12 1180 19.2 562 2715679.5 1234430.0
13 1185 19.2 562 2715705.5 1234473.0
14 1190 19.1 557 2715705.5 12344435
5 1205 19.0 526 2714643.5 1234285.0
7 1215 19.0 530 2714752.5 1234334.0
8 1220 18.8 533 2714801.5 1234315.0
9 1230 18.8 559 2715196.0 1234290.5
16 1310 18.6 592 2716156.5 1235035.5
17 1335 18.5 596 2716149.5 1235136.5
18 1400 18.3 604 2716110.0 1235271.0
19 1410 18.3 609 27161215 1235291.2
20 1420 18.3 603 2716091.5 1235338.5
21 1555 18.1 628 2715985.0 1235995.0
22 1560 18.1 642 2716066.0 1236239.0
24 1600 18.0 651 2716182.5 1236498.5
25 1620 18.0 657 2716178.5 1236556.0
26 1640 18.0 663 2716264.0 1236689.0
28 1710 17.8 688 2716601.0 1237186.5
29 1720 17.8 696 2716650.5 1237270.5

Table SA4.10: Data of the Goldingen section in the eastern Swiss Molasse Basin.

Site Thickness [m] Age [Ma] Altitude [m] X-Coord. (CH1903+) | Y-Coord. (CH1903+)
1 0 14.8 708 2712190.5 1247131.7
2 22 14.7 729 2712179.0 1247310.7
14 288 13.4 995 2713349.0 1247816.8
3 36 14.6 743 2712280.0 1247485.2
11 229 13.7 937 2713305.0 1247953.8
5 98 14.3 805 2712932.5 1247815.3
6 161 14.0 869 2713200.5 1247941.3
7 85 14.4 793 2712820.0 1247831.3
9 198 13.8 906 2713071.0 1248038.3
4 71 14.4 778 2712644.0 1247878.3
10 200 13.8 907 2713200.5 1248116.8
12 275 13.5 982 2713086.5 1248253.3
8 211 13.8 919 2712740.0 1248165.8
15 231 13.7 939 2713699.0 1248641.0

Table SA4.11: Data of the Hornli section in the eastern Swiss Molasse Basin.
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Site Thickness [m] Age [Ma] Altitude [m] X-Coord. (CH1903+) | Y-Coord. (CH1903+)
54 292 13.40 1025 2714667.9 1239456.0
55 356 13.10 1089 2715099.5 1239592.3
53 270 13.50 1003 2714581.0 1239516.8
50 249 13.59 983 2714683.6 1239571.8
46 239 13.64 973 2714811.6 1239627.8
51 239 13.64 972 2714806.6 1239688.8
44 225 13.71 959 2714295.8 1239791.4
48 232 13.67 966 2714931.6 1240027.4
45 219 13.73 953 2714249.6 1239924.0
49 277 13.46 1010 2715086.6 1240217.4
32 133 14.13 867 2716905.8 1240697.2
33 218 13.74 951 2714215.6 1240008.4
42 245 13.61 979 2715312.8 1240322.0
34 214 13.76 947 2714251.2 1240117.4
29 110 14.24 843 2716234.0 1240676.4
35 212 13.76 946 2714233.2 1240289.8
25 107 14.26 840 2716039.0 1240772.4
31 122 14.18 856 2714410.2 1240363.8
27 111 14.24 844 2714485.4 1240619.4
26 110 14.24 844 2714504.4 1240684.4
28 88 14.34 821 2715654.2 1241018.4
24 109 14.25 843 2715552.8 1241000.4
23 93 14.32 826 2714883.8 1240881.4
36 211 13.77 945 2714186.4 1240722.4
38 210 13.78 944 2714416.0 1240811.2
20 81 14.38 814 2715414.8 1241134.8
39 209 13.78 943 2714498.2 1240885.2
18 78 14.39 812 2715007.8 1241046.8
40 209 13.78 943 2714769.8 1240998.2
19 80 14.38 814 2715371.2 1241170.8
17 72 14.42 806 2715063.8 1241199.8
15 73 14.41 807 2715185.8 1241252.8
41 211 13.77 944 2714858.8 1241201.2
16 64 14.46 797 2715004.0 1241325.2
13 60 14.47 794 2714958.8 1241582.4
14 54 14.50 787 2714843.0 1241834.4
12 51 14.52 784 2714689.0 1241931.4
11 43 14.55 777 2714597.2 1241984.2
10 42 14.55 776 2714477.2 1242125.2
9 20 14.66 753 2714154.0 1242538.2
8 20 14.66 754 2714137.0 1242629.2
7 12 14.69 746 2713901.0 1242992.4
2 12 14.70 746 2713900.0 1243019.4
6 9 14.71 743 2713892.0 1243185.4
5 0 14.75 734 2713863.2 1243216.0
3 21 14.65 755 2713797.0 1243751.2
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Table SA4.12 (previous page): Data of the Tdss section in the eastern Swiss Molasse Basin.

Site Thickness [m] Age [Ma] Altitude [m] X-Coord. (CH1903+) | Y-Coord. (CH1903+)
1 1835 24.6 870 2733929.0 1237562.0
3 1870 24.5 871 2733989.0 1237523.5
4 1920 24.3 877 2734076.5 1237461.0
6 1985 24.2 882 2734166.0 1237419.0
8 2125 24.1 898 2734410.0 1237217.0
9 2175 24.0 896 2734447.0 1237227.0
10 2180 239 918 2734716.0 1237028.0
11 2330 23.7 917 2734759.0 1237008.0
12 2525 23.1 919 2734873.0 1236925.0
14 2600 23.0 936 2735054.0 1236851.0
15 2650 22.8 939 2735101.0 1236812.0
17 2730 224 943 2735202.0 1236763.0

17b 2735 22.4 943 2735216.1 1236756.4
20 2760 224 947 2735340.0 1236702.0
21 2780 22.3 958 2735496.0 1236666.0
22 2770 223 959 2735569.0 1236660.0
23 2875 22.2 960 2735645.0 1236576.0
24 2900 221 961 2735821.0 1236493.0
25 2950 22.0 962 2735881.0 1236495.0
26 2975 22.0 961 2736030.0 1236462.0
28 3050 21.9 979 2736236.0 1236418.0
29 3075 21.9 980 2736324.0 1236429.0
30 3085 21.8 995 2736480.0 1236441.0
32 3125 21.7 1001 2736641.0 1236491.0
33 3150 21.6 1010 2736740.5 1236534.5
34 3160 21.5 1020 2736848.0 1236581.0
36 3175 21.4 1021 2736965.0 1236546.0
39 3250 21.3 1036 2737232.0 1236466.5

40 3290 21.2 1041 2737396.0 1236461.0

41 3425 20.9 1063 2737706.0 1236354.0

42 3450 20.8 1058 2737601.5 1236210.0

44 3230 21.3 1103 2737584.5 1236001.0

46 3650 20.7 1064 2737820.5 1235837.5

47 3680 20.7 1087 2737852.0 1235672.5

49 3710 20.6 1084 2738029.0 1235683.0
50 3720 20.6 1092 2738136.0 1235686.5
51 3730 20.6 1107 2738087.5 1235745.5
52 3750 20.6 1127 2738062.0 1235784.0
53 3725 20.6 1103 2738209.0 1235719.0
54 3735 20.6 1103 2738215.8 1235754.5
55 3740 20.6 1107 2738299.5 1235701.0
56 3850 20.5 1136 2738526.0 1235747.0

Table SA4.13: Data of the Necker section in the eastern Swiss Molasse Basin.
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Site Thickness [m] Age [Ma] Altitude [m] X-Coord. (CH1903+) | Y-Coord. (CH1903+)
57 3870 20.5 1148 2738564.5 1235732.5
58 3300 21.2 1057 2737239.5 1236398.5
59 3310 21.2 1062 2737162.5 1236418.5
60 3320 21.2 1073 2736975.5 1236490.0
62 3210 215 1031 2736378.0 1236321.0
63 2880 22.2 1088 2735809.0 1236850.0
64 3235 21.4 1048 2737005.5 1236587.0
74 3875 20.4 1177 2738583.5 1235681.5
75 3775 20.5 1187 2738647.0 1235760.0
77 3925 20.4 1254 2739007.0 1235914.0

Table SA4.13 (continued): Data of the Necker section in the eastern Swiss Molasse Basin.

Site Thickness [m] Age [Ma] Altitude [m] X-Coord. (CH1903+) | Y-Coord. (CH1903+)
117 2960 24.9 1475 2680880.0 1208486.5
110 2940 24.9 1433 2680597.0 1208479.5
111 2820 25.1 1456 2680374.0 1208711.5
118 2940 24.9 1544 2681096.0 1208782.5
119 3060 24.7 1534 2680915.0 1208843.5
105 2800 25.1 1463 2680221.0 1209506.5
115 2880 25.0 1512 2680915.0 1209416.5
96 2605 25.4 1345 2679439.0 1209858.0
114 2880 25.0 1507 2680950.0 1209555.5
102 2605 25.4 1446 2679469.0 1209984.5
116 2900 25.0 1500 2680828.0 1209664.5
101 2640 25.4 1460 2679433.0 1210042.5
87 2460 25.6 1353 2679172.0 1210116.5
90 2480 25.6 1425 2679044.0 1210344.0
95 2320 25.9 1457 2678738.0 1210675.5
99 2320 25.9 1483 2678785.0 1210679.5
82 2360 25.8 1450 2678509.0 1210843.5
98 2320 25.9 1493 2678707.0 1210769.5
67 1980 26.4 1591 2678324.0 1211191.5
76 2380 25.8 1407 2679200.0 1210867.5
73 2320 25.9 1367 2679192.0 1211042.5
53 1790 26.6 1581 2679414.0 1211703.5
52 1790 26.6 1679 2679183.5 1212011.5
51 1780 26.7 1502 2679306.0 1212472.5
49 1750 26.7 1545 2679537.0 1212535.5
17 1200 27.3 953 2679494.0 1213519.0
18 1200 27.3 968 2679556.0 1213601.0
25 1250 27.2 1046 2679112.0 1213395.5

Table SA4.14: Data of the Rigi section in the central Swiss Molasse Basin.
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Site Thickness [m] Age [Ma] Altitude [m] X-Coord. (CH1903+) | Y-Coord. (CH1903+)
7 1800 26.6 1512 2685180.5 1214980.0
8 1800 26.6 1523 2685238.0 1215022.0
1 2600 25.4 1138 2685422.0 1214216.0
4 2350 25.8 1254 2685402.0 1214495.0
15 2525 25.5 990 2685543.0 1213649.5
2 2600 25.4 1171 2685438.0 1214310.0
5 1850 26.6 1296 2685394.0 1214588.5
14 2500 25.6 1012 2685542.0 1213701.0
6 1850 26.6 1316 2685387.0 1214632.5
3 2350 25.8 1215 2685431.0 1214411.0
16 2500 25.6 1030 2685543.5 1213775.0
9 2600 25.4 1156 2685474.0 1214234.0
12 1800 26.6 1370 2685416.0 1214743.0
13 2000 26.3 1459 2685387.0 1214940.5
10 2600 25.4 1206 2685498.0 1214344.0
11 1850 26.6 1334 2685463.5 1214636.0
27 2425 25.7 1198 2685637.0 1214164.0
22 1850 26.6 1377 2685788.0 1214743.0
20 2350 25.8 1361 2685820.0 1214686.0
21 1850 26.6 1402 2685805.0 1214795.0
19 2350 25.8 1375 2685840.0 1214723.0
18 2350 25.8 1397 2685869.0 1214776.0
23 2400 25.7 1302 2686107.0 1214592.0
26 2475 25.6 1216 2686205.0 1214267.0
24 2425 25.7 1275 2686178.0 1214474.0
25 2475 25.6 1238 2686400.0 1214382.0
007 2475 25.6 1303 2687178.6 1214876.1
006 2425 25.7 1329 2687372.9 1215048.2
28 2550 25.5 1132 2687602.0 1214487.0
29 2600 25.4 1082 2687871.0 1214394.0
001 2475 25.6 1320 2687691.8 1215184.9
002 2425 25.7 1363 2687677.9 1215313.1
003 2425 25.7 1353 2687691.0 1215352.5
004 2400 25.7 1425 2688050.8 1215651.3
005 2400 25.7 1429 2688076.3 1215677.5
30 2650 25.4 869 2689755.5 1215387.5
31 2650 25.4 859 2689809.0 1215449.5
32 2600 25.4 865 2689853.5 1215596.5
33 2600 25.4 874 2689854.0 1215666.5
34 2650 25.4 793 2690468.5 1215740.0
35 2650 25.4 787 2690524.5 1215899.0
36 2600 25.4 777 2690648.5 1216003.0
39 2825 25.1 804 2690888.5 1215271.5

Table SA4.15: Data of the Rossberg section in the central Swiss Molasse Basin.
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Site Thickness [m] Age [Ma] Altitude [m] X-Coord. (CH1903+) | Y-Coord. (CH1903+)
37 2600 25.4 771 2690701.0 1216103.0
38 2800 25.1 816 2690999.5 1215441.5
40 2650 25.4 802 2690853.5 1216084.0
45 2650 25.4 791 2690896.0 1216327.0
41 2600 25.4 821 2690965.0 1216188.0
42 2600 25.4 830 2690998.0 1216236.5
44 2650 25.4 870 2691223.0 1216488.0
43 2600 25.4 860 2691325.5 1216497.5
46 2550 25.5 838 2691643.0 1216994.5
47 2460 25.6 893 2691701.0 1217120.0
010 2650 25.4 968 2694041.4 1218105.2
008 2600 25.4 1006 2694252.9 1218139.2
009 2600 25.4 1094 2694547.9 1218332.3
011 2900 25.0 1212 2696588.8 1218297.5
48 2940 24.9 919 2698276.0 1218342.0
49 2960 24.9 893 2701361.0 1219875.5

Table SA4.15 (continued): Data of the Rossberg section in the central Swiss Molasse Basin.
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Section MPS original (references) MPS revised (references) MPS used in this study | Comment

Emme Schlunegger, 1995 - original

Honegg Schlunegger et al., 1996 - original

Prasserenbach Schlunegger et al., 1996 - original

Lake Thun - - - Calibrated to Prasserenbach; see Garefalakis et al., 2023 (Chapter 3)

Schwandigraben Schlunegger et al., 1996 Kalin and Kempf, 2009 original Inferred hiatus; slightly older ages at top according to Kdlin & Kempf,
2009

Fontannen Schlunegger et al., 1996 Kalin and Kempf, 2009 original Inferred hiatus; slightly older ages at base and top according to Kalin &
Kempf, 2009

Rigi Schlunegger et al., 1997a, 1997b - original

Rossberg Schlunegger et al., 1997a, 1997b - original

Thur Kempf et al., 1999 - original

Steintal Kempf et al., 1999 - original

Necker Kempf et al., 1999 - original

Jona Kempf et al., 1997 Kalin and Kempf, 2009 revised No numerical differences between original and revised MPS

Goldingen Kempf et al., 1997 Kalin and Kempf, 2009 revised No numerical differences between original and revised MPS

TOss - - - Calibrated to Hornli; see Garefalakis et al., 2023 (Chapter 3)

Hornli Kempf et al., 1997 Kalin and Kempf, 2009 revised No numerical differences between original and revised MPS

Table SA4.16: Source publications of original and revised Magneto Polarity Stratigraphies (MPS) and indication on which framework was used to construct the age models.
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Section Fossil site Assemblage zone MP/MN* zone Reference X-/Y-Coordinates (CH1903+)
Honegg Bumbach 1 Bumbach 1 MP25 Engesser, 1990; Schlunegger et al., 1996 2636063.18 / 1185505.63
Honegg SEB6 Fornant 6 MP25 Schlunegger et al., 1996 2628050.32 / 1181250.81
Prasserenbach Loch Oensingen MP26 Schlunegger et al., 1996 2620740.73 / 1182120.04
Prasserenbach Trimmlen Oensingen MP26 Schlunegger et al., 1996 2619250.00 / 1181525.05
Prasserenbach Losenegg 2 Boningen MP27 Engesser, 1990; Schlunegger et al., 1996 2623245.36 / 1181659.80
Prasserenbach Losenegg 3 Wynau 1 MP27 Engesser, 1990; Schlunegger et al., 1996 2622373.22 / 1181497.85
Prasserenbach Cheistlisteg Wynau 1 - Fornant 6 MP27-MP28 Schlunegger et al., 1996 2622425.12 / 1181125.50
Prasserenbach Diirrenschwand Fornant 6 MP28 Schlunegger et al., 1996 2624100.35 / 1179200.60
Prasserenbach Prasserenbach Rickenbach - Bourdry 2 MP29-MN1 Engesser, 1990; Schlunegger et al., 1996 2623750.27 / 1178709.19
Schwandigraben Hasenbach 1 Hintersteinbruch MN3/MN3b Engesser, 1990; Hurni, 1991; Schlunegger et al., 1996 2639000.49 / 1198824.98
Fontannen Hint. Eimattli Vermes 1 MN5 Matter, 1964; Hurni, 1991; Schlunegger et al., 1996 2644750.50 / 1204555.00
Fontannen Pulverhisli / Eimattili Vermes 1 MN5 Matter, 1964; Hurni, 1991; Schlunegger et al., 1996 2642638.16 / 1203487.61
Necker OK-NEC-2 ? MP28 (+1 Zone) Kempf, 1998 2733993.98 / 1237607.32
Goldingen Goldinger Tobel 1 Goldinger Tobel 1 lower MN3a Bolliger, 1992; Kempf et al., 1997 2714500.74 / 1233909.77
Goldingen Goldinger Tobel 2 ?Goldinger Tobel 1 MN3 Bolliger, 1992; Kempf et al., 1997 2714775.74 / 1234374.76
Goldingen Goldinger Tobel 3 ?Goldinger Tobel 1 MN3 Bolliger, 1992; Kempf et al., 1997 2715050.75 / 1234419.75
Goldingen Goldinger Tobel 8 Goldinger Tobel 8 lower MN3b Bolliger, 1992; Kempf et al., 1997 2716125.65 / 1234986.50
Goldingen Goldinger Tobel 5/6 ?Goldinger Tobel 8 MN3 Bolliger, 1992; Kempf et al., 1997 2716400.77 / 1235074.74
Goldingen / Jona Hubertingen ? MN4b Lopfe et al., 2012 2713920.73 / 1235359.78
Jona Guentisberg ? middle MN5 Bolliger, 1992; Kempf et al., 1997 2711625.71/ 1235724.78
Jona Bachtel-Ornberg Bachtel-Ornberg upper MN6 Bolliger, 1992; Kempf et al., 1997 2708899.74 / 1238106.05

* Mammal Paleogene / Mammal Neogene

Table SA4.17: Overview of Micro-Mammalian Fossil sites presented in the figures where the chronological framework was reconstructed.
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413 Appendix B

Appendix B contains i) the outcomes of the statistical test, ii) the solutions for the relative
mobility function J, and iii) the cumulative distribution functions for the GSD, /n(GSD), &, &(In(GSD))
for each individual stratigraphic sections, however, we do not discuss these further. See main text for

details of these abbreviations.
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Figure SB4.1: The cumulative distribution functions for each section, now based on the entire dataset, therefore
using the a) bulk GSD and b) bulk log-transformed GSD, and c) bulk ¢ and d) bulk ¢ values calculated from the log-
transformed GSD. The dotted black line indicates a simulated normal distribution of the data for all sections. The
horizontal lines in each figure mark the position of the 50™ percentile of this normal distribution, and the vertical line
mark the value of the 50" percentile along the x-axis. See Figure 4.5 in main text for comparison.
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Kolmogorov-Smirnov two-sample (KS2) - Test for similarity
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Figure SB4.2: The results of the Kolmogorov-Smirnov two-sample (KS2) test for similarity, now based on the entire
dataset, therefore using the a) the bulk GSD and the log-transformed bulk GSD, b) the bulk self-similarity variable &
and c) the ¢ values calculated on the bluk log-transformed GSD. The individual datasets of all sections were cross
compared against each other. The tests were computed at the 95 % C.I. (i.e., significance level of a = 0.05). See
Figure 4.6 in main text for comparison.
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Shapiro-Wilk (SW) - Test for normaility
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Figure SB4.3: The results of the Shapiro-Wilk (SW) test for normality, now based on the entire dataset, therefore
using the a) the bulk GSD and bulk self-similarity variable ¢-distributions, b) the bulk log-transformed GSD, and c)
the ¢ data calculated on the bulk log-transformed GSD. The individual datasets were compared against a normal
distribution simulated from the average and sample standard deviation based on the bulk GSDs of all sections. The
tests were computed at the 95 % C.1. (i.e., significance level of a = 0.05). See Figure 4.7 in main text for comparison.
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The gray-shaded envelopes correspond to the 95 % confidence interval (C.I.; lo

interval).

211

= lower, up. upper confidence



P. Garefalakis

Grainsize [mm]

Grainsize [mm]

—_ Emme Thur Steintal
32 100
— D1go = 197 mm D1gp =218 mm D100 =245 mm
c‘_ 80 1 D84 =77 mm Dg4 =86 mm D84 =70 mm
D Dsp =38 mm Dsp =45 mm Dsp =38 mm
& 60+ of bulk data of bulk data of bulk data
U]
>
'% 40 1
g 20
= ]
Hon Rigi R r
< 100 onegg g ossberg
= DlOO =192 mm DlOO =360 mm DlOO =322 mm
c‘ 80 1 D84 =62 mm Ds4 =88 mm D34 =74 mm
Q D50 =33 mm D50 =43 mm Dso =38 mm
& 604 of bulk data of bulk data of bulk data
V)]
>
S 40+
B
§ 201
S
(@) 0 T T T r r T T T T T T T T T
=160 Prasserenbach Lake Thun Necker
X
& D100 =235 mm D100 =529 mm D100 =303 mm
o 80+ Dgs =80 mm Dgs =100 mm Dgs =84 mm
Q D50 =42 mm D50 =49 mm D50 =43 mm
& 60 of bulk data of bulk data of bulk data
U]
>
S 40+
L
g 20
2]
(@) 0 T T T T T T T T T T T T T T T
= 100 Goldingen Schwaéndigraben Jona
X
& D100 =207 mm D100 =238 mm D100 =181 mm
o 80 Dgsq =71 mm Dg4q =80 mm Dg4 = 65 mm
Q D50 =40 mm D_r,o =47 mm D50 =36 mm
&~ 604 of bulk data of bulk data of bulk data
V)]
>
S 40+
0
S
20 1
=
S
O 0
s Fontannen Hornli Tdss
X
& D100 = 279 mm D10o =171 mm D10o = 256 mm
o 80+ Dgs4 =82 mm Dg4 = 62 mm Dg4 =80 mm
Q D50 =42 mm D50 =37 mm D50 =40 mm
& 60 of bulk data of bulk data of bulk data
U]
>
S 40+
)
g 20
S o
0 100 200 300 400 500 O 100 200 300 400 500 O 100 200 300 400 500

Grainsize [mm]
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data (rounded numbers).
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the different sites are self-similar to each other. See main text for further details.
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transformation does an even better job in collapsing all curves of the cumulative frequency distribution for all sites
(outcrops where grain sizes were measured) on one curve per section. See main text for further details.
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Chapter 5

Thesis conclusion

5.1 Key takeaways of the thesis

In this thesis, I provided insights on how 1) grain sizes can be measured from stratigraphic
deposits, ii) concepts of sediment transport models can be used to determine sediment fluxes, and related
to this, how the intermittency can be calculated at the scale of individual megafan systems, and iii) the
concept of relative mobility can be used to determine the critical grain size of sedimentary particles that
have the same probability to be in transport or stored in the substrate. All three chapters of this thesis
have in common that the related conclusions are based on grain sizes. This is because, concepts and
particularly equations that characterise the transport of sedimentary clasts in a river are calibrated to the
intermediate b-axis of a grain along which clasts are entrained, amongst the three grain axes (Meyer-
Peter and Miiller, 1948; Wong and Parker, 2006; Ancey, 2020). Therefore, I first summarise the outcomes
of Chapter 2, where we aimed at providing an answer to the research question ‘how precisely can grain
sizes be measured from conglomerate beds?’ thereby comparing three grain size measuring techniques,

applied to coarse-grained deposits.
5.1.1 Grain sizes measured from stratigraphic deposits

The study outlined in Chapter 2 was carried out in a Quaternary gravel pit (Finsterhennen, Bern;
see e.g., Fig. 1.3 for location), where coarse-grained deposits are exposed as steep headwalls. The
orientation of these outcrops, where we have collected the data, is oblique, and it has an orientation that
is parallel and perpendicular to the dominant NE-oriented transport direction that was measured from
these deposits (Pfander et al., 2022; see also Fig. 2.2). We have measured the size of grains thereby
following three different measuring protocols. In particular, we 1) measured grain sizes on digital
photographs, ii) determined the size of the particle axes by hand and with the help of callipers, and iii)
sieved the material to determine the weight of a specific grain size class, and finally transformed these
values into grain sizes. In addition, for the measurements carried out on photographs, we followed two
different approaches to select the grains to be measured: First, a digital grid was superimposed on the
photographs, and second, randomly placed dots were generated on the photographs. We then measured
the sizes of the visible axes (both, the longest visible axis, LVA; and the shortest visible axis, SVA4) of the
particles that were either marked by a grid-intersection point or by a randomly placed dot. In addition, we

were interested in how photo-specific factors could influence the outcomes of our grain size
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measurements. Therefore, we conducted two approaches where we measured the grains (placed beneath
a grid intersection or a dto, see above) both on the original photographs, which come along with
distortion effects brought on by the camera lens, and on the ortho-corrected photographs. We applied a
statistical test (Kolmogorov-Smirnov test; see section 2.3.4.2 for description) to determine whether the
different photo-formats (distorted and ortho-corrected) and measuring techniques (grid and dots) yield
the same results. Finally, we compared the outcomes of all measuring approaches, here represented by
three grain size percentiles Dys, Dso and Dsy, using a statistical test to quantify the deviation of the grain
size percentiles from the 1:1 line in a X:Y-diagram (the line where X=Y; e.g., Fig. 2.5). This was done

upon calculating the Concordance Correlation Coefficient (CCC; see section 2.3.6 for description).

We concluded in Chapter 2 that grain size measurements from outcrops is best achieved by
photo-analysis of the deposits. Our study revealed that the grain sizes measured on both photo-types
(distorted and ortho-corrected) generally yielded the same results for all cross-comparisons. We also
found that the results were not dependent on whether the grains to be measured were selected underneath
intersections of lines (grid) or beneath randomly placed dots. Furthermore, the obtained grain size
datasets seem to be independent of the outcrop orientation in relation to the paleo-discharge direction
measured from these (Pfander et al., 2022). Upon comparing the different grain size percentiles from the
various measuring techniques with each other, the measurements of the LVA4 on photos yielded datasets
that have a good correlation to the grain size data which we established through sieving of the same
material. When compared to the sizes of the b-axis measured by hand and calliper, both, the photo- and
sieving-approaches tend to underestimate the b-axis by c. 17 % and 15 %, respectively. Likewise, the
shortest visible axis (SVA) from the photo datasets underestimates the c-axes measured by hand and
calliper by c. 24 %. If the underlying grain size distribution is consequently corrected for such a ratio,
then both distributions (i.e., from the dataset measured by hand and calliper and from that measured on
the images) yield almost identical values within related uncertainties. This is particularly the case for the
grain size percentiles D;s and Dsp. A good agreement between both datasets also remained for the Dsy

after such a correction was applied (Fig. 2.7a).

In summary, Chapter 2 highlights how grains from stratigraphic deposits can be measured and
statistically analysed, thereby providing estimates on their uncertainties. It additionally shows that the
lengths of the intermediate b-axis of particles are likely underestimated by 17 % if measured from

matrix- or grain-supported deposits.
5.1.2 Sediment fluxes and intermittencies calculated from the stratigraphic record

Chapter 3 provides insights on how we determined sediment fluxes and intermittencies for
coarse-grained stratigraphic deposits recording the construction of alluvial fan sedimentation in the Swiss
Molasse. The related calculations arise from the self-similar grain size fining model (Fedele and Paola,

2007), that allows to estimate the long-term sediment flux, and from equations of sediment transport that
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allow to determine the short-term instantaneous sediment flux or bedload flux (Meyer-Peter and Miiller,
1948). The ratio of these sediment fluxes is defined as the intermittency factor — a measure for the
system’s activity — yielding an estimate on how frequently a river accomplishes its transport work on a

yearly basis.

The self-similar grain size fining model builds on the basis that, in a fluvial system, grain sizes
system decrease in the downstream direction because of selective deposition and entrainment of
different-sized clasts (Fedele and Paola, 2007). An important aspect is that this grain size fining occurs at
a given ratio between the mean and the standard deviation, which can be expressed as the self-similarity
variable ¢ (e.g., Equation 3.5). In a fluvial system, the related values remain approximately constant for
any site at a given downstream position. We provided statistical analyses to validate whether this is true
for any fan, thereby applying the Kolmogorov-Smirnov test (section 3.3.3.1). Furthermore, the self-
similar grain size fining model has the advantage that it provides estimates on a system’s sediment flux,
upon acquiring data on the grain size and information on the subsidence only. To this end, we measured
grain sizes along three sections, where the proximal-distal relationships of alluvial fan sedimentation is
still preserved, which we named, for simplicity, the western, central and eastern fans (i.e., Lake Thun,
Rigi-Rossberg and Toss-Hornli sections, respectively, see for locations e.g., Fig. 1.3). The chronological
framework of these fans has been established by previous authors (Schlunegger et al., 1996, 1997a;
Kempf and Matter, 1999), but has been recalibrated to the recent Geologic Time Scale GTS2020
(Gradstein et al., 2020). Together with information on the thicknesses of the stratigraphic sections, we
were able to calculate the sediment accumulation rates, which can be assumed as a proxy of the local
subsidence beneath the fans. Given this dataset, we applied the self-similar grain size fining model for
the first time to stratigraphic deposits encountered in the Swiss Molasse Basin. In addition, we
implemented the governing equations into a combined bootstrapping and Monte Carlo framework, to

statistically determine our outcomes at the 95 % confidence level.

The results outlined in Chapter 3 showed that the grain size values disclosed a fining trend from
proximal towards distal locations on the paleo-fans. The western fan has the most prominent decrease in
grain sizes from c. 100 mm at the inferred apex, to ¢. 30 mm 11 km farther downsystem, whereas the
central and eastern fans revealed a decrease from c. 50 to 30 mm along c. 32 and 12 km, respectively
(e.g., Fig. 3.6). When the grain size data is transformed into the self-similarity variable & (see above), the
data of any individual site where we measured grain sizes all collapsed on the same curve (Fig. 3.9).
Therefore, we could show that the dataset for each of the fan system is self-similar when the
transformation into the self-similarity variable ¢ is applied. This suggests that the sorting of the material
on downstream locations of these fans remained approximately constant. This is additionally supported
by the outcomes of the Kolmogorov-Smirnov test, that yielded almost identical results if the data from all
sites are cross-compared to each other (Fig. 3.9). This shows that the underlying datasets are statistically

similar to each other.
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We then applied the grain size fining model to estimate the long-term sediment fluxes that were
recorded by the stratigraphic deposits of the three fans. The results yielded largely different values for
each fan. The western fan recorded a sediment flux of ¢. 17 km? Myr’!, the central fan of c. 39 km? Myr"!
and the eastern fan of ¢. 7 km?> Myr’!, with related uncertainties expressed by the 95 % confidence level
(see e.g., Table 3.1 for these values and uncertainties thereof). The calculations of the bedload fluxes,
which is a measure for how much sediment a paleoriver could transport throughout the year, revealed
similar patterns for the three fans. The rivers on the western fan could have transported ¢. 9000 km* Myr
!, the rivers on the central and western fans both ¢. 6000 km?> Myr! (Table 3.1). The ratio of these
sediment flux estimates provides an approximation of the intermittency of these dispersal systems.
Consequently, the western fan could have accomplished its mean annual transport work in ¢. 17 h yr,
the central fan in 55 h yr!, and the eastern fan in 10 h yr'!. These outcomes suggest that the paleorivers
that were recorded by deposits exposed along the three analysed proximal-distal sections, accomplished
their sedimentary work between a few hours and up to a few days per year. Amongst the three fans, the
central fan was, however, the most active system, whereas both the western and eastern fans were

probably more intermittent.

We interpreted that the tectono-geomorphological evolution of the adjacent Central Alps had a
strong influence on the paleorivers and thus the related transport work of these. This was particularly the
case of the western and central systems, albeit sharing similar climatic conditions. In that context, the
formation of the central fan was most likely controlled by the legacy of the slab break-off of the oceanic
lithosphere of the European plate at c. 32 —30 Ma (Schlunegger and Castelltort, 2016), whereas the
western fan was constructed when the related environmental adjustments reached a balance between
crustal uplift and surface erosion. For the eastern fan, we discussed that the exhumation of the crystalline
external massifs and associated tectonic unroofing in the core of the Alps possibly reduced the sediment
supply to the Swiss Molasse Basin. This reduction occurred because of a reorganisation of the drainage
network in the Central Alps, with the consequence that the flow-paths became longer and less steep
(Kiihni and Pfiffner, 2001). We considered that the low supply rates of sediment explains the low activity

of the dispersal systems on the eastern fan.

In summary, Chapter 3 highlights that reconstructions of the sediment flux budgets and the
intermittencies of the paleorivers on alluvial megafans offer an ideal tool to unravel the dynamics of
these routing systems. And the study revealed how the evolution of the Central Alps influenced the

construction of stratigraphic sections that recorded alluvial fan sedimentation in the Swiss Molasse.
5.1.3 Estimates on the relative mobility for the stratigraphic record

In Chapter 4, we applied the concept of relative mobility to estimate the competence of the
paleostreams to transfer the supplied material (Fedele and Paola, 2007). In this context, the relative

mobility function J can be used to compute such relative mobility, and the corresponding results can be
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deviated from grain size datasets alone (Equation 4.3). For the case where J = 1, sediment particles with
a given size have the same probability of being entrained or deposited in the substrate (see sections 4.3
and 4.4.4 for details). We considered this specific grain size as the critical grain size. We thus established
a set of grain size data, measured from 15 stratigraphic sections that are situated in the Swiss Molasse.
The analysed stratigraphic sections were placed in a chronological framework by previous authors
(Schlunegger et al., 1996; Kempf et al., 1997; Schlunegger et al., 1997a; Kempf and Matter, 1999),
which we recalibrated to the Geologic Time Scale GTS2020 (Gradstein et al., 2020). The sections record

sedimentation on alluvial fans and cover the time span between c. 31 and 13 Ma.

Because the application of the concept of the relative mobility implicitly requires the underlying
grain size data to follow a normal distribution, we applied a logarithmic transformation on the dataset.
Furthermore, the grain size data needs to be transformed into the self-similarity variable ¢ (see above and
e.g., Equation 4.2), which is a procedure where at a given site each grain size value is normalised by the
mean and standard deviation. The grain size dataset, which we collected from the stratigraphic sections,
was statistically analysed, and we applied tests to validate if two datasets are similar to each other
(Kolmogorov-Smirnov test, section 4.4.3) and if the datasets follow a normal distribution (Shapiro-Wilk
test, section 4.4.3). Following the statistical analyses of the grain size data, their transformation and the
calculation of the relative mobility expressed by a critical grain size (see above), we finally aimed at
estimating how grain sizes and the relative mobility changed through time and space in the Swiss

Molasse basin.

The results of Chapter 4 showed that the values of the Ds, and Dsy grain size percentiles are on
average c. 40 and 80 mm, respectively. The statistical test for normality revealed that the underlying
grain size distributions (GSD) do follow a log-normal distribution. Accordingly, a transformation into
logarithmic space is necessary (/n(GSD)). Likewise, upon transforming the grain size distributions into
the self-similarity variable &, related distributions are similar to each other when the data of all
stratigraphic sections are cross-compared (e.g., Fig. 4.5). Moreover, the same test for similarity applied
to the &-distributions, but calculated on the log-transformed GSDs, revealed a higher statistical similarity
between the various distributions determined for the different sections. Therefore, for the following
calculations of the relative mobility, we considered the &(In(GSD)) dataset only. The results showed that
the dispersal systems could in average entrain particles that had grain sizes smaller than c. 12 mm (e.g.,

Fig. 4.12).

Finally, we compared these outcomes to changes in the tectonic processes in the source area, the
sediment supply, and the climate conditions, particularly during the time when the conglomerates were
accumulating in the Molasse basin. Because these conditions largely control the grain sizes on the
alluvial fans, we would have expected large differences through time. However, a comparison of the Dsy
and Dsy grain size percentiles, to the aforementioned driving forces revealed no obvious correlations at

the scale of the basin. We therefore suggested that the formation rate of accommodation space and the
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rate at which sediment was supplied to the fans, occurred in pace. This yielded in grain size values that
were approximately constant through time and at the scale of the basin (Fig. 4.13). We acknowledge, that
if grain sizes did change through time, the differences were too small to be statistically significant.
Furthermore, at c. 20 Ma, the Molasse basin experienced a transgression of the Burdigalian seaway
(Allen et al., 1985) and a backstepping of the depocenters of the alluvial megafans (Schlunegger and
Norton, 2015). The combination of these was considered to have occurred because of a reduction of
sediment supply to the basin. The development of the sedimentary facies thus recorded such shifts in the
controlling conditions at the basin scale, however, the granulometric properties of grains are possibly not
as sensitive to such driving forces as sedimentary environments. Likewise, shifts in grain sizes alone
might not be fully conclusive for inferring changes of the tectonic and erosional processes in the Alpine

hinterland.

In summary, Chapter 4 provided insights into the tectono-geomorphologic evolution of the Swiss
Molasse Basin and the Central Alps, which influenced the construction of alluvial megafans, that were
preserved as stratigraphic sections. The concept of relative mobility was applied for the first time to these
Oligo-Miocene deposits, thereby revealing that the dispersal systems on the related fans were only

capable to transport grains that had sizes smaller than ¢. 12 mm.

5.2 Critical reflexion and outlook

One of our professors at the Institute of Geological Sciences in Bern always reminded us that “a
good thesis is never completely finished”. There is always room for improvement and (re-)validation of
the data and their interpretation. In this section, I thus aim to critically reflect on some of the main

findings or related concepts.

As a major scientific output of Chapter 2, we suggested that a correction applied to grain size
data, related to the values of the longest visible axis (LVA) measured on photographs, improves the
correlation between the sizes of the LVA and the b-axis of a grain, of which the latter was measured by
hand and with a calliper and exposes the full length of this intermediate grain axis. The experiment of the
study was carried out on loosely-packed Quaternary gravels, which disclose some differences to densely-
packed and cemented Oligo-/Miocene conglomerate beds discussed in Chapters 2 and 3. These
conglomerate beds, for instance, experienced post-depositional compaction due to their burial
(Kuhlemann et al., 2002). However, both types of deposits also share a high similarity in their
architecture, such as the arrangement of clasts or the sedimentary structures of the entire conglomerate
bed. This is likely a consequence of the underlying transport processes, which were similar for both type
of sediments. In this regard, although the Finsterhennen gravel pit records sequences of glacio-fluvial
deposits, the layer we examined was predominantly of fluvial origin (Pfander et al., 2022). This is
important because the shape of particles is also related to the size of the intermediate axis (Zingg, 1935;
Blott and Pye, 2007). Because the predominantly glacially transported clasts have a more angular

geometry (Pfander et al., 2022), the related axes’ are probably different. Consequently, despite the minor
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differences, these two types of deposits (gravels and conglomerates) share similarities regarding their
architecture and the underlying processes leading to these sediments. Therefore, the reader might wonder
why I did not apply a correction on the grain size values for the studies outlined in Chapters 3 and 4.
There are several explanations for this, but I would like to emphasise some points which I consider to be

more relevant:

e First off, our proposed ratios to correct a potential underestimation of the intermediate b-axis from
stratigraphic deposits might be different for various types of sediments, although the presented
outcomes are in good agreement with the results of similar experiments that were, notably, also
carried out on fluvial gravels (Adams, 1979; Storz-Peretz and Laronne, 2013; Stihly et al., 2017).
Therefore, the application of our proposed correction factor is likely limited to similar and fluvial

deposits only.

e Second, grain size measurements are always related to uncertainties (e.g., measuring errors, biases
due to undersampling or statistical uncertainties upon calculating specific grain size percentile
values). As outlined in Chapter 2, the average statistical uncertainties (at the 95 % confidence level)
of the grain size percentiles D;s, Dsp and Dss calculated from the values from the photo
measurements (both LVA and SVA) were c. £16, £13, and £14 %, respectively (e.g., section 2.6). The
proposed correction factor is on average c. +17%. Therefore, a correction of the grain size data is

likely already included by the spread of the uncertainties.

e Third, and probably most important, such a correction applied to the obtained grain size data, yields
in most of the cases a linear shift of the desired results. Therefore, the pattern or trends might not
change at all. However, there exist several cases where a correction is likely more appropriate. For
instance, when the grain size data measured from sediments will be used to solely determine the
paleohydraulics of a system; or when the goal is to compare the related outcomes to those of recent
deposits. In such cases, a correction is suitable, not only because related concepts are mainly based
on estimates of grain sizes, but also because the variables in the underlying equations include

exponentiation operations, which might change the related outcomes drastically.

e Finally — grain size acquisition techniques underwent major advances over the last few years. For
instance, more recently, automatic identification of grains in digital images have strongly improved
(e.g., Purinton and Bookhagen, 2019; Mair et al., 2023). Future applications with a focus on
measuring grain sizes in images will likely apply such methods, which likely yield more precise
measurements, measured in shorter time and larger quantities of measured grains. However, despite
these improvements, these more recent methods still face the problem of grain occlusion,
particularly when measuring particles from stratigraphic deposits. Therefore, a corresponding

correction of the acquired grain size data is still appropriate.
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Therefore, and based on these reasons, as our grain size dataset of Chapter 3 was used to
determine the intermittency of alluvial fans, which we cross-compared amongst similar systems that
were constructed in the geological past, we did not aim at comparing the outcomes to recent analogues or
providing estimates of the various sediment budgets only. Likewise, Chapter 4 also considered grain size
data as the basis, however, a correction thereof would likely result in a linear shift of our outcomes, but
the presented pattern would not change. Therefore, we did not apply any correction on the data that we

used in Chapters 3 and 4, respectively, which I consider as acceptable regarding the related purposes.

The outcomes of Chapters 3 and 4 include an application of several models, which were the
grain size fining model and the related relative mobility (Fedele and Paola, 2007). These concepts have
been applied to Cenozoic stratigraphic deposits (Duller et al., 2010; Whittaker et al., 2011; Parsons et al.,
2012; Allen et al., 2013) as well as to more recent Quaternary deposits, for both, active and inactive
systems (D’Arcy et al., 2017; Brooke et al., 2018; Harries et al., 2018). The underlying concepts and
equations have been thoroughly reviewed by related researchers and implemented in different
programming languages (e.g., in Matlab; Brooke et al., 2018). The advantage of using such
computational implementations clearly lies in the relatively well-established approaches to calculate and
propagate uncertainties for various parameters and variables. Likewise, such implementations also do
offer a basis to critically review related equations. Unfortunately, although given the precious and very
advancing research that has been done on these concepts, we still lack a quantitative revision of the
underlying models. Although e.g., Duller et al. (2010) or also Armitage et al. (2011) provided us with a
prosperous analysis thereof, both of these authors come to the conclusion that the limitations of the
model arises from the calculations that were done in ACRONYM4 (Parker, 1991). Consequently, a
thorough revision of the underlying concepts, specifically implemented in the ACRONYM4 model,
could highly improve the quality of the grain size fining model, and further strengthen its application. As
suggestion, the implementation of the Fedele & Paola (2007) model into the landscape evolution model

fastscape (Braun and Willett, 2013) could yield a critical review on the governing equations.
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