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Abstract
The conglomerates preserved in alluvial fans in the Swiss Molasse basin pro-
vide crucial insights into the sedimentary dynamics of these routing systems. In
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particular, the architectural trends and grain sizes of such deposits reveal infor-
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proxy for the fan's activity — that indicate on the relative importance of tectonic
or climatic controls on sediment production and transport. Here, we calculated
intermittencies from sediment transport dynamics using the ratio between the
long-term average and the short-term instantaneous unit sediment fluxes during
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palaeo-fan systems that were active through Oligo-Miocene times and that re-
veal preserved proximal-distal relationships. The three fan systems, which we
term the western, central and eastern fans, show significant differences in their
long-term sediment budget but equivalent magnitudes of the sediment transport
dynamics expressed through the intermittency factor. The eastern fan records a
low long-term sediment flux (5.7km? Myr™"), which needed the fan to be active
during ca. 8hyr™! (intermittency factor of 0.89 x107%). The western fan reveals
a higher long-term sediment flux (16.2km?* Myr™"), which could have accumu-
lated during ca. 16hyr™! (intermittency factor of 1.83 x107°), thereby reflecting
a more active system. The central fan records the largest long-term sediment flux
(40.3km* Myr™'), where ca. 57hyr™" of sediment transport would be required
to deposit the supplied material (intermittency factor of 6.53 x10™>), thus repre-
senting the most active system. By relating these characteristics to the regional
exhumation history, we consider that the central fan mainly recorded the tran-
sient response of the Alpine surface to the break-off of the European mantle lith-
osphere slab. 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. Despite differences
in the tecto-geomorphic and climatic boundary conditions, our data suggest that
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1 | INTRODUCTION

The formation of alluvial fans in sedimentary basins at
the tip of an adjacent mountain belt is influenced by ei-
ther tectonic or climatic perturbations in the source area or
adjustments in the eustatic sea level farther down-system
(Blair & McPherson, 1994; Harvey et al., 2005; Ventra &
Clarke, 2018). Signals of changes in sediment flux and
water discharge, propagating from the source area into the
sedimentary sink, are considered as indicators of these pro-
cesses (Allen et al., 2013; Castelltort et al., 2015; Romans
et al., 2016). Changes in sediment flux can modify the dis-
tribution of the sediment's calibre along alluvial fans in ba-
sins (D'Arcy et al., 2017; Flemings & Jordan, 1990; Heller &
Paola, 1992; Jordan, 1981; Whittaker et al., 2011), which is
further influenced by the spatial distribution of accommo-
dation space, hence controlled by the basin's subsidence
(Beaumont, 1981; Brooke et al., 2018; Sinclair et al., 1991;
Sinclair & Naylor, 2012). From a stratigraphic perspec-
tive, coarse-grained conglomerate beds with sandstone
and mudstone interbeds are typically attributed to deposits
of alluvial fans, or megafans if their radii exceed >10km
(Allen et al., 1991; Blair & McPherson, 1994; Harvey
et al., 2005; Kempf et al., 1999; Matter, 1964; Schlunegger
et al., 1996). Consequently, sediment flux signals are often
preserved in such stratigraphic records through the ar-
rangement and the size of grains. Information on the small-
scale stacking pattern and large-scale architecture of these
deposits, coupled with a chronological framework, allows
us to quantify sedimentary dynamics on these fans (Allen
et al., 2013; Bridge, 1985; Flemings & Jordan, 1989; Heller
& Paola, 1992; Ventra & Nichols, 2014). Such stratigraphic
sequences have also been identified in the Oligo-Miocene
Swiss Molasse basin (SMB), located on the northern mar-
gin of the European Central Alps (Figure 1). This basin
hosted three major large-scale dispersal systems (i.e. mega-
fans), to which we refer to as the western, the central, and
the eastern fans, for simplicity (Section 2.3).

Previous studies have linked changes in the stacking
pattern and grain sizes in Molasse conglomerates to oro-
genic events in the Alpine hinterland (Allen et al., 1991;
Garefalakis & Schlunegger, 2018; Schlunegger &
Castelltort, 2016; Sissingh, 1997). Some authors provided
initial estimates of sediment fluxes, yet at the scale of the

these Oligo-Miocene megafans could accomplish their mean annual sediment
transport work within a few hours or days per year.

alluvial fans, grain size, intermittency, sediment flux, sedimentary dynamics, self-similarity,

Highlights

« We determined sedimentary transport
dynamics, expressed as the intermittency, of
alluvial fan deposits.

« The fans in the Swiss Molasse accomplished
their mean annual sediment transport work in
a few hours per year.

« The tecto-geomorphic evolution of the Central
Alps largely influenced the formation of the
three analysed fans.

« We provide insights in the long-term and in-
stantaneous sediment fluxes at the scale of in-
dividual fans.

entire SMB only. Corresponding results are either based
on the preserved mass (Hay et al., 1992) or volume of sed-
iments (Kuhlemann, 2000; Kuhlemann, Frisch, Dunkl,
& Székely, 2001; Schlunegger, 1999). Despite differences
in the methodological approaches, all studies converge
to the notion that sediment fluxes started to increase
after 30Ma, and that this trend persisted throughout the
Oligocene, reaching a peak around 20Ma in Miocene
times (22,000km’ Myr™"). This was followed by a decline
and subsequent short-term increase. Since 16 Ma the fluxes
stabilised at lower values (15,000km3 Myr_l). However,
there exist no estimates of sediment fluxes at the mega-
fan scale in the SMB, nor information on their temporal
activity—known as the intermittency. The intermittency
factor expresses the proportion of a year during which
a system accomplishes its mean annual transport work
(Dury, 1961; Mohriget al., 2000; Navratil et al., 2006; Parker
et al., 1998). For the purpose of these calculations, sedi-
ment transport capacity at channel forming conditions is
typically assumed (Hayden et al., 2021; Lyster et al., 2022).
As such, a highly intermittent system experiences occa-
sional sediment transport, whereas a non-intermittent
system is characterised by continuous sediment trans-
port (Paola et al., 1992). Intermittent flow or sediment
transport is widely recognised in modern rivers but is di-
rectly applicable to alluvial fan systems as well (McLeod
et al., 2023; Meybeck et al., 2003; Paola et al., 1992; Tucker
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FIGURE 1 Simplified geological
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map of the Swiss Molasse basin and the
location of the three palaeco 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 were collected (see also detailed
geological maps of each fan system in
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Appendix I). 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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& Slingerland, 1997). The intermittency also serves as a
measure for the geomorphologic effectiveness of a fluvial
system (Hayden et al., 2021; Lyster et al., 2022; Pfeiffer
& Finnegan, 2018; Wainwright et al., 2015; Wickert &
Schildgen, 2019), for which we consider as a reference a
bankfull discharge event during which all grains are trans-
ported at nearly the same rate (Paola et al., 1992; Parker
et al.,1982; Parker & Toro-Escobar, 2002).

Here, we estimated the long-term and short-term sed-
iment fluxes and particularly the intermittencies of the
three major megafan systems in the SMB based on strati-
graphic information preserved by well-exposed sections
(Figure 1). Our aim is to unravel the activity of these
palaeo-fans, mainly because alluvial fan intermittencies
are of key importance for determining how these systems
record tectonic and climatic signals in the Alpine hinter-
land. Accordingly, a broader goal of this work is to explore
how the erosional-depositional mechanisms responded
to the built-up of the Alpine topography, which occurred
simultaneously with the construction of the target fans.

2 | GEOLOGICAL SETTING
2.1 | The Central Alps and the SMB

The SMB is located north of the Central Alps and bor-
dered to the South by the basal Alpine thrust (Figure 1).

It formed synchronously with the development of the
Alps between the Oligocene and Miocene, document-
ing the erosional response of sediment routing sys-
tems to the different stages of the Alpine orogeny and
the related topographic evolution (Allen et al., 1991;
Beaumont, 1981; Pfiffner, 1986; Schlunegger &
Kissling, 2022). The SMB comprises two transgressive—
regressive mega-cycles, each characterised by (shal-
low) marine and freshwater deposits (Kuhlemann &
Kempf, 2002; Matter et al., 1980). The Molasse basin
is further divided into the undeformed and flat-lying
Plateau Molasse, constituting the largest portion of
the SMB, and the tilted, folded and thrusted Subalpine
Molasse situated at the Alpine border farther to the
South (Figure 1). Terrestrial clastic sedimentation is
recorded by the Freshwater Molasse, which sedimenta-
tion occurred through transverse braided systems on al-
luvial megafans near the Alpine front (Biirgisser, 1981;
Kempf & Matter, 1999; Matter et al., 1980; Schlunegger
et al., 1996; Stiirm, 1973). The Freshwater type of
Molasse sedimentation led to the formation of strati-
graphic deposits that have been extensively analysed
for their sedimentological properties and ages (Kempf &
Pfiffner, 2004; Matter & Weidmann, 1992; Schlunegger
et al., 1993; Schlunegger, Jordan, et al., 1997). In ad-
dition, petrological and geochemical analyses of indi-
vidual clasts and the grain-supporting matrix resulted
in a detailed knowledge about the provenance and the

85UB017 SUOWILOD 3AIER.D 3ot dde 8y} Aq pauRA0b 82 Sao1Me YO BSN J0 S3INJ 10} AleIq )T 3UIIUO AB]IA UO (SUOIPUOD-PUR-SLLBHWIOD" A | 1M ARe.d) 1 )BUI UO//STNY) SUORIPUOD PUe SWis | 3y} &8s * [7202/#0/72] uo A%eiqiauliuo /o|im ‘uleg RISRAIUN AQ S982T 810/TTTT OT/I0P/W00 A8 1M ARIq1RUIUO//SANY WO pepeojumoq ‘Z 7202 ‘LTTZSIET



GAREFALAKIS ET AL.

MWI LEY— Eg:ienarch %’SL EAGE
source-to-sink routing of the clastic material (Anfinson
et al., 2020; Bolliger, 1998; Biichi, 1958; Biirgisser, 1981;
Eynatten, 2003; Kempf et al., 1999; Matter et al., 1980;
Schlunegger, Jordan, et al., 1997; Spiegel et al., 2000;
Stiirm, 1973; Tanner, 1944; van der Boon et al., 2018).

2.2 | Orogenic evolution and climatic
conditions during the Oligo-Miocene

The three target fans were active during the Oligo- and
Miocene, reflecting the erosional evolution of the ad-
jacent Central Alps (Kuhlemann, 2007; Pfiffner, 1986;
Schlunegger et al., 1998). In the Oligocene, between 32
and 26 Ma, the Central Alps underwent significant topo-
graphic modifications due to rapid uplift, particularly
in the Lepontine area (Figure 1; Steck et al., 2013), ex-
pressed by high exhumation rates (Boston et al., 2017;
Schlunegger & Willett, 1999) and substantial sedi-
ment fluxes to the basin (Kuhlemann, Frisch, Dunkl, &
Székely, 2001). These tectonic adjustments have been
explained either by crustal thickening resulting from a
northward thrusting of the Alpine orogen (Beaumont
et al.,, 1996; Pfiffner et al., 2002; Schmid et al., 1996)
or by a slab break-off occurring at 32-30Ma (Kistle
et al., 2020; Schlunegger & Castelltort, 2016; Schlunegger
& Kissling, 2022; Sinclair, 1997). The uplift related to slab
break-off initiated a transient stage in the evolution of the
Alpine landscape (Garefalakis & Schlunegger, 2018), re-
sulting in a highly dissected terrain formed through the
headward retreat of the erosional front, thereby exhuming
the crystalline core of the Alps at that time. This adjust-
ment to high uplift in the Lepontine area persisted until
25-24Ma, when the Alps reached a steady-state topog-
raphy (Schlunegger & Kissling, 2015). In the Miocene,
around 22-20Ma, changes occurred in the Alpine hin-
terland when the exhumation of the external crystalline
massifs was initiated and when tectonic unroofing in the
area surrounding the Lepontine Dome (Figure 1) reached
the highest rate (Baran et al., 2014; Boston et al., 2017;
Herwegh et al., 2017; Schlunegger & Norton, 2013). This
induced a re-organisation of the drainage network in the
core of the Alps, where the drainage network evolved from
an orogen-normal oriented system with short streams and
steep gradients (Figure 2a) to an orogen-parallel oriented
system with longer flow paths and shallower gradients
(Figure 2b; Schlunegger et al., 1998; Kiihni & Pfiffner, 2001;
Spiegel et al., 2001; Stutenbecker et al., 2019; Bernard
et al., 2021). As a consequence, the supply of sediment to
the SMB decreased (Hay et al., 1992; Kuhlemann, Frisch,
Dunkl, Székely, & Spiegel, 2001; Schlunegger, 1999). Also
around 20Ma, syn-depositional back-thrusting along the
southern margin of the Plateau Molasse resulted in the

establishment of the Triangle Zone (Figure 1; Kempf
et al., 1999; Schlunegger & Mosar, 2011) and the forma-
tion of a basin-wide progressive unconformity close to the
Alpine thrust front (Schlunegger, Leu, et al., 1997). After
a short period of high sediment delivery to the Molasse
basin between 18 and 16 Ma, the supply rates of clastic
material continuously decreased (Kuhlemann, Frisch,
Dunkl, Székely, & Spiegel, 2001).

From a palaeoclimate perspective, stable carbon
and oxygen isotope data collected in the Molasse basin
from Chattian deposits (Late Oligocene) indicated that
around 25.5Ma of the palaeoclimate possibly changed
from a humid to a warmer and drier, but probably storm-
ier (Schlunegger & Norton, 2013) climate (Berger, 1992;
Kuhlemann & Kempf, 2002; Schlunegger et al., 2001;
Schlunegger & Castelltort, 2016). In the Miocene, rem-
nants of floral faunas (Mosbrugger et al., 2005) and data
of carbon and oxygen isotope collected from pedogenic
carbonates (Krsnik et al., 2021; Methner et al., 2020) sug-
gest a cooling event between 15 and 14 Ma, immediately
following the mid-Miocene Climatic Optimum (around
17Ma). These changes were also interpreted to have oc-
curred globally (Zachos et al., 2001).

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 (Kilin & Kempf, 2009; Kempf et al., 1997;
Schlunegger, Leu, et al., 1997). The westernmost sec-
tion in the study area (western fan, Figure 1), known as
the Thun-section, and its contemporaneous twin-section
located farther to the East-northeast, recorded the con-
struction of the Blueme megafan during Oligocene times
between 26.2 and 23.1 Ma (Schlunegger et al., 1993, 1996;
Strasky et al., 2022). In the central part of the SMB (central
fan, Figure 1), the Rigi megafan constitutes another major
depositional system, which was active 29.5-24.7Ma ago
(Schlunegger, Jordan, et al., 1997; Schlunegger, Matter,
et al., 1997). Contemporaneous deposits farther down-
stream are encountered at four sections situated at the
proximal basin border (Schlunegger, Jordan, et al., 1997,
Stiirm, 1973). In the eastern part of the SMB (eastern fan,
Figure 1), deposits of the Hoernli megafan are exposed
along two stratigraphic sections recording the evolution of
this dispersal system (Biichi, 1958; Biirgisser, 1981; Kilin
& Kempf, 2009; Kempfet al., 1997; Kempf & Matter, 1999).
These deposits are younger and span the time interval
between 14.7 and 13.3Ma (Kilin & Kempf, 2009; Kempf
et al., 1997; Kempf & Matter, 1999). Detailed geological
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FIGURE 2 Simplified palacogeographical 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, originated in the Central Alps (e.g. Kiihni
& 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. Bernard
et al., 2021; Schlunegger et al., 1998). 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).

maps and stratigraphic sections of the three fans are avail-
able in Appendix I.

Proximal-distal relationships have been previously re-
constructed based on palaeo-flow and petrographic data
(Biirgisser, 1981; Garefalakis & Schlunegger, 2018; Kempf
etal., 1997; Kempf & Matter, 1999; Schlunegger et al., 1993,
1996; Schlunegger, Jordan, et al., 1997; Stiirm, 1973). The
position of the palaeo-fan apex was determined through
mapping, palaeo-stratigraphic restorations and measure-
ments of discharge directions (details in Appendix I).
For modelling purposes, we positioned the apex +3km
upstream of the most proximal location currently expos-
ing the most proximal deposits. This is to compensate
for the amount of tectonic erosion during the emplace-
ment of overlying thrust nappes (Pfiffner, 1986), align-
ing with studies providing relatively precise positions for
the palaeo-apex of the western (Schlunegger et al., 1993,
1996) and central fans (Schlunegger, Jordan, et al., 1997,
Schlunegger, Leu, et al., 1997; Stiirm, 1973). However, the
situation is different for the eastern fan, as large parts are

not preserved (Biirgisser, 1980, 1981; Bolliger, 1998) due to
basin inversion and erosion of the Molasse sediments since
the Pliocene at the latest (Cederbom et al., 2011; Mazurek
et al., 2006; Schlunegger & Mosar, 2011). Consequently,
the position of the palaeo-apex of the eastern fan may
have been located at least +3km upstream, or possibly
even ca. +10-15km farther to the Southeast according to
Biirgisser (1981, 1980). In this context, we investigated the
sensitivity of the palaeo-apex’ position on the outcomes
of the grain size fining model (details in Appendix IL.c).
Accordingly, the distance between the palaeo-apex and
the most distal location is approximately 12km for the
western, 12 versus 24km for the eastern, and 32km for
the central fan.

From a sedimentological and stratigraphic perspec-
tive, the analysed deposits exhibit similar large-scale
architectures (Figure 3). Proximal locations display se-
quences characterised by hundreds of m-thick amal-
gamations of conglomerate beds, each several dm- to
m-thick, intercalated by sandstone and mudstone beds of
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FIGURE 3 Field examples of outcrops showing conglomerate beds and sedimentary structures of the (a) western, (b) central and
(c) eastern fan systems. See Appendix I for the locations of these sites.
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a few m-thickness. Towards more distal positions along
each palaeo-fan, individual conglomerate beds thicken
to a few meters and amalgamations become rare, while
the occurrence of m-thick sandstone and mudstone in-
terbeds increases. This signifies a downstream transition
from a stream featuring braided, shallow channels to
an environment with single-thread and deep channels
(Boothroyd & Ashley, 1975; Church, 2006; Garefalakis &
Schlunegger, 2018; Huggenberger & Regli, 2009). At distal
positions, mudstones showing reddish to yellow mottling,
rootlets and pedogenic carbonate nodules are interpreted
as deposits on floodplains bordering the channel belts
(Garefalakis & Schlunegger, 2018; Kempf et al., 1999;
Schlunegger et al., 1993; Schlunegger, Jordan, et al., 1997;
Stiirm, 1973).

3 | METHODS

3.1 | Revision of the chronological
framework

Published magnetostratigraphic data were re-calibrated
by correlations with the recent Global Time Scale GTS2020
(Gradstein et al., 2020) and integrations of new map-
ping outcomes (Hantke et al., 2022; Strasky et al., 2022)
to establish an updated chronological and sedimento-
logical framework. This revision was necessary because
the original temporal calibrations of the sections were
based on correlations of the magnetostratigraphic frame-
work with either the CK95 (Cande & Kent, 1995) or the
ATNTS2004 time scales (Lourens et al., 2004). However,
these chronologies have partially different numerical ages
than the GTS2020, particularly for the timescales of inter-
est. The detailed chronostratigraphic revision is given in
Appendix 1.

3.2 | Intermittency

We used the ratio between the long-term sediment flux
Q,, and the instantaneous bankfull bedload flux Q,* as
a proxy for the intermittency of our target palaeo-fans
(Hayden et al., 2021; Lyster et al., 2022; Paola et al., 1992).
The dimensionless intermittency factor (I) is calculated
as:

Ip=Q, / Q" [-] €))

Here, Qsj“ represents the sediment flux that was neces-
sary to build up the stratigraphic sections of the analysed
fan deposits. This value was computed with the grain size
fining model (Section 3.3). Q,* is the theoretical sediment

Research =

flux that can be sustained during bankfull conditions, and
calculated with the Meyer-Peter and Miiller (1948) bed-
load equation (MPM-equation; Section 3.4). Hence, the
ratio between Q% and Q,* signifies the fraction of a year
during which a system accomplishes its average annual
transport work if bankfull transport is maintained (see
also Introduction). We also expressed the I as the (sys-
tem's) activity in hours per year [hyr™'].

3.3 | Long-term sediment flux

3.3.1 | Principles and basic equations
Long-term sediment fluxes were calculated by applying
the self-similar grain size fining model (see for details on
the model Appendix II) for gravel introduced by Fedele
and Paola (2007). The model depends on input parameters
that can be derived directly from field observations. These
are: (i) the down-system length of the depositional sys-
tem, (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 deter-
mined (through the grain size fining model) the sediment
flux at the fans' apex, which corresponds to the long-
term sediment flux Q. The model is ultimately derived
from the Exner-equation (Fedele & Paola, 2007; Paola &
Voller, 2005). It is based on the principle that deposition or
erosion of sediment results in a modification of the bed el-
evation, which itself changes in proportion to the volume
of the deposited or eroded mass (Paola & Voller, 2005).
Thus, it is founded on a mass-conserving sorting process
(Fedele & Paola, 2007) where the balance between sedi-
ment being deposited, transported or bypassed is main-
tained at any point on the fan (Allen et al., 2013; Armitage
et al., 2011; Brooke et al., 2018; Duller et al., 2010; Fedele
& Paola, 2007). Additionally, it assumes that gravel grain
size distributions are self-similar (i.e. the mean and stand-
ard deviation decrease down-system at the same rate). In
its simplest form the model computes the spatial distribu-
tion of sediment flux Qs*(x*) through:

L
QF(x*) =Qgy — (1-4,) L r*(x*) dx*[m? Myr ' m™'] (2)

Here, Q) is the unit input sediment flux at the sys-
tem's apex (x*=0, where x* is the downstream length nor-
malised by the total depositional length L, i.e. x*=x/L),
4,=0.3 is the sediment porosity and set as constant
(Fedele & Paola, 2007) and r* is the subsidence rate along
distance (Equation 7 and Section 3.3.3). Following a di-
mensionless distance transformation (i.e. y*, Equation
(S7) in Appendix II) applied to the spatial distribution
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of sediment mass (i.e. Equation (S4) in Appendix II) and
considering the principle of self-similarity (Equation 5,
see next), the modelled grain size D,, along distance is cal-
culated through:

c .
Dy, (x*) =Dy + @4 C—j (exzfcly - 1) ml (3)

Here, D, is the input grain size, calculated through
Equation (8), and ¢, its uncertainty, both at the apex
(x*=0). We expressed ¢, as the product of 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 down-
stream 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 &
Paola, 2007) and thus by the ratio between the standard
deviation and the mean of the grain size data(C, = o /D).
By modelling the spatial distribution of sediment, we
also calculated the ratio between the volumes of sedi-
ment 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 Fy, which is the fraction of sediment in
excess (D'Arcy et al., 2017):

F % (-] ()
= - 4
B (1= 2y) [Ereee) der

As we noted earlier, the model assumes that grain sizes
fine downstream in a self-similar way. Accordingly, the
distribution of the grain size similarity variable & (Brooke
et al., 2018; Fedele & Paola, 2007) for each site is expressed
through:

gDl (5)

o

The distribution of this variable should approxi-
mately remain similar at any downstream position
of a fluvial system. Here, D, is the size of an individ-
ual grain measured at a given location, and D and ¢
are the mean and standard deviation of the grain
size distribution at that site. For each fan, we statis-
tically compared the & distributions of all sites using
the Kolmogorov-Smirnov two-sample (hereafter KS2)
test (Hodges, 1958). We tested the null hypothesis H,
that two & distributions of two locations are similar and
likely drawn from identical distributions at a signifi-
cance level of alpha=0.05 (i.e. 95% confidence inter-
val; two samples are statistically similar if the reported
p > 0.05).

3.3.2 | Adjustments of the grain size
fining model

We applied a bootstrapping to recover possible input unit
sediment fluxes and iteratively adjusted Q;A (Equation 2
before) through obtaining the best fit between the re-
sults of the modelled grain sizes (Equation 3 before) and
the grain size data collected in the field (Section 3.3.3.).
Specifically, we calculated the mean absolute error (MAE)
thereby quantifying the absolute average magnitude of
errors between the grain size data collected at outcrops
in the field (i.e. D5, see also Section 3.3.3) and the mod-
elled grain size values D,,. Conceptually, if D,, is generally
larger than the Ds,, and in order to minimise the MAE,
then the input sediment flux was decreased by an incre-
ment of Q;A - 0.1; if the opposite was the case, then the
input sediment flux was increased by steps of Q;A -0.1:

>Dgy (x*) [m] = Qg — Qs +0.1 [km?* Myr™]
<Dsy(x*) [m] = Qg + Qs #0.1 [km® Myr™']

(6)

if D, (x*) [m]{

Here, D,, is the modelled grain size calculated through
Equation (3) and Dy, is the 50th grain size percentile
(Section 3.3.3), both along downstream distance (x*), and
Q;A 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 MAE was min-
imised for each iteration. In addition, for a given iteration
we kept all other parameters (i.e. Dy, ¢4, C,, C;, C,, and
r*, see equations before and Section 3.3.3) fixed and only
adjusted the input sediment flux Q;A.

3.3.3 | Field data: Subsidence rates and

grain size

Equation (2) requires information on the subsidence rates
as input parameter. We determined these rates using in-
formation on the preserved thickness of the sedimentary
units and the time interval during which they were depos-
ited (see Appendix I for details). We then approximated
the subsidence rates along a transect down the palaeo-fan
by an exponential function (D'Arcy et al., 2017; Duller
et al., 2010; Sinclair & Naylor, 2012; Whittaker et al., 2011):

r(x*) = ry exp~P%) [m Myr7!| @)

Here, r, is the subsidence rate at the apex (x*=0)
and g is the rate at which r* decreases down-system.
The resulting exponential decrease of the inferred sub-
sidence rates are typical for a foreland basin setting
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(Allen et al., 1991; Sinclair & Naylor, 2012). For each
fan, the subsidence pattern relies on data from two (for
the western and eastern fans) and four (for the central
fan) stratigraphic sections documenting the same sed-
imentary units along distance (Appendix I). The inter-
polation between the sections and the extrapolation
towards the apex (r,) were performed through a regres-
sion using Equation (7). We additionally calculated the
cross-sectional area of the accommodation space (gen-
erated through subsidence) along the transect in 2D
using the trapezoidal rule. We acknowledge that more
detailed estimates of subsidence rates, as for example
demonstrated by Armitage et al. (2015), might provide
more nuanced insights into the pattern at which sedi-
ment was distributed in the basin. In the study area, pat-
terns of sediment distribution assuming down-system
stepwise changes in subsidence rates could only have
been accomplished by syn-sedimentary faulting, as doc-
umented elsewhere by Pfiffner (1986) based on restored
sections through the proximal Molasse. Yet, related ev-
idence has not been presented for our study area, so
we make the conservative assumption that subsidence
rates decreased exponentially down-system, consistent
with previous regional work (Allen et al., 2013; Kempf
et al., 1999; Schlunegger Jordan, et al., 1997).

Estimates of the long-term sediment fluxes also
hinge on the sizes of grains, which we measured on dig-
ital photos. Accordingly, for each fan and accessible out-
crops (>5m?), we captured 3-6 photos using a hand-held
camera (Panasonic Lumix FT-5) at a distance of 1-1.5m
from the outcrops. We added a digital grid scaled to the
meters stick in the photograph and measured the lon-
gest visible axis of 100 grains >2mm that are situated
beneath each grid-node following Wolman (1954) and
the protocol of Garefalakis et al. (2023). The resulting
grain size distribution at each outcrop is presented using
the value of the median or Ds, grain size percentile,
thus the grain size where 50% of the grains are smaller
or equal to this specific size. The downstream decrease
in grain size has been demonstrated to follow an expo-
nential function (Blom et al., 2016; Litty et al., 2017;
Rice, 1999; Sternberg, 1875). Therefore, we approxi-
mated fining rates by fitting an exponential regression to
the D, of each outcrop, thereby applying the ‘Sternberg
law’ (Sternberg, 1875):

D(x*) =Dy exp™®™") [m] ®)

Here, D, is the input grain size at the apex (x*=0),
needed as an input parameter of the model, and « is
the grain size fining rate along normalised distance
x*, which can also be expressed in [% km™'] (Parsons
et al., 2012).

Research =

As will be shown, some of the analysed systems show
a downstream trend in grain size, yet all fan systems
display a large scatter of the D5, at some positions - an
issue which has been documented in other (palaeo-)
alluvial fan systems (e.g. Brooke et al., 2018; Duller
et al., 2010). While material supply from tributary
sources could explain this variation (Harries et al., 2018;
Rice, 1999), we exclude this possibility. Indeed, available
information about the heavy mineral and clast compo-
sitions suggest that all systems were most likely fed by
one feeder channel only (Stiirm, 1973; Biirgisser, 1981;
Schlunegger et al., 1993; Schlunegger, Jordan,
et al., 1997; Kempf et al., 1999; Appendix I). Therefore,
the scatter in the stratigraphic grain size data is likely to
result from the random selection of sampling sites from
the time-integrated deposits of palaeo-alluvial mega-
fans, an important challenge to address when working
with stratigraphic archives (Duller et al., 2010; Straub
et al., 2020) where we require constraints on the average
deposit grain size down-system. Yet despite the scatter
of the raw grain size data, fining trends are observable
across some of the analysed fans (see Section 4.2). This
becomes better visible upon binning the data, where
each bin accounts for 25% of the data along the palaeo-
fan transect with equally weighted bins. We justify this
binning approach to account for a potential bias related
to our sampling technique as outlined earlier, but we
still run the model using the un-binned (raw) grain size
datasets for the sake of completeness.

3.34 | Sensitivity, assumptions and
limitations of the grain size fining model

The model is designed for applications to fluvial succes-
sions in stratigraphy covering geological timescales of
104—106years (Armitage et al., 2011; Duller et al., 2010;
Parsons et al., 2012), aligning well with our study ob-
jectives. Also for these long timescales, e.g., Duller
et al. (2010) identified a direct relationship between the
input sediment flux, the formation rate of accommoda-
tion space and the rates at which the sediment is distrib-
uted along the system (illustrative in Figure 1 of Parsons
et al., 2012). Specifically, a constant flux of sediment
supplied into a basin would result in a downstream fin-
ing over a long distance (low rates of @ in Equation 8), if
paired with slow rates at which the subsidence decreases
in the downstream direction (f in Equation 7). In con-
trast, grain sizes would rapidly fine over short distances
(large a) if the downstream decreasing rate of the under-
lying subsidence is high (Duller et al., 2010; Flemings
& Jordan, 1989, 1990; Parsons et al., 2012; Whittaker
et al., 2011). Hence, the grain size fining rate depends
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on the spatial distribution of subsidence, and contrari-
wise, these downstream grain size fining trends can be
used to quantify the rates at which sediment was sup-
plied to the basin. The model incorporates these princi-
ples (e.g. Equation (S4) in Appendix II). Furthermore,
similarities or differences between the three variables
(grain size fining rate, spatial distribution of subsidence
and input sediment flux) yield first-order inferences on
the mechanisms that drive fan formation, and if they are
controlled either by a tectonic driving force such as sub-
sidence or by environmental conditions expressed by a
large sediment supply.

The grain size fining model is based on specific as-
sumptions and requirements (Duller et al., 2010; Fedele
& Paola, 2007; Whittaker et al., 2011) that govern its ap-
plicability. It assumes the fluvial system to be entirely
depositional at any down-system location, and it hinges
on the assumption of unimodal and self-similar grain size
distributions. The model only considers selective trans-
port and deposition of coarse-grained material, assuming
that streamflow processes are the predominant sediment
transport mechanisms. Notably, effects related to abra-
sion, chemical dissolution or mechanical particle break-
down are neglectable at the scale of alluvial fans (Duller
et al., 2010; Ferguson et al., 1996; Hoey & Bluck, 1999;
Miller et al., 2014; Parker, 1991; Stock et al., 2008).
Exceptions are the headwaters of a stream where gradi-
ents are >0.1mm ™" (Miller et al., 2014; i.e. c. 5.7°), which,
however, is much steeper than the surface slope of <1°
on the target fans (Figure S7 in Appendix V; Schlunegger
& Norton, 2013; Garefalakis & Schlunegger, 2018). While
some recent modifications of this type of model account
for lateral sediment input by tributaries (e.g. Harries
et al., 2019) and predict the dispersion of the sediment
across a fan in three dimensions (D'Arcy et al., 2017), we
opted for a two-dimensional model with material sup-
plied by one feeder channel at the fan's apex (e.g. Duller
et al., 2010; Whittaker et al., 2011) due to the absence
of evidence for sediment supply by tributaries (see also
Appendix I) and the lack of direct constraints on the fan
widths.

Note that although this approach has been success-
fully applied in previous studies (references before and
Appendix II), it is important to note its limitations. In
particular, the calculations of the long-term sediment
flux do capture average budgets on a million-year scale
thereby reflecting shifts in tectonically induced pro-
cesses (e.g. uplift or subsidence) or longer--term environ-
mental controls (e.g. climate shifts) (Allen et al., 2013;
Paola & Voller, 2005; Sadler, 1981). Processes occurring
at shorter intervals, such as the dynamic formation of
channels influencing local bed elevation, are therefore
neglected at such timescales (Duller et al., 2010; Harries

et al., 2019). However, these variations are important
for the calculations of the instantaneous bedload fluxes
(see Section 3.4) and thus at a smaller (temporal) scale
(Benavides et al., 2022; Lyster et al., 2022; Wainwright
et al., 2015).

3.4 | Instantaneous bankfull
sediment flux

Bankfull sediment fluxes, or bedload (material >2mm)
sediment transport rates per unit time and width, were cal-
culated using a derivative of the Meyer-Peter and Miiller
(1948) bedload transport equation (MPM equation; details
in Appendix III):

Q=397 [10+8) r.* —7.*]" (G5 g Dsp®)" [m s~ m7Y).

©)

Here, the constant 3.97 is based on an enhanced and
corrected statistical fit (Wong & Parker, 2006) to the origi-
nal data of Meyer-Peter and Miiller (1948), g is the gravita-
tional acceleration (=9.81 ms™2) and Gy is the submerged
specific gravity, calculated as [(py/ p,,) — 1]=1.65, with
ps=2650kgm™ and p,=1000kgm™>, for the sediment
and water densities respectively. Furthermore, ¢ is a factor
to account for lateral bank erosion (Paola & Mohrig, 1996;
Parker, 1978), z.* is the dimensionless critical Shields
parameter (Shields, 1936) and Ds, is the grain size per-
centile. For z,* we selected values that are uniformly dis-
tributed between 0.039 and 0.054 (Julien, 2010), thereby
considering various conditions influencing the incipient
motion of grains with different sizes (Julien, 2010). The
theoretically derived variable ¢ was initially set to 0.2
(Parker, 1978), but Paola and Mohrig (1996) found £ =0.4
is more appropriate for calculations of palaeo-hydraulics.
For conservative reasons, we applied uniformly dis-
tributed values between ¢=0.2 and 0.4 for our calcula-
tions. For the estimates of bedload sediment fluxes we
solely used the Dy, first to account for the conditions
during equal mobility of all grains in a channel (Paola
& Mohrig, 1996; Wickert & Schildgen, 2019), and second
because the MPM equation was calibrated using the Dy,
As a consequence, any incipient motion of grains smaller
than the D, (that would occur prior to the movement of
this percentile) is neglected (Recking et al., 2012), which
is considered acceptable (Paola & Mohrig, 1996). Note
that we are left with a two-dimensional solution due to
the lack of channel width estimates. Note also that bed-
load 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 (de-
tails in Appendices IIT and V).
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3.5 | Uncertainties and error estimations is 1040 + 50 m thick, and the sediment accumulation rate

We estimated uncertainties using bootstrapping (re-
sampling with replacement; 10* iterations), which we
combined with a Monte Carlo framework where appli-
cable (Garefalakis et al., 2023; Mair et al., 2022; Rice &
Church, 1996). Each reported outcome includes either the
mean or median value (as indicated) along with the 95%
confidence interval (CI) in squared brackets. For exam-
ple, for the grain size data, we re-sampled 100 grain size
values D, (measured on the photographs, Section 3.3.3)
and determined the uncertainties on the Dy, within the
95% CI. For a median grain size value, this would be ex-
pressed as e.g. Ds,=22 [17-25] mm. Further information
on the uncertainties of other parameters is provided in
Appendix IV.

4 | RESULTS

4.1 | Sediment accumulation and
subsidence rates

At proximal positions on the western fan, 3250 +50m of
sediments accumulated between 24.8 and 23.1+0.1Ma
(Thun Lakeside; Figure S1, Appendix l.a), yielding an
accumulation rate of 1910+140m Myr~' (i.e. Thun
in Figure 4a). At more distal locations farther to the
East-northeast (Praesserebach twin-section; Figure S1,
Appendix I), the same sedimentary unit is 1250+ 50m
thick and was deposited between 24.8 and 24.0+0.1 Ma,
yielding a sediment accumulation rate of 1600+260m
Myr ™" (Figure 4a) Accordingly, at the apex of the western
fan, the median subsidence rate was 2088 [1798-2477] m
Myr ™", from where the subsidence rates decreased in the
downstream direction at a median rate of 2.93 [—0.03-
6.92] % km™" (Figure 4a). In a cross-section and along the
transect of the fan (Appendix L.a), the median sediment
accumulation area, without considering any topography,
was 20.3 [18.4-22.1] km?.

The spatial distribution of accommodation space sur-
rounding the central fan (Figure 4b) is constrained by
four sections, all recording the same sedimentary unit
within an age range of 26.4-24.9+0.25Ma (Figure S2,
Appendix I; Schlunegger, Jordan, et al., 1997; Schlunegger,
Leu, et al., 1997; Engesser & Kélin, 2017). The most prox-
imal section (Rigi; Figure S2, Appendix I.b) comprises a
1600+ 50m thick suite and was accumulated at a rate of
1070+210m Myr_l. Farther downstream, 8 km to the East-
northeast (Rossberg; Figure S2, Appendix L.b), the same
unit thins to 1485+ 50m and the accumulation rate de-
creased to 990 +200m Myr~'. Another 6km downstream
to the East (Sattel; Figure S2, Appendix L.b), the same unit

was 695+150m Myr~'. The most distant remnants of
this unit, situated 7km farther down-system (Einsiedeln;
Figure S2, Appendix L.b), are 595+ 50m thick, and the ac-
cumulation rate was thus less (400+100m Myr™'). The
calculated median subsidence rate at the apex was 1287
[1041-1549] m Myr ™. It decreased farther downstream at
a median rate of 3.97 [2.54-5.59] % km™" (Figure 4b). In
a cross-section, the median depositional area (topography
excluded) was 23.2 [20.2-26.2] km?.

In the East, two stratigraphic sections (Toess and
Hoernli; Figure S3, Appendix I.c) record the same suite
spanning an age between 14.6 and 13.6 +0.2Ma (Kélin &
Kempf, 2009; Kempf et al., 1997). At both sites, the sedi-
mentary sequences are 315m thick and accumulated at an
average rate of 240 + 100 m Myr ™ (Figure 4c). Accordingly,
this value corresponds to a median subsidence rate (i.e.
240 [118-411] m Myr ') at the apex. Consequently, the
median decreasing rate of the subsidence rate was 0.01
[—8.1-8.2] % km ™" (Figure 4c). In a section along distance
from proximal to distal, the median depositional area (to-
pography excluded) was 2.9 [1.9-3.8] km?.

4.2 | Grain size, coefficient of
variation and self-similarity variable

On average, the D5, is approximately 51 mm for the west-
ern fan (73 sites) and 40 mm for both the central (84 sites)
and the eastern fans (60 sites) respectively. For the western
and central fans, we observe a general trend of decreasing
grain sizes down-system, as visible in the field at the scale
of individual outcrops (Figure 5). Such downstream fining
trends of the D5, are not highly pronounced for individual
sites along the fans, which show a large scatter in the raw
D, values (Figure 6a,b). Yet, these average stratigraphic
grain size fining trends become clearer when the data are
merged in equally sized bins along distance (Figure 6d,e).
For the eastern fan, a grain size fining trend is not clearly
visible, neither in the field (Figure 5), neither from the
original nor the binned grain size data (Figure 6c,f respec-
tively). When expressed as cumulative distribution curves,
the same trends for each fan system are shown, albeit with
a large scatter of the data (Figure 7).

For the western fan, the exponential regression fit
(Equation 8) of the raw D, yields a median input grain
size of D,=103 [92-116] mm at the system’s apex, cou-
pled with a grain size fining rate a of 9.3 [7.9-11] % km™
(Figure 6a). The same regression applied to the binned Dy,
reveals a median D, =87 [79-105] mm at the system's apex,
along with a=7.2 [5.9-9.4] % km™" (Figure 6d). Despite
the slightly lower input grain size and grain size fining
rate revealed by the regression on the binned data, both
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FIGURE 4 Subsidence curves for the
base beneath the (a) western, (b) central
and (c) eastern fans. 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% confidence
interval (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 cross-sectional area calculated
upon using the trapezoidal rule.
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FIGURE 5 Examples of conglomerates and median values of the grain size percentile Dy, at different sites along the three fans.

datasets demonstrate a clear down-system fining trend
(Figure 6a,d respectively) within related uncertainties.

For the central fan, the fit of the raw data results in
a median D, =49 [47-51] mm at the system's apex with
a=1.4[1.1-1.7] % km ™" (Figure 6b). The same regression,
when applied to the binned data, reveals an almost identi-
cal median D, =48 [46-51] mm at the system's apex, cou-
pled with a slightly higher fining rate a=1.5 [1.1-1.8] %
km™! (Figure 6e). While downstream variations in the raw
Dy, values show a significant scatter, making it challeng-
ing to identify a clear down-system trend (Figure 6b), the
binning of the data reveals a distinct down-system fining
trend (Figure 6e).

For the eastern fan, the Dy, values show a scatter
down-system (Figure 6c). The regression fit to the raw
data yields a median D, =46 [43-49] mm at the system's
apex, along with a fining rate @=2.1 [1.2-2.9] % km™
(Figure 6¢). Binning the data and the application of the

same regression thereon result in an almost identical input
grain size value of D, =45 [43-48] mm, coupled with the
same fining rate of a=2.1 [1.2-2.9] % km™" (Figure 6f).
Yet, the grain size values are slightly larger at distal posi-
tions than at intermedial locations along the fan transect
(Figure 6c,f), thereby not revealing a clear down-system
grain size fining.

The coefficient of variation C, for the western fan is
on average C,=0.67 [0.57-0.77] and remains mostly stable
(Figure 8a). For the central fan, the C, shows a larger scat-
ter at proximal positions but stabilises farther downstream
at an average C,=0.66 [0.56-0.76] (Figure 8b). The aver-
age C, value for the eastern fan is C,=0.63 [0.54-0.73] and
reveals a slightly decreasing trend towards distal positions
(Figure 8c). Despite some scattering of the data at individ-
ual sites, the three fans have a very similar average C, value
of 0.65+0.10. This observation suggests a constant ratio
between the mean and standard deviation of gravel grain
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FIGURE 6 Downstream grain size trends of the (a) western, (b) central and (c) eastern fans showing the raw D, data, whereas the

binned dataset is shown in (d) for the western, (e) for the central and (f) for the eastern fan. Each bin contains 25% of the data along

distance. The black dots correspond to the median values of the D5, the error bars show the 95% confidence interval (CI). 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

regression analyses and the grey area corresponds to all possible regression scenarios, thereby using 10* iterations. The regression curves are

extrapolated towards the apex and plus 500 m towards distal positions from the last site.

sizes on these fans. A similar important finding concerns
the grain size similarity variable & (Equation 5), as illus-
trated in the cumulative distribution curves (Figure 9a—c).
The results indicate that for all sites the grain size dis-
tributions (Figure 7) collapse onto self-similar curves
(Figure 9a—c) when presented in & space. Thus, at a given

site the normalised grain size values decrease down-
system at the same rate, reflected by the consistent shape
of the similarity variable curves. Although the centres of
these (i.e. 50% in Figure 9) are slightly shifted to smaller
& values, if compared to the curves of a simulated normal
distribution (solid black line in Figure 9), the results of
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FIGURE 7 Cumulative grain size
distributions of the (a) western, (b) central
and (c) eastern fans with respect to

their relative distance to the apex. The

fan average (solid black curve) bases on
the data of all individual sites. Note the
logarithmic grain size scale.
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the KS2 test (Section 3.3.1) confirm that almost all dis-
tributions are similar to each other at a significance level
of alpha=0.05 (Figure 9d-f). The site-to-site comparison
indicates a success rate of 99.85% of the KS2 test for the
western, 97.11% for the central and 98.94% for the eastern
fans, confirming the self-similarity of the & distributions
(Figure 9d-f).

4.3 | Long-term and instantaneous
sediment fluxes, and fan intermittencies

The occurrence of self-similar grain size distributions for
all three fan systems allows for the application of the self-
similar grain size fining model (Fedele & Paola, 2007). Given
the high similarity between the outcomes of the exponen-
tial fitting regressions on the raw and the binned grain size
data, particularly for the central and eastern fans, and the
evident down-system fining trend in both datasets for the
western fan, we show the model results exclusively applied
to the raw datasets (Figure 10). The outcomes of the model,
applied to the binned data, are provided in Appendix II.
For the western fan, the model yields a median input
sediment flux Qg% of 16.2 [14.3-18.5] km®* Myr ', with
a median sediment excess rate of Fp=1.14 [1.05-1.28]
(Figure 10a). The model suggests that approximately 88
[78-95] % of the supplied material was deposited on the
fan, while 12 [5-22] % was exported out of the system
(Figure 10a; median MAE 0.017 [0.012-0.022]). For the
central fan, a median Q,} =40.3 [31.2-51.4] km? Myr~*
is required to best fit the observed grain size fining rates
(median MAE 0.00725 [0.00721-0.00733]), resulting in a
median Fy=2.49 [2.00-3.06]. The model outcomes sug-
gest that approximately 60 [50-67] % of the supplied sed-
iment was exported out of the system, while a median of
40 [33-50] % was deposited on the fan (Figure 10b). In
the east, we obtained a median Q} =5.7 [3.5-9.9] km?
Myr~" and a high median sediment excess rate F=2.85
[2.14-4.64], indicating that approximately 65 [53-78] %
of the sediment was transferred out of the system, while
about 35 [22-47] % of the supplied material accumulated
on the fan (Figure 10c; median MAE 0.0045 [0.0044-
0.0048]). Alternatively, for the eastern fan, and consid-
ering an apex situated +15km farther upstream of the
most proximal site, the model yields a median Q) =6.7
[3.2-15.4] km? Myr_1 and a median sediment excess rate

Fp=1.63 [1.25-2.33], indicating that a median 39 [20-57]
% of the sediment was transferred out of the system (see
Appendix L.c for figure). Because both results are very
similar, we focus on the more conservative solution with
an apex placed +3 km farther upstream of the most proxi-
mal site for further calculations and discussions.

Calculations of the bedload capacity, or instantaneous
bedload fluxes, return median values of approximately:
Q,*=8870 [3070-24,800] km* Myr~" for the western fan,
Q,*=6150 [2240-16,500] km* Myr™" for the central fan
and Q,*=6370 [2750-14,000] km* Myr~" for the eastern
fan. Note that the aforementioned values were determined
using the data from all sites of each fan. Site-specific bed-
load fluxes may deviate from these values, as documented
by the cumulative distribution curves calculated through
bootstrapping for each site (Figure 11). Additionally, these
curves reveal a decreasing trend of the bedload fluxes
towards distal sites, albeit with some scatter of the data
(Figure 11). The large spread of the 95% CI is also reflected
by the positive skewness of the bulk data (Figure 11) of
each depositional system.

For each fan, the intermittencies are: I;=0.0018
[0.00065-0.0053] for the entire western fan, corresponding
to an approximate median transport activity of 16 [6-47]
h yr~! during which channel-forming bankfull discharge
occurred; I=0.0065 [0.0024-0.019] or 57 [21-162] h yr™*
for the entire central fan and I;;=0.00089 [0.00034-0.0024]
or 8 [3-21] h yr™! for the entire eastern fan (Figure 12).
Alternatively, if the palaeo-fan apex’ position of the east-
ern fan is placed +15km, the calculations yield Iz=0.0011
[0.00034-0.0035], corresponding to 9 [3-31] h yr™" (see
Appendix I.c for figure). Site-specific intermittency factors
show a large spread, especially at the upper tail where the
cumulative distribution curves (generated from the boot-
strapping data of each site) are right-skewed (Figure 12).
For all systems, the intermittency factor increases towards
more distal positions (Figure 12), thereby reflecting the
opposite trend of the bedload fluxes (Figure 11). All main
findings are summarised in Table 1.

5 | INTERPRETATION AND
DISCUSSION

The grain size data of the target fans in this study poten-
tially record information on their activities in response to

FIGURE 10 Model outcomes for the (a) western, (b) central and (c) eastern fans for a given input sediment flux Q. On the left: The
grey dots represent the field-derived D5, values [raw dataset; error bars correspond to the 95% confidence interval (CI) and the black line
reflects the best-fit regression curve on the grain size data (solid =data available; dotted = extrapolated) using Equation (8). The green area
corresponds to the 95% CI of the modelled grain sizes D,, (Equations 3 and 6) and the grey area corresponds to all possible scenarios thereby
using 10* iterations. Q,;,= input sediment flux; F,=sediment excess rate, Qg,y...;=sediment excess in %. On the right: Histograms showing
the distribution of the input sediment flux Qy;, indicated with the positions of the average, median and 95% CI values.
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TABLE 1 Main outcomes of each fan system.
Fan systems Western Central

Subsidence rate at apex r,
[m Myr™]

Subsidence change rate
B1%km™]

Accumulation area [km?]

Sediment excess rate Fj,
(-]

Grain size at apex D
(mm]

Grain size fining rate a [%
km™']

Long-term sediment flux

2088 [1798 to 2477]

2.95 [—0.03 to 6.92]

20.3 [18.4 to 22.1]
1.14 [1.05 to 1.28]

103 [92 to 116]

9.25 [7.85 to 10.7]

16.2[14.3 to 18.5]

1287 [1041 to 1549]

3.97 [2.54 to 5.59]

23.2[20.2 t0 26.2]
2.49 [2.00 to 3.06]

49 [47 to 51]

1.39 [1.10 to 1.69]

40.3 [31.2 to 51.4]

Eastern +3km

240 [118 to 411]

0.01 [-8.1 to 8.2]

2.9[1.9 to 3.8]
2.85 [2.14 to 4.64]

46 [43 to 49]

2.07 [1.19 to 2.95]

5.7 [3.5 0 9.9]

Eastern +15km

244 [46 to 1061]

0.01 [-8.1 to 8.2]

5.9[3.2 to 11.4]
1.63 [1.25 to 2.33]

59 [50 to 70]

2.07 [1.19 to 2.95]

6.7[3.2 t0 15.4]

Q;A [km2 Myrfl]
Bedload sediment flux Q,*
[km? Myr ]

Intermittency factor I, [—]

8870 [3070 to 24,800]

0.001827 [0.00065 to
0.0053] 0.019]

Activity [hyr™] 16 [6 to 49]

6150 [2240 to 16,500]

0.006529 [0.0024 to

57 [21 to 162]

6370 [2750 to 14,000] 6370 [2750 to 14,000]

0.00089 [0.00035 to
0.0024]

8[3 to 21]

0.001056 [0.00034 to 0.0035]

9[3 to 31]

Note: The uncertainties in square brackets correspond to the 95% confidence interval (CI). Find in Appendix I.c the figures for the scenario where the inferred
palaeo-apex for the eastern fan was placed at +15km. Appendix II shows the results and figures related to the model outcomes involving the binned grain size

datasets.

either a tectonic control or a climatic driving force, or a
combination of both, which we will elaborate in the fol-
lowing through two steps: First, we comment on the sensi-
tivities of our results, we place our results into a context of
published work and we discuss how the grain size trends
presented in this work can be used to apply the grain
size fining model to stratigraphic archives (Section 5.1).
Second, we relate the modelling results to possible tec-
tonic and palaeoclimatic interpretations and propose sce-
narios that led to the fan-formation that is in accordance
with our intermittency values (Section 5.2).

5.1 | Grain size trends and
intermittencies of Oligo-Miocene
alluvial megafans

Our results quantify grain size fining trends for each
studied fan, with the western fan showing the most pro-
nounced decreasing trend, while the central and eastern
fans revealed a higher scatter of the Dy, values than the
western fan if the raw data are considered (Figure 6a-c).
The fining trends become more evident when the strati-
graphic data are combined through binning, revealing
clear down-system fining in the stratigraphic archives
of the western and central fans (Figure 6d,e). However,
a clear fining is absent for the eastern fan, as the data

largely scatters in the down-system direction, for both,
the raw (Figure 6f) and binned D5, grain size values. The
absence of a clear fining trend might be related to the
orientation of the projected proximal-distal trace line
(Figure S3a, Appendix I.c), which could be oriented
oblique to the actual palaeo-down system direction of
the fan. This is likely the case because the palaeo-apex
is not preserved anymore and might have been located
farther to the Southeast than assumed (Section 2.3).
Despite these variabilities in the grain size data, which is
consistent with the scatter observed for other (palaeo-)
alluvial fan systems (e.g. Brooke et al., 2018; Duller
et al., 2010; Whittaker et al., 2011), the standard devia-
tion decreases at the same rate as the mean of the grain
size distributions if the data are collapsed into a self-
similarity variable & (Figure 9a-c). The right skewness of
the ¢ distributions and the short negative tails are likely
explained due to a lack of measurements <2 mm and the
occurrence of a few exceptionally large grains (D'Arcy
et al., 2017; Harries et al., 2018). Furthermore, the KS2
test results (Section 3.3.1) confirmed that, at almost
all sites, the & distributions are statistically identical to
each other (Figure 9d-f). The coefficients of variation C,
have an average of 0.65+0.10 for all systems (Figure 8),
thus falling in the range of values reported in the litera-
ture (Armitage et al., 2011; Brooke et al., 2018; Duller
et al., 2010; Fedele & Paola, 2007). The & and C, values
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derived from the grain size datasets thus indicate that
the sorting of a given grain size population is approxi-
mately constant and scale invariant at any down-system
position. Moreover, the similarity between the & values
across the three fans suggest that these are decoupled
from the source lithology (Appendix I), the climatic and
tectonic boundary conditions (Sections 2.2 and 5.2) and
probably also the size of the catchments (Schlunegger
et al., 1998; Spiegel et al., 2001). Our results suggest that
alluvial fan sediments of the SMB have self-similar grain
size distributions and sorting properties (Schlunegger
et al., 2020). Such characteristics were also documented
for the coarse-grained deposits of the Pobla basin adja-
cent to the Spanish Pyrenees and the Bermejo basin of
Argentina (Whittaker et al., 2011 and Harries et al., 2019
respectively), implying similar underlying transport
processes on each fan system.

The application of the grain size fining model to our
dataset yielded differences in both the annual long-term
and instantaneous sediment fluxes for the three deposi-
tional systems, resulting in relatively low intermittency
factors (Table 1). Among the three fan systems, the cen-
tral fan stands out as the most active one, displaying the
highest intermittency factor. In contrast, both the western
and eastern fans had lower intermittency factors, indicat-
ing less frequent activity (Table 1). We acknowledge that
the spread of the uncertainties on the numerical values is
large, which mainly arises from a conservative selection
of the model's input parameters and from considering the
95% CI (Table 1). Yet the results align with those of similar
studies attempting to estimate sediment fluxes from the
stratigraphic record (e.g. Brewer et al., 2020). Thus, our
findings provide insights into the activity of Oligo-Miocene
alluvial fans, suggesting that the dispersal systems on the
fans were capable of transporting the supplied sediment
within a few hours to days per year, particularly during rel-
atively short periods when bankfull discharge conditions
prevailed. This implies that during periods of low flow,
the coarse-grained sediment particles were likely not in
transport throughout the rest of the year. This is consistent
with interpretations of intermittency values determined
for both modern and ancient streams (Hayden et al., 2021;
Sharma et al., 2024), thereby highlighting the importance
of a few high magnitude discharge events during which ef-
fective sediment transport occurs, in both, arid and humid
environments (Leenman et al., 2022; Molnar, 2001).

5.2 | Environmental versus
tectonic controls

Abroader questioniswhether the long-term sedimentation
on these fans was primarily governed by environmental

waes - WILEY-2

boundary conditions or tectonic processes (Hajek &
Straub, 2017; Ventra & Clarke, 2018). Our results show that
the western and central fans reveal significant differences
in their sediment budgets, and also in their sediment flux
intermittencies (Table 1), despite that both systems formed
under approximately the same climate (Section 2.2).
Hence, if a climate driving force alone would explain the
sedimentary dynamics, we would expect similar model
outcomes for the central and western fans. Yet, an increase
in storminess, as proposed for the study area around ca.
25.5Ma (Schlunegger & Norton, 2013; Section 2.2) could
have enhanced erosion rates in the catchments, thereby
increasing sediment supply rates to the basin. From a
stratigraphic perspective, climatic signals that are coupled
to an increase in the precipitation rates can be recorded
as few meters thick sheet conglomerate beds, which
are laterally extend over a large area and are embedded
within mudstone beds (Armitage et al., 2011; Heller &
Paola, 1992). Such morphologies have not been observed
in the deposits of the three fans, or maybe have not even
been preserved. However, given the timescale during
which these fans formed, we acknowledge that short-
lived climatic signals can be mitigated or amplified by
independent supply signals from other sources (Armitage
et al.,, 2011; Castelltort et al.,, 2015; Whittaker, 2012),
which makes it difficult to identify a climatic driving force
in the stratigraphic record. Thus, even if such signals were
preserved in our study area, they were likely overpowered
by the sedimentary response to a tectonic and orogenic
driving force.

As outlined earlier (Section 3.3.4), downstream
grain size fining trends can be used to quantify the rates
at which sediment was supplied to the basin (Duller
et al., 2010; Flemings & Jordan, 1989, 1990; Parsons
et al., 2012). For the western fan, a relatively high grain
size fining rate was observed, coupled with a relatively
high rate at which the subsidence decreased in the down-
stream direction (Table 1). These high grain size fining
rates might suggest a strong tectonic control and could
point to an underfilled state of the basin (Section 3.3.4).
According to our model, the creation of accommodation
space occurred nearly in pace (Fp=1.14) with the vol-
umes of supplied sediment (16.2km? Myr™"). Therefore,
any supplied sediment to the western fan is stored within
the basin. For the central fan, the situation was different.
A large input sediment flux (40.3km? Myr™") is required
to explain the low grain size fining rates in a basin where
the subsidence decreased at a high rate downstream
(Table 1). This sediment supply outpaced the formation
of accommodation space, with the consequence that the
basin was largely overfilled (Fy=2.49). As we have ruled
out a distinct environmental driven control such as a
change in the global or regional climate (see before), we
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invoke tectonic controls, particularly in the source area,
to explain the differences particularly in the long-term
sediment fluxes and thus in the intermittency values.
As proposed by Schlunegger and Castelltort (2016) for
our study area, the post-collisional slab break-off at ca.
32-30Ma (Schlunegger & Kissling, 2022), and the sub-
sequent slab roll-back (Kissling & Schlunegger, 2018;
Schlunegger & Kissling, 2015) contributed to the sur-
face uplift and increase of the Alpine topography. As
a consequence, enhanced surface erosion led to the
high sediment fluxes (Kuhlemann, Frisch, Dunkl, &
Székely, 2001; Sinclair, 1997) and sediment load con-
centrations (Garefalakis & Schlunegger, 2018), which
caused the rapid propagation of the central fan into the
basin. Such a scenario was likely facilitated given the
short distance between the central fan and the Lepontine
area (Figures 1 and 2), which acted as the major sedi-
ment source and experienced a high surface uplift rate in
response to the slab break-off at that time (Schlunegger
& Castelltort, 2016). Moreover, the high sediment fluxes
recorded by the central fan likely promoted the basin to
be overfilled, as revealed by the model results (see be-
fore), and possibly explain the high sediment transport
activities, as implied by the intermittency factor. We
note, however, that the erosional signal of slab break-off
was recorded in the central fan ca. 3.6-5.6 Ma after the
delamination event. This difference in timing was inter-
preted by Schlunegger and Castelltort (2016) as a delayed
secondary response to high surface uplift rates, condi-
tioned by the size of the system and the pattern of ex-
humed bedrock. For the western fan, the model predicts
smaller sediment fluxes and lower activities compared to
the central fan (Table 1). The western fan was situated
at a larger distance to the Lepontine area (Figure 1) and
was formed during a time when the Alps were consid-
ered to have reached a balance between crustal uplift and
surface erosion, enabling a steady-state elevation from
approximately 25-24Ma onwards following the initial
sediment pulse (Schlunegger & Kissling, 2015). We use
these mechanisms to explain the decrease in the fan ac-
tivity after 25 Ma when the western fan was formed and
a balance between subsidence and sediment supply was
established in the basin (see before).

The eastern fan was formed under a cooler and po-
tentially drier climate than the western and central fans
(Section 2.2). As documented for modern Alpine sys-
tems, a cooling climate likely yields higher sediment
fluxes (Glur et al., 2013), consequently, we would expect
relatively large sediment supply rates and high surface
dynamics for the eastern fan, which, however, was not
the case according to our model (Table 1). Therefore, we
consider tectonic controls to be the primary reason for the
relatively low supply rates of sediment (5.7km?* Myr ™).

Our results show that the downstream decrease in sub-
sidence rates was negligible (median of zero; Table 1) and
the grain size fining rate was low, but the degree of basin
overfill was higher (Fy=2.85) than in the western and
central fans. Consequently, we suggest that the observa-
tions in the East can be explained by the formation of the
Triangle Zone (Section 2.2) that decreased the available
accommodation space for sedimentation, promoting the
basin to be overfilled. In addition, around 22-20 Ma, the
exhumation of the external crystalline massifs and tec-
tonic unroofing in the core of the Alps caused a modifica-
tion of the drainage network, which could have reduced
the sediment supply to the Molasse basin (Schlunegger
& Kissling, 2022) and thus lowered the sedimentary dy-
namics expressed by the low intermittency values of the
eastern fan (Table 1). In summary, we suggest that the fan
intermittencies elaborated for the three major megafans
in the SMB reflect the stratigraphic response to different
sediment fluxes driven by the tecto-geomorphic evolution
of the Alpine hinterland.

6 | SUMMARY AND
CONCLUSIONS

We investigated the sediment routing system's activ-
ity, expressed through the intermittency factor, for three
Oligo-Miocene palaeo-alluvial megafans, i.e. the western,
central and eastern fans, in the SMB. We unravelled this
information through calculations of the ratio between the
long-term average and short-term instantaneous unit sed-
iment fluxes, thereby analysing the architectural trends
and grain sizes preserved in conglomerates. In particular,
the rate at which downstream grain size fining occurs
depends on the subsidence patterns, which we used to
quantify the rates at which sediment was supplied to the
SMB, thereby applying a grain size fining model (Fedele
& Paola, 2007).

Our stratigraphic grain size analyses indicated a
downstream fining trend for all three fans and for both,
the raw and the binned D, values, albeit some scatter of
the data. Moreover, the three fan systems revealed self-
similar grain size properties as expressed by the statis-
tically identical ¢ distributions (a normalisation of the
grain size data by the mean and the standard deviation),
suggesting constant down-system sorting processes.
Despite these similarities, all three fans revealed differ-
ences in their sediment accumulation rates, which we
use as a proxy for the basin's subsidence. These differ-
ences are mainly mirrored in the fans' long-term sed-
iment fluxes, but related intermittency factors or the
fans' activity are equivalent within uncertainties. Our
calculations suggest that the central fan was a more
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active system where the supplied sediment (ca. 40.3km?
Myr~ ') was transported in approximately 57 [21-162] h
yr~! (intermittency factor of 0.0065 [0.0024-0.019]) on
a yearly basis. The dispersal systems on the western fan
revealed a long-term sediment flux of ca. 16.2 km?* Myr ™!
and needed 16 [6-49] h yr™' (intermittency factor of
0.0018 [0.00065-0.0053]) to accomplish their transport
work on an annual basis, whereas those on the east-
ern fan transported the supplied sediment (ca. 5.7km?
Myr ') within approximately 8 [3-21] h yr™" (intermit-
tency factor of 0.00089 [0.00035-0.0024]). In summary,
the three fans chronicle a temporal change in sediment
supply and surface dynamics where the related rates
and activities were highest for the central and oldest fan,
after which the fluxes decreased through time.

The analysis of our data suggest that tectonics rather than
climate likely explained the differences between the studied
fans, as these fans evolved during times when major tecto-
geomorphic changes occurred in the Central European
Alps. We interpret that the formation of the central, more
active fan was potentially controlled by the delamination
of the European mantle lithosphere argued to have taken
place around 32-30Ma following continent-continent col-
lision (Schlunegger & Kissling, 2022). This resulted in high
uplift rates in the area surrounding the Lepontine dome in
the Central Alps, which was the major source area of the
systems feeding the central fan. In contrast, the western
fan, forming a few million years later, did not record the sig-
nal of enhanced surface erosion, as expressed by the lower
long-term sediment fluxes. In the East, during the Middle
Miocene, the third and probably least active system evolved
when the Triangle Zone in the SMB was formed and the
drainage network in the Alps underwent a reorganisation,
which is reflected in the low sediment supply rate.

In summary, we provided estimates on the activity of
these Oligo-Miocene megafans, stating that the dispersal
systems could accomplish their annual sediment trans-
port work within a couple of hours or a few days, thereby
reflecting the occurrence of a few high-magnitude dis-
charge events on a yearly basis. Accordingly, we show that
reconstructions of the sediment flux budgets and inter-
mittencies for these alluvial megafans provide insights not
only into the evolution of the adjacent mountain belts, but
also offer a valuable tool to understand the dynamics of
these sedimentary routing systems in the geological past.
When applied to Oligo-Miocene conglomerates of the
Swiss Molasse foreland basin, such data allow us to un-
ravel the tecto-geomorphic development of the evolving
Central Alps across temporal scales.
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