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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).

49°N

man }
\asse ] Né%’g.SSe
Bag\n Mumch n

48°N

[ External massifs (pre-Tertiary crystalline basement)
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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
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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.

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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