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“What we know is a drop, what we don’t know is an ocean.”
Isaac Newton

A key breakthrough in Earth Sciences was triggered in 1955 when Davis and Scha-
effer [1] measured cosmogenic 3°Cl for the first time in history in two igneous rock surface
samples: one specimen of phonolite from a high-altitude (ca. 3300 m a.s.l.) unglaciated
cliff in Colorado, and one specimen of syenite from a quarry located close to sea level (ca.
300 m a.s.l.) and within the extent of the Wisconsin glaciation in New Hampshire. This
spark gave rise to the unique “cosmogenic nuclide tool” that enables Earth scientists to
disentangle the unsolved pieces of Earth’s history. The application of cosmogenic nuclides
to geomorphological problems emerged gradually right after the publication by Davis and
Schaeffer in 1955 [1]; expanded almost exponentially in the early 1990s; and has reached a
prominent position during the last decade, with about more than 100 publications coming
out per year. The success of the unique “cosmogenic nuclide tool” is reflected in the liter-
ature, with more than 2000 publications since conception (available online: scopus.com,
accessed on 20 September 2022, searched for “cosmogenic nuclide”). Why during the past
three decades? During this period, the physical processes responsible for the production of
cosmogenic nuclides became better understood. In addition, sampling strategies, analytical
sample preparation, and the accelerator and noble gas mass spectrometric analyses were
astoundingly improved. As a consequence, the wide applicability of cosmogenic nuclides
in solving geological problems in Earth Sciences rapidly increased. Today, cosmogenic
nuclides are an amazingly versatile tool for dating landforms and deposits and for de-
ciphering landscape evolution processes during the Quaternary. Cosmogenic nuclides
have been widely applied in dating Quaternary ice volume fluctuations, and volcanic and
palaeoseismic events; in quantifying surface and/or rock uplift and denudation rates; and
in locating sediment sources in highly dynamic landscapes. Moreover, due to the sensitivity
of cosmogenic nuclide accumulation to surface erosion and depths below the surface, the
application of the technique has led to significant breakthroughs in establishing terrace
chronologies, the rates and styles of local and large-scale erosion, and soil development.

Over the past three decades, the “cosmogenic nuclide tool” did not only become a
universal and standard method, but it also has kept its momentum gained during this time
and is at the forefront of cutting-edge research in Earth Sciences. Scientists from all over the
world are exploring new challenges that require improvement and additional knowledge
and are still ambitiously diving into the unknown ocean of methodologies to tackle these
challenges. It was under these circumstances that this Special Issue of Geosciences arose. We
launched this Special Issue with a call for contributions illustrating the novel applications of
cosmogenic nuclides (®He, 19Be, 14C, 2INe, 20 Al, and %C, including new and less frequently
used nuclides such as 3Ar and 5*Mn) in diverse disciplines in the field of Geosciences,
as well as contributions from purely methodological and measurement arenas (AMS and
noble gas mass spectrometry). This Special Issue contains 12 papers that well portray the
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realm of cosmogenic nuclide applications in Geosciences. What follow are the contributions
grouped into the following topics: dating Quaternary ice volume fluctuations, gauging
erosion rates (glacial, catchment-wide, and soil erosion), dating the landforms created
by natural hazards (landslides and earthquakes), and specific themes of the cosmogenic
nuclide methodology and measurement infrastructure.

We introduce this Special Issue with three papers about the application of cosmo-
genic nuclides in establishing the timing of events in Quaternary glacial settings. Diele-
man et al. [2] focused on one of the longest standing questions in Swiss Quaternary geology:
When did glaciers from the Alps reach their farthest extent? To solve this mystery, the
authors explored the Biinten Till layer exposed in a gravel pit in Mohlin (Canton of Aargau,
Switzerland). Prior studies there had suggested the presence of moraine ridges, which have
recently been shown to be loess swales [3]. In this Special Issue, Dielmann et al. [2] com-
bined field sedimentology and cosmogenic 2°Al/1%Be isochron-burial dating on clasts in the
till. The authors concluded that an alpine glacier reached its farthest position at 500 + 100 ka
during the Middle Pleistocene, which is contemporaneous with the maximum expansion of
glaciers in the northern hemisphere. The study by Reber et al. [4] illustrated the use of cos-
mogenic nuclides in reconstructing the chronology of the Quaternary glacier fluctuations
in northeastern Anatolia. In particular, they map the extent of paleoglaciers in the Barhal
Valley in the southern ranges of the Kagkar Mountains by using field and photogrammetric
data. They established the glacial chronology by exposure dating 32 glacially transported
boulders of volcanic origin with cosmogenic *°Cl. The data point to three independent
periods when the glaciers were stable, which occurred at 34.0 & 2.3 ka, 22.2 & 2.6 ka, and
18.3 + 1.7 ka during the global Last Glacial Maximum (LGM,; after [5]). In addition, they
noted the occurrence of an early advance phase of the LGM glacier. They also showed
the rapid downwasting of the glaciers at the end of the LGM. Evidence for Lateglacial
advances is absent, and the Holocene is dominated by rock glacier activity that developed
in the cirques. An equilibrium line altitude (ELA) of 2900 m a.s.l. for the LGM, which is
a 600 m drop with respect to modern ELA, is documented in this study. Reber et al. [4]
closed their work by proposing that, during the LGM, lakes in central-western Siberia,
and the Aral and Caspian Seas served as moisture sources for the build-up of ice and
that a southward migration of the Polar Jet Front and the Siberian High Pressure System
controlled moisture transport during this time. In their paper, Anjar et al. [6] called into
question 3°Cl exposure age calculations of volcanic rocks with high native Cl. They instead
presented a noteworthy example of how much young exposure ages can be impacted
when modeling the amount of cosmogenic 3Cl produced through non-cosmogenic neutron
capture reactions. Anjar et al. [6] determined 89 cosmogenic 3°Cl exposure ages from rock
surfaces primarily exposed to glacial and volcanic events on Jan Mayen Island, located
550 km north of Iceland. For accurate age calculations, they first updated the CRONUScalc
code; then, they recalculated the ages with an assumption of non-equilibrated background
36Cl production [7] using the independently determined eruption ages for the volcanic
rocks. They showed that almost 30% of the exposure ages underestimate the real age by up
to four times. The only briefly exposed rock surfaces suffered most from the equilibrated
background assumption (correction for background non-cosmogenic production was too
high). Anjar et al. [6] closed their contribution by recommending the exclusion of assumed
equilibrium conditions for background production when calculating exposure ages for
young volcanic rock surfaces containing high native Cl, or high U and/or Th.

In the second group of contributions, Steinemann et al. [8], da Silva Guimaraes et al. [9],
and Musso et al. [10] delved into the realm of estimating erosion rates using cosmogenic
nuclides. Upon quantifying erosion, Steinemann et al. [8] showed that a significant role of
glaciers in sculpting mountain landscapes is not only their potential to deeply carve the
landscape but also, surprisingly, their ability to not erode the bedrock. In their striking
study, they investigated the abrasion of limestone bedrock in the forefield of the Vorab
glacier in the eastern Swiss Alps. Based on measured cosmogenic 3**Cl concentrations, a
numerical model was used to quantify subglacial erosion rates over the last 15 ka. The
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modeled abrasion rates were at the submillimeter scale, varying from 0.01 to 0.16 mm per
year, which were astonishingly low in comparison to the rates measured on crystalline
bedrock (typically more than 1 mm per year) [11]. They explained the low erosion rates
with the immediate drainage of subglacial meltwater into the karst passages at the base of
the glacier. They concluded that the sudden escape of water hinders basal sliding, allowing
only limited subglacial erosion. As a consequence, broad and flat limestone plateaus
arose. da Silva Guimaraes et al. [9] exemplified the unique application of cosmogenic
19Be to riverbed sediments to gauge basin-wide denudation rates and sediment fluxes,
a methodology that has been successfully applied for more than two decades. They
explored one of the tributary streams to the Alpine Rhine, namely the Plessur basin in the
eastern Swiss Alps. The combination of the cosmogenic "Be-derived denudation rates
with the geomorphological and sedimentological analysis of the drainage basin enabled
them to reveal the adjustment of the Plessur basin to the landscape perturbation created
by the thick Alpine Ice Sheet during the Last Glacial Maximum. The results from the
highly erodible North Penninic flysch and Biindnerschist in the downstream portion of
the basin indicate the most efficient adjustment there, where glacial landforms from the
Last Glacial Maximum are completely absent. In contrast, hardly erodible South Penninic
and Austroalpine bedrock in the upstream part promote good preservation of the glacial
landforms. They concluded that the bedrock geology, geodynamics, and glacial molding
are substantial factors in the processes of local uplift and denudation. Musso et al. [10]
tracked the fingerprint of chemical weathering recorded by the evolution of calcareous
and siliceous soils in two proglacial areas in the Swiss Alps by analyzing the meteoric 1°Be.
They showed that the chemical weathering rate in siliceous soils is high in the early stage
of formation and that it rapidly decelerates after a few thousand years. Erosion rates in
calcareous soils are compensated by the soil production rates, resulting in a delay in the
development of soil and vegetation cover. They concluded that vegetation is an important
factor in the evolution of soil because it augments the rate of chemical weathering and
surface stabilization, and it modifies the hydrogeological properties.

Mozafari et al. [12], Aksay et al. [13], and Ruggia et al. [14] validated the novel use of
cosmogenic nuclides in disentangling the timing of events in natural hazard research and
highlighted the importance of such an analysis for risk assessment and hazard mitigation.
Mozafari et al. [12] showed the potential of cosmogenic 3°Cl analysis to gather crucial
information required for a precise evaluation of seismic risk by exploring normal faults
for unknown major prehistorical earthquakes in Western Anatolia, one of the seismically
most active extensional regimes of our planet. On scarps of the Manastir and Mugirtepe
faults in the Manisa Fault Zone, they modeled the occurrence of three major earthquakes
at 6.5 £ 1.6 ka, 3.5 £ 0.9 ka, and 2.0 £ 0.5 ka with vertical displacements of 2.7 4= 0.4 m,
3.3 £ 0.5 m, and 3.6 & 0.5 m, respectively. Combining their results with the existing
geological and paleoseismological data [15], they demonstrated that the reconstructed
seismic activity resulted in a syn-depositional rotation in the Manastir fault during the
Late Pleistocene-Early Holocene, which was followed by the formation of secondary faults
during the Early-Late Holocene. Aksay et al. [13] investigated the Sennwald landslide,
located in the Rhine Valley. They combined detailed field mapping of the rock avalanche
deposits with dynamic run-out modelling and cosmogenic **Cl dating of limestone boul-
ders. The data point to a single catastrophic failure at 4.3 £ 0.5 ka. This coincides with a
past earthquake identified in lake sediments within the region by [16], implicating a seismic
origin for the Sennwald event. This provides further support for a major earthquake at
the Mid-Late Holocene transition. Ruggia et al. [14] combined field mapping, runout
modeling, and surface exposure dating with cosmogenic 36Cl to reconstruct the evolution
of the giant Gorte rock avalanche at the northeastern end of Lake Garda in northern Italy.
They successfully simulated the rock avalanche and reproduced the size and the thickness
of the landslide deposits. They documented a single collapse in a rock mass of about
70-75 Mm?3 at 6.1 + 0.8 ka, which resulted in a deposit volume of about 85-95 Mm?. The
initial collapse of bedrock was followed by rapid disintegration and spreading. They ar-
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gued that heavy precipitation might have triggered the rock avalanche because the timing
of the rock avalanche falls into a relatively warm and wet period of the Middle Holocene
when a period of frequent flooding 6900-6200 years ago was already identified for the
region. However, they did not exclude a seismic trigger because of the occurrence of three
contemporaneous landslides in the nearby region (within 15 km distance).

Finally, we close this Special Issue with three contributions on the brass tacks of cosmo-
genic nuclide methodologies. Halsted et al. [17] investigated one of the recent critical topics
of the cosmogenic nuclide community: the cosmogenic 26Al/!Be surface production ratio,
which is vital for two-isotope applications. To test the overlap of the theoretical production
ratio with that from analyzed data, they scrutinized the Informal Cosmogenic-nuclide
Exposure-age Database (ICE-D) and selected 313 samples from ice-molded bedrock and
glacial boulders located between 53° S and 70° N and at altitudes up to 5000 m above sea
level, which are assumed to have experienced the same exposure history. They determined
insignificant interlaboratory systematic differences and a negative correlation between the
26 A1/19Be production ratio and elevation, which agrees well with the assumptions based
on the measured energy dependence of nuclear reaction cross sections and the spatial
variability of the cosmic ray cascade. They also identified a positive correlation between
the production ratio and latitude, but they noted the occurrence of a bias in the dataset,
which they related to the altitude of the samples. They concluded that a global value of 6.75
for the 26Al/1%Be production ratio is not appropriate for high-altitude samples and maybe
even for high latitude ones. They suggested employing a nuclide-specific production rate
spatial scaling scheme, such as the LSDn [18], to avoid potential biases. Angel Rodés [19]
addressed the challenge of applying the cosmogenic nuclide methodology in glacial land-
scapes, which particularly emerges when the exposure ages of the landforms deviate from
the timing of deglaciation. This occurs as a consequence of post-depositional and post-
exposure geological processes. Researchers applying cosmogenic nuclides to nunataks to
reconstruct the history of ice thinning face such challenges especially in continental polar
regions, where extreme aridity and cold conditions prevail. Angel [19] provided a new
user-friendly tool to model cosmogenic nuclide accumulation along the elevation profiles:
The NUNAtak Ice Thinning model (NUNAIT). In brief, NUNAIT calculates cosmogenic
nuclide concentrations by tailoring the exposure time, pre-exposure, subaerial weather-
ing, subglacial erosion, uplift, and subglacial muon production to an array of apparent
exposure ages gathered from nunataks along an elevation profile. Gyore et al. [20] intro-
duced a new infrastructure for high-precision analysis of cosmogenic Ne in terrestrial and
extra-terrestrial rocks. They connected a Thermo Fisher ARGUS VI mass spectrometer
with an automated laser gas extraction and purification system and adapted this line for
high-throughput and high-precision analysis. The stunning outcome of this new system
is its ability to measure Ne isotopic ratios in very small samples (~20 mg) with very low
uncertainties. For example, while measuring the extra-terrestrial material, they were able
to reduce the overall uncertainty of the Ne isotope ratio down to 0.5% (four times less with
respect to earlier systems) by analyzing two to six times less material. In addition, they
can successfully analyze samples that are two to five times smaller than what is commonly
used for noble gas spectrometry, and they are able to measure Ne isotopes at high precision
even if the samples have low noble gas concentrations, which is generally the case for the
terrestrial material. They discussed how their system can further be improved particularly
for the analysis of terrestrial samples. This new system expands our capabilities and paves
the way for novel research, as it enables us to analyze sample material that is extremely
valuable and limited, such as the rock samples from space missions (perhaps even rock
samples from Mars).

In brief, the studies compiled in this Special Issue show how cosmogenic nuclides
are, at present, in full bloom as an amazingly versatile tool after the past three decades
and nearly 70 years after the first spark by Davis and Schaeffer [1]. As quoted by Sir Isaac
Newton: “What we know is a drop, what we don’t know is an ocean”; there are certainly
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more drops in the ocean of cosmogenic nuclides to be discovered in the future that will
keep cosmogenic nuclides at the cutting edge of Earth Sciences research.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Previous research suggested that the Alpine glaciers of the Northern Swiss Foreland
reached their maximum extensive position during the Middle Pleistocene. Relict tills and glaciofluvial
deposits, attributed to the Most Extensive Glaciation (MEG), have been found only beyond the extents
of the Last Glacial Maximum (LGM). Traditionally, these sediments have been correlated to the Riss
glaciation sensu Penck and Briickner and have been morphostratigraphically classified as the Higher
Terrace (HT) deposits. The age of the MEG glaciation was originally proposed to be intermediate to
the Brunhes/Matuyama transition (780 ka) and the Marine Isotope Stage 6 (191 ka). In this study, we
focused on the glacial deposits in Méhlin (Canton of Aargau, Switzerland), in order to constrain the
age of the MEG. The sediments from these deposits were analyzed to determine the provenance and
depositional environments. We applied isochron-burial dating, with cosmogenic 1°Be and 2°Al, to
the till layer in the Biinten gravel pit near Mohlin. Our results indicate that a glacier of Alpine origin
reached its most extensive position during the Middle Pleistocene (500 & 100 ka). The age of the
MEG thus appears to be synchronous with the most extensive glaciations in the northern hemisphere.

Keywords: isochron-burial dating; cosmogenic nuclides; Swiss northern Alpine Foreland; Middle
Pleistocene; Mohlin glaciation; Biinten Till

1. Introduction

The Most Extensive Glaciation (MEG), locally known as Mohlin glaciation, Hosskirch,
Mindel, or Most Extensive Helvetic Glaciation (Grdsste Helvetische Vergletscherung in German;
GHYV), is proposed to have occurred during the Middle Pleistocene (774-129 ka; [1]) [2-6].
Previous studies reconstructed its extent by mapping erratic boulders detected beyond the
extents of the LGM, along with few relict glacial deposits [5,7,8]. Further, it was suggested
that this glaciation reached the interiors of the northern Alpine Foreland and advanced at
least until Mohlin (Canton of Aargau), close to Basel in northern Switzerland (Figure 1),
where the Rhone, Reuss, Linth, and Rhaetian paleoglaciers coalesced [9-11]. In M&6hlin,
the Biinten Till, one of the few preserved glacial relicts attributed to the MEG outcrops
in a gravel pit. This is perceived to be an important locality for reconstructing the MEG
in the Swiss northern Alpine Foreland [3,6,8]. The MEG is also esteemed as the first
glacier advance that formed overdeepened valleys in the northern Alpine Foreland [4,12].
Moreover, the MEG was tentatively correlated with the complex of Upper Terraces (HT;
Hochterrasse in German) and, therefore, with the Riss glaciation (ca. 130-185 ka) [4,8,9,13],
using the four-fold glaciation schemes by Penck and Briickner [9]. Despite several attempts,
the exact age of the Alpine glacial expansion still remains a question of debate.

Earlier studies demonstrate that the MEG took place between the Brunhes/Matuyama
transition (780 ka) [14] and the Marine Isotope Stage (MIS) 6 (130 ka—191 ka [15]). Based on
the morphostratigraphy of the Swiss northern Alpine Foreland, Schliichter [2,16] proposed
that the MEG followed the Deckenschotter glaciations and therefore should have occurred
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just after the Brunhes/Matuyama transition. Analyses of pollen assemblages from the
glacial and interglacial sediments of the Lower Aare Valley reveal the MEG to be older
than the Holsteinian, an interglacial period generally attributed to MIS 11 (360420 ka) [4].
In Southern Germany, the Hosskirch glaciation gravel deposits underlie the Holsteinian
sediments [5]. According to Keller [6], the MEG is older than the Riss glaciation but younger
than the Deckenschotter deposits, thus implying an approximate age of 350 ka. The age of
the loess layer (19 ka—ca. 60 ka) overlying the glacial and glaciofluvial sediments in Mohlin,
derived from the optically stimulated luminescence (OSL) technique, indicates that the
MEG occurred prior to the MIS 6 [17]. U/Th and OSL dating of the Landiswil gravels
(Canton of Bern), attributed to the MEG, assigns them an age comparable to MIS 6 [18].

The major objectives of this study were to: (1) put constraints on the age of the
MEG in the Alps in context of the northern hemispheric glaciation by focusing on the
Biinten Till, which is attributed to the MEG [3,8,18,19] and outcropping in a gravel pit near
Mohlin (Figure 1); and (2) reconstruct whether the glacier that deposited the Biinten Till
originated from the Alps or the Black Forest. We established the age of the Biinten Till by
using isochron-burial dating with cosmogenic 1°Be and 2°Al. The source of the till was
determined by analyzing the sedimentology of clasts within the Biinten Till.
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Figure 1. (a) Simplified geological map of the Mohlin area. The black dotted lines indicate the
ridges that have been interpreted as moraines by Penck and Briickner [9]. The black rectangle
indicates the extent of Figure 2. The cross-section A-B is given in Figure 3. (b) Extent of the Aare,
Reuss, Linth, and the Rhaetian Lobes in the Swiss northern Alpine Foreland during the Last Glacial
Maximum (LGM) [20]. The background map and the geological 1:500,000 map are reproduced with
the authorization of the Swiss Federal Office of Topography (swisstopo).
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Figure 2. (a) Simplified geological map of the area around the Biinten gravel pit. For its extent, please
refer to Figure 1. The yellow dot indicates the sampling site. The white angles in (a) and the yellow
ones in (b) display the locations where the pictures in Figure 4 were captured. (b) DEM (Digital
Elevation Model) of the Biinten gravel pit. The background map and the geological 1:500,000 map
are reproduced with the authorization of the Swiss Federal Office of Topography (swisstopo).

2. Study Site

The Biinten gravel pit on the Mohlinerfeld, an approximately 4 km long and 3.5 km
wide plateau, is located close to Méhlin, approximately 20 km east of Basel, and to the south
of the River Rhine (Figures 1 and 2), with a maximum altitude of 379 m above mean sea
level (m a.s.l.). Permian, Jurassic, and Triassic bedrocks can be observed to have outcropped
towards the south of the Méhlinerfeld. HT gravels and Lower Terraces (NT; Niederterrasse in
German) have been reported towards the north of the plateau. In addition, the Méhlinerfeld
lies far beyond the extents of the Last Glacial Maximum (LGM) (Figure 1). Penck and
Briickner [9] have described two shallow ridges of lengths 3 km and 4 km, respectively,
on the plateau, which were previously interpreted as terminal moraines deposited by
an Alpine glacier during the Riss glaciation [9,19] (Figures 1 and 2); recent studies have,
however, interpreted these ridges as loess rather than terminal moraines [3,16].

The stratigraphy of the Biinten gravel pit has been illustrated in Figure 3a,b [21,22].
Although no bedrock is exposed in the gravel pit or has been reached by drilling [22],
Miiller-Dick [22] has predicted at least a 30 m thick gravel layer (Figure 3a) overlying the
Triassic bedrocks [9,23]. The Biinten Till is presently outcropping as a 50 cm thick reddish
till layer containing clasts derived from the Alps and the Black Forest. This layer is not
in its original position but is part of a push moraine [23]. The Biinten Till, attributed to
the MEG [4], is located approximately 30 m below the surface, at an elevation of 345 m
a.s.l. [21,22] (Figure 3b). Earlier, the Biinten Till was observed to be located at a lower level
of the gravel pit in an autochthonous position, where it is overlain by the glaciofluvial
Biinten Gravel. This has later partially been glaciotectonically deformed owing to broken
clasts and folding events [21-23] (Figure 3a,b). These gravels predominantly consist of
Alpine clasts. However, clasts derived from the Black Forest are also present [4]. The
Biinten Gravel is overlain by a paleosol, which is considered to likely represent interglacial
climatic conditions [4,21] (Figure 3b). The Wallbach Gravel, located approximately 15 m
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below the surface, is composed of glaciofluvial gravels of Alpine origin [4,21] (Figure 3a,b).
The Biinten and the Wallbach Gravel were together glaciotectonically deformed resulting
in a folding of the paleosol. A till layer with sediments derived from the Black Forest
envelops the Wallbach Gravel [21]. This entire sequence has been interpreted as the
Zeiningen Till [3,4]. Petrographic analyses of this till indicated its deposition by a glacier
that originated from the Black Forest [3,4] (Figure 3a,b). The glacier advance depositing
the Zeiningen Till has also been suggested to have deformed the underlying sedimentary
units [4]. The uppermost unit of the Biinten gravel pit is a 10 m thick loess layer [3,4,21].
The youngest deposit of the Mohlinerfeld is the Mohlinerfeld Gravels, which partly stem
from the Black Forest [3,4] (Figure 3a). These gravels overlie the Wallbach Gravels and the
Biinten Gravels in the Mohlinerfeld, but are absent in the Biinten gravel pit [3,4,21].
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Figure 3. (a) Cross-section A-B showing the different units in the Moéhlinerfeld (modified after [23]).
(b) Stratigraphic column of the Biinten Gravel Pit (modified after [21]).

3. Methodology
3.1. Sedimentary Analyses

Petrographic analyses of the clasts provide information regarding the provenance of
the sedimentary sequences [24-30]. A sample set of at least 250 clasts was collected from
the field utilizing a bucket, to avoid any visual bias [26,30]. The freshly sampled material
from the till was sieved into the pebble fraction (2-6 cm). The clasts were petrographically
classified into the following lithology classes: (1) light colored limestone, (2) dark colored
limestone, (3) gray colored limestone, (4) sparitic limestone, (5) ocher colored limestone,
(6) oosparite, (7) siliceous limestone, (8) vein quartz, (9) quartzite, (10) chert/hornstone,
(11) radiolarite, (12) sandstone, and (13) crystallines [8,25,26,30]. The crystalline components
are utilized to distinguish the Black Forest and the Alpine origin clasts. Red colored granite
clasts characterize the Black Forest origin [31], whereas the greenish and white colored
crystallines characterize the Alpine origin.

The clast morphometric analysis is a commonly utilized method to distinguish be-
tween glacial and fluvial transport mechanisms [32]. Among the several methods devel-
oped for these analyses [32-34], we applied the Cailleux method [33], appropriate for
glacial and melt water environments [26,33]. As the transport resistance varies with the
lithologies, it is essential to analyze clasts from the same lithology [26,32]. The dark colored
limestone clasts account for the most abundant lithology and hence 100 such clasts were
segregated from the pebble fraction for analytical purposes. Moreover, flattening (A;) and
roundness (Z;) indices for these clasts were determined in the following manner:

a+b
A= 100 1
=12 1)
2
Z = % % 1000 @)
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where a is the length of the clast, b the width, c the thickness, and r; the radius of the
smallest curvature [33,35].

The depositional environment and the transport mechanism were determined by ana-
lyzing the clast fabric [32,34,36-38]. The clast fabric provides information on the orientation
of a single clast, which forms the basis for reconstruction of paleoflow directions [29,38-40].
Elongated clasts were examined for this purpose [40]; that is, only the clasts with an
a-axis > 6.3 cm and a:b ratio of >1.5. Thus, it was ensured that measurements of elongated
clasts were utilized for the paleoflow reconstruction. The orientation and the inclination of
25 clasts fulfilling these criteria were measured in the field.

3.2. Isochron-Burial Dating

The isochron-burial dating technique is generally utilized to establish a chronology for
0.1 Ma to 5 Ma old terrestrial deposits such as fluvial terraces, paleosols, and glaciofluvial
gravels [30,41-54]. It can be further applied to deposits composed of clasts, with a more
complex pre-burial history or which experienced post-burial production [41,48,51,55]. The
technique is based on the radioactive decay of cosmogenic °Be and 2°Al and uses the
difference between the production ratio at the surface at the point of deposition and the
measured 26Al/10Be ratio of the deposit to calculate the depositional age [41,45,47,48,51].
The samples should have different pre-burial histories in order to calculate their isochron-
burial age; that is, they should differ in the inherited nuclide concentrations. To fulfill this
criterion, samples of different lithologies, sizes, and shapes were collected [45-49,51,54].

Sampling, Sample Preparation, and Measurements

A total of 12 samples, 11 clasts (quartzite, sandstone, and granite) and a sediment
sample (of 50 small quartz pebbles) were collected from the Biinten Till. The samples
for cosmogenic °Be and 2°Al analysis were prepared at the Surface Exposure Labora-
tory of the University of Bern. The sediment and nine clast samples were leached and
purified ([51], and references therein) to obtain 50 g pure quartz. Ideally, Al concentra-
tions <30 ppm are required for high quality 2°Al/%” Al Accelerator Mass Spectrometry
(AMS) analysis [51,54]. However, the new AMS facility (MILEA), recently developed
at ETH Zurich, measures °Be and 20Al with higher efficiency [56], allowing us to use
samples with higher total Al concentrations (>100 ppm). Before dissolving, the total Al
concentrations of the samples were checked utilizing inductively coupled plasma optical
emission spectrometry (ICP-OES) at the Institute of Geological Sciences, University of
Bern. In addition, samples with extremely high total Al concentrations (>100 ppm) were
subjected to additional leaching steps or were abandoned. Six samples with lowest total
Al concentrations and a sufficient amount of pure quartz were dissolved (Table 1). A full
process 1Be blank was processed in a batch of nine samples. Samples were spiked with
200 pL and the full 1°Be process blank with 400 pL of 1 g/L °Be carrier. The cosmogenic
10Be and 2°Al was extracted following the protocol by Akgar et al. [51]. The °Be/“Be and
the 20A1/%” Al ratios were measured in the MILEA AMS facility at ETH Zurich [57,58]. An
error weighted average full process blank ratio of (2.76 £ 0.18) x 10~% was utilized to
correct the measured 1°Be/?Be ratios. ICP-OES, at the Institute of Geological Sciences,
University of Bern, was utilized to determine the total Al concentrations. The CRONUS-
Earth exposure age calculator was utilized to calculate the 2°Al/1%Be ratios, which were
referenced to 07KNSTD ([59] and the updates from v. 2.2 to v. 2.3 published by Balco in
June 2016; http:/ /hess.ess.washington.edu/math/al_be_v23/al_be_multiple_v23.html;
accessed on 13 January 2021). The isochron-burial ages were calculated with the MatLab®
code provided by ([45]; personal communication with Darryl Granger) considering 1o
measurement uncertainties. To calculate an isochron-burial age, we applied a production
rate of 4.00 + 0.32 atoms/gSiO,/a cosmogenic '°Be at the surface, due to spallation at
sea level high latitude (SLHL) [60]. In addition, a surface production ratio of 6.75 was
applied for the 26 A1/19Be ratio [41]. The time dependent Lm scheme [61,62] was utilized to
calculate the altitude/latitude scaling of the surface production rate. Half-lives of 1.387 Ma
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for 19Be [63,64] and 0.705 Ma for 2°Al [65,66] were used. For the determination of an
isochron-burial age, initially measured 26 A] concentrations were plotted against the mea-
sured 1°Be concentrations. Furthermore, a regression was calculated through the measured
10Be and 26 Al concentrations. Subsequently, the slope of the regressed line was utilized to
estimate an initial isochron-burial age based on the offset from the initial surface production
ratio [41,45]. Based on this initial age estimate, the post-burial production component is
determined, subtracted from the measured concentrations and the resulting inherited con-
centrations are corrected for isotope decay [41,45]. After determining the pre-burial erosion
rates based on the corrected inherited 19Be concentrations, an inherited 26 Al/19Be ratio was
calculated [45]. The inherited isotope ratios were applied to estimate a linearization factor,
which was applied to correct for post-burial production [45]. The corrected °Be and 20 Al
concentrations were again plotted against each other. Finally, these steps have been iter-
ated until age convergence [41,45]. For fluvial depositional environments, the initial ratio
equals the surface production ratio, as fluvial clasts are assumed to stem from the surface.
Therefore, the surface production ratio of 6.75 [41] is commonly utilized as the initial ratio
in calculating isochron-burial ages. This technique has often been applied for determining
the age of fluvial terraces (e.g., [43], among others). In landscapes sculptured repeatedly by
deep erosion, such as glacial landscapes, the production ratio at depth becomes equal to
the initial ratio [51]. As muogenic production becomes dominant with depth, the 26A1/1%Be
ratio increases. For example, Braucher et al. [67,68] and Margreth et al. [69] reported a value
up to 8.3. In the following, we briefly outline how a glacially created, transported, and
deposited clast can account for an initial ratio higher than the surface ratio (6.75). During
glacial erosion, the clasts are first excavated by the glacier from the bedrock at depth (deep
erosion) (cf. Figure 7 in [51]). Subsequently, these clasts are transported either subglacially
or englacially, i.e., completely shielded from cosmic rays. Later, they are embedded in a
glacial deposit, such as the Biinten till in this study, or in a glaciofluvial deposit. In both
cases, such clasts will never be exposed at the surface prior to burial and their initial ratio
will be >6.75. As one cannot determine the original depth at the source, from which a
clast originates, Akgar et al. [51] suggested to use the production ratio at depth (between
6.75 and 8.4, average value is 7.6) for the isochron-burial age calculations for landscapes
dominated by deep erosion. In addition, Knudsen et al. [42] applied the P-PINI (Particle
Pathway Inversion of Nuclide Inventories) method to model burial ages, utilizing a source
to sink approach. Their modelling demonstrated that the majority of initial 2°Al/1°Be ratios
at the source were larger than 7.2 (cf. Figure 8 in [42]). They concluded that these samples
were derived from environments which experienced fast and deep erosion due to glacier
activity. Based on these lines of evidence, the isochron-burial age of the Biinten Till was
calculated with initial ratios of 6.75, 7.6, and 8.4, respectively. The isochron-burial age
calculated with an initial ratio of 7.6 has been considered in the ensuing discussion.

Table 1. Sample information for the Mohlin site.

Sample Name Lithology Weight (g) a-Axis (cm) ‘23:;11;: aif\i?\;a(rgt)z Al iz:cc;;t;a(t;(;l;‘a)ﬂer
MOHL-1 Quartzite 1150 12.7 34 76
MOHL-4 Quartzite 660 123 44 161
MOHL-5 Quartzite 800 9.3 54 145
MOHL-7 Quartzite 520 8.2 36 94
MOHL-10 Sandstone 1630 15.3 46 138
T MOHL-12 Quartz pebbles 1610 - 67 49

! Sediment sample. Coordinates of the sampling site: 47.5533° N, 7.8716° E, 345 m a.s.l.
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4. Results
4.1. Sedimentary Analyses
4.1.1. Sediments of the Biinten Gravel Pit

The till in the Biinten gravel pit is located approximately 30 m below the surface
(Figure 4a). The 50 cm thick till layer is observed to be tilted (Figure 4b). The till is poorly
sorted, with clast sizes ranging up to 20 cm (Figure 4c,d). The clasts are matrix supported,
consisting of reddish colored clay and silt (Figure 4c,d). Two groups of paleoflow directions
were measured, one towards N and another towards W, resulting in a NW mean paleoflow
direction. The Biinten gravels overlying the till are poorly sorted with a maximum clast
size of approximately 25 cm. A sandy to silty matrix can be observed. The horizontally
bedded glaciofluvial gravels, located to the west of the Biinten Till, are nearly 10 m thick
(Figure 4b). They contain a matrix predominantly composed of sand and minor amounts
of silt. A maximum clast size of 25 cm has been reported from these gravels. At a depth of
10 m below the surface, the glaciofluvial gravel sequence exhibits cross bedding (Figure 4a).

Figure 4. Field photographs of the Mohlin site. (a) Overview of the Biinten gravel pit and spatial
positioning of Figure 4b,d; (b) the Biinten Till (indicated by the red line) and spatial positioning of
Figure 4c; (c) samples MOHL-4 and MOHL-5; and (d) sample MOHL-2.

4.1.2. Clast Petrography

The results of the clast petrography for 275 samples are shown in Figure 5. Most of the
clasts are dark colored limestones (21%), successively followed by gray colored limestones
(14%), quartzites (13%), and crystalline clasts (9%). The crystalline clasts can be further
categorized as those of the Black Forest origin (4%) and those of the Alpine origin (5%).
The ocher-colored limestones and oosparites account for 8% and 6% of the total clasts,
respectively. The sparitic and siliceous limestones contain relative abundances of 7% each.
Sandstones, vein quartz clasts, and cherts exhibit a relative abundance of 4% each. The
light colored limestone clasts and the weathered components represent 2% and 1% of the
total clasts, respectively. Since only one radiolarite clast was found, its abundance was too
small to be represented on the pie diagram.

13
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Figure 5. Clast petrography of the Biinten Till analyzed at the Mohlin site.

4.1.3. Clast Morphometry

A total of 110 clasts were measured to calculate the roundness index (Z;) and the
flattening index (A;) (Figures 6 and 7). The Z; values range from 50 to 550, with a few
clasts displaying values between 600 and 700 (Figure 6). The median of the roundness
index (Md(Z;)) is 244. The clasts exhibit bimodal distribution, the first highest mode being
represented between 100 and 150 and the second between 250 and 300. The calculated
flattening indices vary between 100 and 450 with a median (Md(A;)) of 180 (Figure 7).

Litholagy: dark eolored limestone

— rounded

Median (244)

z

150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900

Figure 6. Histogram illustrating roundness index of clasts at the M&hlin site.
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4.2. Isochron-Burial Dating

At the Mohlin site twelve samples were collected, of which six samples were pro-
cessed to extract cosmogenic '“Be and 2°Al. After leaching, these samples exhibited a
total Al concentration between 49 ppm and 161 ppm (Table 1). The processed samples
contain lithologies of quartzite (MOHL-1, MOHL-4, MOHL-5, and MOHL-7) and sandstone
(MOHL-10). MOHL-12 is a sediment sample.

Lithology: dark colored limestone
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Figure 7. Histogram illustrating flattening index of clasts at the Mohlin site.

The results of the cosmogenic '"Be and 2° Al measurements are displayed in Table 2.
The 1°Be/?Be ratios range from 1.24 x 10~ t0 8.60 x 1074, The relative measurement
uncertainty of the 1°Be /?Be ratios lies between 4% and 11%. The full process blank accounts
for 3% to 23% of the measured °Be/?Be ratios. The calculated, blank corrected 1°Be
concentrations vary between (3.8 & 0.5) x 103 atoms/g and (25.3 + 1.3) x 10% atoms/g.
The total Al amount varies between 3 and 9 mg, and the total Al concentrations between
60 and 190 ppm, respectively. The measured 2°Al/?” Al ratios range from 1.25 x 10~ '* to
9.56 x 10~!* with relative uncertainties of 3% to 11%. The calculated concentrations of
the 2°Al are between (44.3 + 3.2) x 10 atoms/g and (172.0 4 13.4) x 10® atoms/g. The
26 A1/1%Be ratio ranges from 6.8 & 0.4 to 13.3 = 2.3. The sample MOHL-10 was excluded
from the modeling of the isochron-burial age, as it lies beyond the two-sigma solution
space [49].

For the Biinten Till, a lower isochron-burial age limit of 260 £ 110 ka, with an initial
ratio of 6.75, was calculated using the code provided by [45] and personal communication
with Darryl Granger. The mean initial ratio of 7.6 yielded an age of 500 + 100 ka. An
upper age boundary of 700 & 100 ka was calculated using an initial ratio of 8.4 (Figure 8).
In order to explore the contribution of post-burial nuclide production in the measured
concentrations, we re-calculated the isochron-burial age by using St [62] and LSDn scaling
scheme [70] and based on the Bender approach, which do not include the post burial
component (cf. [48]). Use of both calculations with different scaling schemes and Bender
code did not alter the isochron-burial age, which indicates a minimum contribution of
post-burial production. The 500 £ 100 ka age will be henceforth utilized with regards to
the MEG.
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Figure 8. Isochron plot of the samples from the Mohlin site (the samples are plotted with 1o
uncertainties and the isochron-burial ages calculated with the initial ratios 6.75, 7.6, and 8.4). The
best fit isochron-line is indicated in blue and the light blue envelope shows the 10 solution space.
The sample indicated in gray and labeled with an asterisk (*) is defined as an outlier and therefore
excluded from the isochron-burial age calculation.

5. Discussion
5.1. Provenance of the Sediments

Given the proximity of Mohlin to the Black Forest, it is important to establish whether
the till in the Biinten gravel pit represents the most extensive position of Alpine glaciers or
has been deposited by a paleoglacier from the Black Forest. The petrography of the clasts is
essential to understand the origin of the paleoglacier. Several varieties of limestone (60%)
reported from Mohlin, including the dark colored, gray colored, light colored, and siliceous
limestone clasts, possibly have their origins in the Helvetic and Penninic Nappes of the
Alps [71-73]. These nappes cover extensive areas and therefore the precise provenance
cannot be determined. The ocher colored limestone, oosparite, and sparitic limestone
clasts probably originated from the Jura Mountains in the northern and western parts
of the northern Alpine Foreland and/or south of the Black Forest [71-73]. The quartzite
clasts are currently exposed in the Valaisian Alps and eastern Central Alps, and have also
been observed in the Molasse Conglomerates [74-76]. The composition of the crystalline
components from the till indicates a Black Forest as well as an Alpine origin.

The presence of Alpine and Black Forest origin clasts in the Biinten Till can be explained
by the reworking of previously deposited Alpine clasts by a glacier initiating from the
Black Forest or vice versa. Previous studies reported the presence of Alpine and Black
Forest lithologies at various locations between Brennet and Laufenburg (Figure 1) and thus,
numerous theories were proposed for the origin of the paleoglacier. In 1895, Gutzwiller [19]
observed the coexistence of the Alpine and Black Forest material in a glacial deposit,
but did not make a clear statement regarding the origin of this paleoglacier. Reichelt [77]
concluded that the two glaciers merged to the east, close to the city of Laufenburg (Figure 1).
However, Pfannenstiel [78] suggested that the glacier initiated from the Black Forest and
coalesced with the Alpine glacier approximately 5 km east of Mohlin (Figure 1). A few
studies proposed that the glacier from the Wehra Valley advanced close to Mohlin, but did
not reach the Mohlinerfeld [79,80] (Figure 1). Miiller-Dick [22] suggested that the glacier
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depositing the Biinten Till was of Alpine origin, while a second glacier advance depositing
the Zeiningen Till originated from the Black Forest.

The lithology of a paleoglacier from the Black Forest should ideally contain contribu-
tions of: red colored granites, minor amounts of Mesozoic carbonates, and a few Tertiary
rocks [71-73,81]. A southbound advancement of the Black Forest paleoglacier potentially
enabled its encounter with some Alpine clasts, reworked from the deposits along the course
of the River Rhine. In contrast, theoretically, a paleoglacier from the Alps would have
predominantly transported carbonate clasts from the Helvetic and Penninic Nappes, along
with quartzite clasts, crystalline clasts (such as Julier granite, Aare granite, and Serpen-
tinites, among others), and a few Mesozoic rocks from the Jura Mountains, allowing limited
contribution of the clasts from the Black Forest. Clast petrographic analysis during this
study revealed coexistence of sediments from both provenances. The components from the
Black Forest demonstrate a rather small relative abundance.

The morphometry of the clasts embedded in the Biinten Till points towards a glacially
influenced sediment [35,82]. According to Cailleux and Tricart [35], and Schliichter [82],
clasts with a roundness index between 150 and 300 were deposited in the proximity of a
glaciofluvial environment. Two third of the clasts from the Biinten Till show Z; values below
300, of which a third contain values between 50 and 150, which indicate a glacial deposition.
The clasts with Z; values above 300, therefore, probably represent better rounded clasts
and are interpreted as indicators for reworked sediment [82]. We accordingly conclude
that one third of the quartz vein clasts in the Biinten Till are fresh material delivered
from the Alps, whereas, two thirds appear to bear evidence of reworking by the glacier.
The A; values point towards a compact shape and, therefore, glacial and glaciofluvial
transport in contrast to the flat and disc shaped clasts, which are interpreted as evidence of
a fluvial transport [34]. In brief, we propose that the Biinten Till was deposited by a glacier
descending from the Alps based on the petrographical composition of the sediment, the
morphometry, and the measured paleoflow direction towards the northwest. The Black
Forest lithologies encountered in the sediment were most probably eroded from outcrops
located further east of Mohlin and close to the River Rhine (Figure 1).

5.2. Age of the MEG in the Northern Hemisphere

Previous studies have tentatively reconstructed the age of the MEG based on the
morphostratigraphy of the northern Alpine Foreland, whereas the obtained 500 + 100 ka
corresponds to the age of the most extensive position of Alpine glaciers. The chronology of
the MEG lies within the time range suggested by previous studies and implied by the mor-
phostratigraphy of the northern Alpine Foreland [2,4,16,17]. Schliichter [2,16] suggested
that this advance occurred after the Deckenschotter glaciations and the Brunhes/Matuyama
transition. Based on the OSL ages from the loess cover, Gaar et al. [17] tentatively attributed
the deposition of the Zeiningen Till to MIS 6, thus implying that the MEG predates the
Zeiningen Till (Figure 3a).

Based on the existing data and results obtained from this study, we suggest the
following chronostratigraphy for the Mohlinerfeld area. At approximately 500 ka, the
Alpine glaciers reached their most extensive position. The Biinten Till indicates that a
glacier lobe covered the Mohlinerfeld; however, evidence for the thickness of the ice and
the position of the ice margins at that time is lacking. The measured paleoflow directions
suggest that the ice margin was located NW of the Biinten gravel pit. According to Frei [10],
the Rhone Lobe covered the Mohlinerfeld during the MEG. Such an assumption implies
that the Rhone Lobe reached an approximate minimum length of 315 km. This further
implies that the glacier during the MEG was nearly 35 km longer than that during the
LGM. The deposition of the gravels and the Zeiningen Till located on top of the Biinten Till
occurred between 500 ka and 60 ka, as per the age of the loess coverage [17] (Figure 3a).
An age of 160 ka, corresponding to the MIS 6, was suggested for the Zeiningen Till [17].
Assuming that the Zeiningen Till is of the MIS 6 age, the Biinten Gravel would have been
either deposited during the MEG or the Habsburg glaciation, with the Wallbach Gravel
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overlying the Biinten Gravel during the Habsburg or Hagenholz/first advance of the
Beringen glaciation, respectively (Figure 3a,b). The deposition of the Mohlinerfeld Gravel
can be tentatively attributed to the Beringen glaciation (Figure 3a).

Glaciers played an important role in shaping the Quaternary landscapes of the north-
ern Swiss Foreland. Glaciers that advanced onto the northern Alpine Foreland sculpted the
overdeepened valleys (up to 300 m in depth) (see [83] and references therein). The MEG is
considered responsible for the commencement of the overdeepened valley formation [4,12].
Therefore, we suggest that the first overdeepened valley formed not later than approxi-
mately 500 ka. Recently, several drill cores were obtained from overdeepened valleys in the
Swiss northern Alpine Foreland to comprehensively analyze the infill and to reconstruct the
glaciation history [83-87]. Sediments from the base of the investigated overdeepened valley
fills were dated to approximately 180 ka [83-87]. Some of these also represent an older
sedimentary infill [74]. According to these findings, the beginning of the overdeepening
has been assigned to a glacial advance at 260 ka or older [83]. In the Lower Aare Valley,
the presence of different sediment units implies that during 160 ka to 180 ka, the area
was dominated by a periglacial setting; the lowermost sands covering a glacial diamicton
are older than 180 ka [87]. The presence of glaciolacustrine sediments, dated by applying
OSL, indicate that glacial lakes dominated the Wehn Valley and the Lower Glatt Valley
between ca. 130 ka and ca. 180 ka [83,86] as well as between ca. 180 ka and >260 ka [84,86].
Assuming the challenges involved in OSL dating of proglacial sediments, the ages of
roughly 260 ka might also be related to the upper limit of the OSL dating technique and can
be reliable up to 200 ka [88,89]. The upper dating limit with OSL is given by the saturation
of the dose, usually resulting in an age of 150 ka, but few deposits can be dated up to ca.
400 ka [89-92]. Based on these results, the MEG still possibly remains responsible for the
first overdeepened valleys, albeit inconclusively.

Owing to the limitations of the OSL technique, with a few exceptions a chronology
of only up to ca. 400 ka can be dated; that is, the OSL helps reconstruct chronology of
deposits older than the LGM [93-104]. It is possible, however, that evidence of glaciation
at 500 ka exists somewhere in the Alps. In the Upper Rhine Graben (URG) about 300 km
north of Mohlin, recently deposited sediments in a fluvial environment partially influenced
by gravitational processes were dated to 454 + 29 ka and attributed to the MEG [96]. Two
phases for the deposition of HT-complex sediments were revealed by OSL ages in the
northern Alpine Foreland: one at approximately 160 ka and another at 260 ka (Figure 9).
HT deposits, 20 km to the west of Mohlin, were dated at approximately 236 ka by OSL,
suggesting that the underlying gravel units were deposited by a glaciation older than ca.
240 ka [93]. The 19Be depth-profile age indicates that at 270 ka this area was characterized
by a distal glaciofluvial environment [94]. These two phases were also identified based on
glaciofluvial sediments in Southern Germany [98]. In Austria, the glaciofluvial sediments
from the penultimate glaciation, attributed to the HT, were dated to 140 ka [99,100]. In the
Southern Alps, a cold phase was determined at ca. 250 ka [101], but there is some evidence
that these sediments might be of earlier glaciations [102,103]. No deposits older than the
LGM have been dated in the French Alps; however, there is evidence that there were
glaciers present during the Middle Pleistocene [104]. These ages of the HT exhibit that the
MEG is clearly older and should therefore be classified separately. In addition, very few
MEG deposits have been dated so far. Therefore, the ca. 500 ka of the Biinten Till represents
the only time constraint for the MEG in the Alps.
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Figure 9. §'80 variation in the last 1 Ma (modified after [15]). The upper error ranges of the MEG,
with an age of 500 & 100 ka, overlap with those of the Elsterian stage in Northern Europe, the Anglian
stage in Great Britain, moraines on the Tibetan Plateau, while its lower error ranges overlap with
glaciofluvial sediments of North America. The Alpine glaciations of 250 ka and 160 ka represent
separate glaciation events that do not correlate with the MEG. The light blue bar indicates the end of
Deckenschotter glaciations, which took place between ca. 2.6 and 0.9 Ma [42,54]. The red dashed line
indicates the Mid Pleistocene Revolution (MPR) occurring at around 0.95 Ma [105] and the green one
the boundary between the Middle and Late Pleistocene [1].

At approximately 500 & 100 ka, the glaciers apparently reached their most exten-
sive position, not only in the Alps but also in other parts of Europe and of the northern
hemisphere [106] (Figure 9). The Fennoscandian ice sheet reached its most extensive posi-
tion during the Elsterian glaciation, covering Northern Europe and advancing up to Central
Germany [107-109]. Fluvial sediments overlying Elsterian till were analyzed with the
luminescence technique and dated between 447 4 52 ka and 387 + 48 ka, indicating that
the Elsterian stage occurred during MIS 12 [108]. Dated glaciofluvial sediments indicate a
glacier advance during the Elsterian glaciation between 461 4 34 ka and 421 + 25 ka [109]
(Figure 9). In the Netherlands and the western part of Germany, archives of the Elsterian
stage exist, which are not considered to represent the most extensive glaciation [110,111].
The MEG is considered as a glacier advance that initiated the overdeepening of valleys
not only in the Swiss northern Alpine Foreland but also in Northern Europe (Elsterian
glaciation) [112]. Glaciofluvial deposits indicate that the British ice sheet had the maximum
extent (the Anglian stage) during 440 ka [113,114] (Figure 9). The presence of the Eurasian
ice sheet (500 ka) can be observed in Russia. A till layer overlying interglacial sediments
has been dated to 510 ka using the thermoluminescence technique [115]. This till layer
corresponds to the Oka glaciation (tentatively correlating with the Elsterian glaciation)
at 500460 ka [116]. Although the Oka glaciation occurred comparably with the Mohlin
glaciation, it did not reach its most extensive position in that area. The Don glaciation,
considered to have had the largest extent, occurred prior to the Oka glaciation and therefore
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predates 500 ka [111,115]. The U/Th analysis of the secondary carbonates precipitated
in the pores of the glaciofluvial deposits in the Balkan Mountains suggests that the MEG
occurred between 470 and 420 ka [117-120]. Glaciations dating 500 ka have also been
reported from North America [121,122]. There are, for instance, glacial deposits overlain
by ca. 470 ka old basalts and underlain by marine deposits of 570 ka [121] or a till deposit
with a suggested minimum age of 424478 ka [122] (Figure 9). Evidence of a 500 ka old
glaciation have been retrieved from the Tibetan Plateau, where glacial deposits were dated
to 460-571 ka by the electron spin resonance (ESR) technique [123-125] (Figure 9). This
indicates that the age of the MEG is consistent with other glacier advances in the northern
hemisphere.

6. Conclusions

The Biinten gravel pit close to Mohlin, deposited by the MEG, was comprehensively
examined during this study. Based on the petrographic analyses and the results of paleoflow
direction, we conclude that the glacier originated from the Alps and that the Black Forest
clasts were incorporated into the till due to reworking of the nearby sediments. Moreover,
the isochron-burial dating of the Biinten Till to 500 4 100 ka provides the first direct
chronology for the MEG, thus addressing the complex chronostratigraphy of the Swiss
northern Alpine Foreland. However, for improved understanding regarding the age and
the extent of the most extensive glaciation in the Alps, further studies on stratigraphy and
chronostratigraphy of MEG deposits are essential. We thus infer that the MEG is apparently
synchronous with other glacier advances in the northern hemisphere.
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Abstract: Barhal Valley belongs to the Coruh Valley System in the Kagkar Mountains of northeastern
Anatolia. This 13 km long valley is located to the south of the main weather divide and to the
east of Mt. Kagkar, with the highest peak of the mountain range being 3932 m. Today, source of
an average yearly precipitation of 2000 mm of moisture is the Black Sea, situated approximately
40 km to the north of the study site. Glaciers of the Last Glacial Maximum (LGM) descended directly
from Mt. Kagkar and reached an altitude of ca. 1850 m a.s.l. (above sea level). In this study, we
are exploring whether the position of Barhal Valley to the south of the main weather divide and
its east-west orientation have an influence on the existence and expansion of paleoglaciers. Here,
we present 32 new cosmogenic *°Cl dates on erratic boulders from the Coruh Valley System. We
reconstructed three geomorphologically well-contained glacier advances in the Barhal Valley, namely
at 34.0 == 2.3 ka, 22.2 + 2.6 ka, and 18.3 + 1.7 ka within the time window of the global LGM. Field
evidence shows that the glacier of the 18.3 & 1.7 ka advance disappeared rapidly and that by the
latest time, at 15.6 &= 1.8 ka, the upper cirques were ice-free. No evidence for Lateglacial glacier
fluctuations was found, and the Neoglacial activity is restricted to the cirques with rock glaciers. A
range of 2700 to 3000 m for the Equilibrium Line Altitude (ELA) at the LGM was reported based on
modeling of the glacial morphology. We determined that the most likely position of the LGM ELA in
the Coruh Valley System was at 2900 m a.s.l. We suggest an alternative moisture source to the direct
transport from the Black Sea for the ice accumulation in the Eastern Black See Mountains. The shift of
the Polar Front and of the Siberian High Pressure System to the south during the LGM resulted in the
domination of easterly airflow to the Caucasus and Kagkar Mountains with moisture from expanded
lakes in central-western Siberia and from the enlarged Aral- and Caspian Seas.

Keywords: erratic boulders; cosmogenic 36Cl; LGM Glaciations; eastern Anatolia; glacier retreat

1. Introduction

Glaciers are the key element for the reconstruction of paleocirculation patterns and,
therefore, of transport of moisture to an area, as described e.g., in [1]. Today, climate
indicators such as temperature, barometric pressure, and precipitation are recorded instru-
mentally. However, for records of the past, these need to be extracted from geoarchives. In
mountain areas with sufficient elevation and precipitation, the cryosphere, which mainly
comprises glaciers, provides the most sensitive archives for climate change [2]. To read
these archives, fieldwork is essential, and state-of-the-art dating techniques need to be
applied. Glaciers react dynamically and rapidly to physical changes to the environment,
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Black Sea

namely to temperature, and they provide long-term records of thousand, ten thousand,
and hundred thousand years, as described e.g., in [3]. The disadvantage of glacial records
is their complex sedimentary structure, especially in mountainous areas. Fieldwork, there-
fore, can be challenging as glacial landforms and sediments in mountains are subject to
gravity-induced surface reorganization and instabilities [4]. Well-preserved glacial land-
forms (moraines) or sediments (tills) may be rare, and careful evaluation of erratic boulders
is needed with respect to their morphological stability since deposition [5].

The mountains of Turkey and their paleoclimate records constitute a critical link be-
tween the Alps, the Balkans, and the southwest Asian mountain ranges. For this reason,
Anatolia is ideally located within a zone of frontal weather dynamics and seasonal os-
cillations in the eastern Mediterranean (Figure 3 in [6] and [7]). The Eastern Black Sea
Mountain Range in northeastern Anatolia is at close proximity to the direct moisture source
of the Black Sea. For example, the Kavron Valley in the Kagkar Mountains (elevation
of 3932 m and 40 km from the coast only) receives an average annual precipitation of
1784 mm, and the coastal city of Rize receives 1989 mm [8]. In contrast, Erzurum, the city
located ca. 140 km from the coast and to the south of the main mountain range, receives
only 676 mm. The precipitation differences between Rize at the coast, the high mountains
of Kagkar, and inland Erzurum is a typical orography-controlled situation. With the present
circulation, moisture arrives directly from the Black Sea and shows a steep precipitation
gradient on the southern side of the mountain range; see, e.g., [7].

Few and small relict glaciers only exist in the Kagkar Mountains of NE Anatolia
today ([9] and references therein). This is in marked contrast to the landscape during the
Last Glacial Maximum when extensive valley glaciers descended at least twice from the
cirque areas. We have investigated key valleys from a glacial geological point of view over
the past two decades in the Kackar Mountains to reconstruct the past glaciers’ advances
(Figure 1a).

Figure 1. (a) Index map for the Coruh Valley System in the Kackar Mountains of NE Anatolia: Kavron
Valley System [10], Vercenik Valley System [11], Basyayla Valley System [12], Coruh Valley system
(this paper). (b) Neighboring Kavron and Barhal Valley descending from the highest peak of Mt.
Kackar 3932 m. Coruh Valley System with Hastaf, Diibe, and Kérahmet tributaries, and Barhal Valley,
referred to as the main valley (sample clusters red dots).

Based on literature surveys ([6] and references therein) and contacts with geologists
working in the area, we started in Kavron Valley [10], followed by Vercenik Valley [11],
and most recently Basyayla Valley [12]. All these valleys bear clear and extensive evidence
of former glaciers with comparable chronologies from valley to valley. Kavron, Vergenik,
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and Basyayla Valleys, where our investigations were focused earlier, are open to the north
and are, therefore, direct collectors of moisture moving from the Black Sea to the high
Kackar Mountains.

The target of this study is to investigate the existence, size, and age of potential
paleoglaciers to the south of the main mountain divide and, as a consequence, subject to
potentially changing atmospheric circulation during glaciations (Figure 1). Additionally,
it is a follow-up study of earlier investigations conducted in neighboring valleys in the
north [10,11]. Therefore, the east-trending Barhal Valley, located in the southern side of the
Kagkar Mountains, was selected with a special focus on the geometry of the LGM glacier
extension. Did an LGM-glaciation really occur in Barhal Valley? Additionally, then, what is
the paleoclimatic context of an important glacier to the south of the main divide, but still
directly connected to Mt. Kagkar, the highest peak of the mountain range? In this study, we
report field investigations, sampling campaigns, and terrestrial cosmogenic 3¢Cl analysis of
the resting time of erratic boulders in Barhal Valley.

2. Field Area and Field Work
2.1. Study Area

The Barhal Valley is one of the main tributaries of the Coruh Valley System. The
uppermost part of the southwest—northeast-trending Barhal Valley is composed of three
main tributaries. Yaylalar Village is at the junction of the Kérahmet Valley from the north
and of Hastaf Valley from the west. Olgunlar, the uppermost village, is at the junction
of Diibe Valley from the north with Hastaf Valley from the west (Figures 1b and 2). Both
Kérahmet and Diibe Valleys are southwest—northeast trending in the upper reaches and
join the main Barhal Valley after they turn to the east at right angle. Diibe and Hastaf
Valleys originate in the eastern flanks of Mt. Kackar, the highest peak of the mountain
range (Figures 1 and 2).

6/gun/ar

Yaylalar

Figure 4!1}

Figure 2. The Coruh Valley System from an oblique aerial view based on orthophoto, to the east, and
southeast of Mt. Kagkar.

The Barhal Valley is a typical and broad U-shape valley in the sector of former glacier
extensions (Figure 2). The open valley morphology ends about half a kilometer down
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valley from Yaylalar Village in a gorge. The distance from the highest peak to the gorge
entrance is about 13 km. The bedrock geology is complex (Figure 1b): Mt. Kagkar is at the
contact of Upper Cretaceous volcanic and volcanoclastic rocks (to the east and northeast;
Hamurkesen formation, Figure 1b) and of granitic rocks of the Kackar composite batholith
of the Late Cretaceous-Eocene age. The Kagkar batholith complex is part of the eastern
Pontide igneous terrain [13,14]. The rocks of this batholith are a wide range of quartz-rich
granitoids in a complex tectonic interrelationship.

2.2. Sampling

Field campaigns took place in August 2010 and in August 2013. We collected a total
of 31 surface samples from erratic boulder tops and one sample from a decomposing
bedrock ridge beyond the extent of glaciations (Table 1) for cosmogenic surface exposure
dating. After careful inspection of the boulder surface and lithology, boulder stability and
its relation to an ice-contact sediment or morphology, sampling was performed using a
hammer and chisel following Akcar et al. [15].

Table 1. Sample location and description.

. Latitude, Longitude, Sample Shielding
Sample Al:i;‘)‘de °N(DD.DD  °E (DD.DD HZ‘;‘}‘J:E; ) Thickness  Correction

WGSS84) WGSS84) (cm) Factor @
TRYAY-1 2310 40.85623 41.24587 100 3 0.9745
TRYAY-2 2330 40.85495 41.24291 120 3 0.9815
TRYAY-3 2990 40.81733 41.1812 140 4 0.9836
TRYAY-4 2990 40.81791 41.18103 80 3 0.9887
TRYAY-5 2980 40.81851 41.18088 80 *dh 60 3 0.9872
TRYAY-6 2990 40.81759 41.17999 100 5 0.9879
TRYAY-7 2880 40.85152 41.18879 115 3 0.9727
TRYAY-8 2905 40.85141 41.1876 100 25 0.9624
TRYAY-9 2960 40.85221 41.18504 160 4 0.9724
TRYAY-10 2805 40.85643 41.19236 120 3.5 0.9834
TRYAY-11 2380 40.86354 41.23956 180 *dh 50 3 0.9927
TRYAY-12 1945 40.87334 41.2763 250 *dh 40 25 0.9595
TRYAY-13 1940 40.8733 41.27599 400 *dh 50 3 0.9804
TRYAY-14 1910 40.87257 41.27751 200 5 0.9552
TRYAY-15 2150 40.87624 41.27764 Tor 5 0.9943
TRYAY-16 2295 40.85649 41.24531 340 *dh 160 5 0.9816
TRYAY-17 2285 40.85663 41.24546 340 *dh 80 2 0.9816
TRYAY-18 2205 40.8587 41.24792 320 *dh 100 3 0.9450
TRYAY-19 2190 40.86144 41.25145 240 4 0.9768
TRYAY-20 2155 40.86191 41.25106 280 3 0.9727
TRYAY-21 2195 40.8615 41.25346 380 2 0.9685
TRYAY-22 2180 40.86205 41.25377 260 3 0.9723
TRYAY-23 2115 40.86266 41.25207 300 *dh 200 3 0.9747
TRYAY-24 2090 40.86411 41.25843 480 3 0.9768
TRYAY-25 2090 40.86429 41.25865 270 *dh 130 3 0.9768
TRYAY-26 2115 40.86452 41.26329 290 *dh 100 5 0.9729
TRYAY-27 2005 40.86704 41.26197 640 4 0.9730
TRYAY-28 1950 40.87103 41.27026 200 3 0.9591
TRYAY-29 1935 40.87314 41.27612 200 3 0.9646
TRYAY-30 1930 40.87307 41.27623 120 *dh 40 2 0.9646
TRYAY-31 1960 40.87354 41.27586 180 2 0.9630
TRYAY-32 1990 40.87418 41.27545 340 3 0.9745

*dh = difference in height from top of the boulder to the nearest sediment cover. * Calculated for topographic
shielding and dip of the surface, following Dunne et al. [16].

2.3. Methodology and Lab Analytical Work

In this study, we analyzed the cosmogenic isotope 3°Cl because most of the suitable
boulders for surface exposure dating are of volcanic lithologies. The interaction of Ca,
K, Ti, Fe, and Cl in the mineral lattice of the rock surface with cosmic rays results in the
production of 3°Cl [17,18]. We apply this physical principle to determine the exposure
age of the sampled erratic boulders. As cosmogenic 3*Cl is produced through several
production channels [19-25], we have determined the elemental composition of the whole
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rock by analyzing major and trace elements on a sample aliquot at SGS Mineral Services
in Toronto, Canada (Table S1). The aliquot was taken after the samples were crushed,
sieved to the fraction of 0.250-0.400 mm, and leached to avoid meteoric contamination.
The extraction of cosmogenic **Cl was performed following a modified laboratory protocol
by Akgar et al. [26]. In this protocol, only the carbonate fraction of the whole rock was
dissolved. We combined nitric and hydrofluoric acids to fully dissolve the samples. Prior to
dissolution, the samples were spiked with 2.5 mg of 3Cl to apply chlorine isotope dilution
method for AMS measurement at ETH [27]. Assuming a natural ratio of 35C1/%7Cl in the
sample, the method allows determining chlorine-35, -36, and -37 concentrations, and as a
result, more precise and accurate dating with 3Cl [28].

The concentrations of natural Cl and 3Cl were determined from one target at the ETH
TANDEM AMS facility using the gas-filled magnet method to remove the isobar 3°S [29,30].
The ratio of 3¢Cl/Cl was normalized to the ETH internal standard K382/4N with a value
of 17.36 + 0.35-10712 [30]. The concentration of stable Cl was calculated using a 57C1/%5Cl
ratio of 31.98% of K382/4N standard and background ratio of a machine blank. The
resulting 3°C1/Cl ratio varies among the samples from 0.053-107!2 to 0.595-10~!2, while the
ratio of the three preparation blanks has a range from 0.002:10~!2 to 0.005-10~!2. The final
concentrations of *°Cl in the rock are corrected to preparation blanks. The concentration
error includes the uncertainty of the AMS standard and the blanks (Table 2).

Table 2. Cosmogenic nuclide data and calculated 3°Cl exposure ages.

Sample Weight of Cl Cone. 36C16(3:50nc' Erosion Corrected
Name Sample in Rock (ppm) (10°"cl (e =1.0 mm/ka)
g(rock)~1) Exposure Age (ka)
TRYAY-1 34.2269 11.45 +0.10 0.25 + 0.03 169 +1.9
TRYAY-2 29.4083 26.30 £+ 0.39 0.37 £ 0.02 168 +1.4
TRYAY-3 29.136 18.81 + 0.25 0.21 £ 0.02 95+1.0
TRYAY-4 29.0564 19.92 +0.13 0.44 £ 0.02 11.3 +0.7
TRYAY-5 27.7074 21.41 +£0.14 0.34 £ 0.02 114 +£09
TRYAY-6 28.6207 29.71 £0.15 0.92 + 0.04 16.1 £ 0.9
TRYAY-7 28.7826 66.22 + 0.68 0.79 £ 0.04 153+ 1.3
TRYAY-8 28.6532 95.01 + 6.46 0.92 + 0.08 15.6 £ 1.8
TRYAY-9 30.0012 135.30 + 0.84 1.01 +0.05 1224+1.2
TRYAY-10 29.1489 55.16 4 2.59 0.78 £ 0.05 142+13
TRYAY-11 29.1831 237.70 +£9.32 1.64 +0.10 164+ 1.8
TRYAY-12 28.4173 17.61 + 0.26 0.41 £ 0.02 34.0 £ 2.6
TRYAY-13 34.0625 15.51 + 0.12 0.28 + 0.02 20.6 +1.7
TRYAY-14 35.4375 14.94 + 0.09 0.15 + 0.01 193 +19
TRYAY-15 28.9831 76.64 +£1.11 0.68 + 0.03 25.7 +£4.0
TRYAY-16 30.1203 15.46 + 0.17 0.16 £ 0.01 145+13
TRYAY-17 30.8286 19.84 + 0.70 0.38 £ 0.03 227 +20
TRYAY-18 30.3030 18.20 + 0.29 0.48 £ 0.02 228+ 15
TRYAY-19 30.1839 14.63 + 0.30 0.39 + 0.03 252 +22
TRYAY-20 30.1838 15.55 + 0.10 0.40 £ 0.02 187+ 1.1
TRYAY-21 30.0951 8.37 £0.20 0.19 £ 0.01 194 +17
TRYAY-22 28.0466 10.52 + 0.32 0.19 £ 0.01 134 +1.1
TRYAY-23 27.9336 16.45 + 0.15 0.36 + 0.03 179+ 1.5
TRYAY-24 30.3931 16.08 + 0.11 0.37 £ 0.02 21.1+14
TRYAY-25 30.2444 1542 +0.11 0.15 £ 0.01 19.0 £ 1.9
TRYAY-26 30.2529 18.68 + 0.24 1.31 £ 0.05 105.6 + 8.1

TRYAY-27 30.3185 17.44 £0.26 0.27 £0.02 173 £ 1.6
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Table 2. Cont.

Sample Weight of €l Cone. 36C16§;onc. Erosion Corrected
Name Sample in Rock (ppm) ol (e = 1.0 mm/ka)
g(rock)—1) Exposure Age (ka)
TRYAY-28 30.4064 12.55 £ 0.16 0.10 4 0.01 9.5+ 0.9
TRYAY-29 30.3650 16.47 £ 0.24 0.19 4 0.02 188 £2.1
TRYAY-30 30.1825 92.66 4 0.58 0.45 4+ 0.02 146 £1.3
TRYAY-31 30.2605 15.34 +0.22 0.45 £ 0.02 256 £1.6
TRYAY-32 30.7316 15.86 £ 0.11 0.36 + 0.02 339 +26

Analytical errors are at the 1o level, including the statistical (counting) error and the combined counting uncer-
tainty and uncertainty due to the normalization of standards and blanks. To calculate exposure ages, we used
48.8 + 1.7 atoms *°Cl g(Ca)~! a~! SLHL production rate from Ca spallation, 5.3 £ 0.5 %*Cl g(Ca)~' a~! SLHL
production due to muon capture ([22,23], one sigma errors), and scaled after Stone [31] to 2.47 (spallation) and
1.61 (muonic) of the SLHL values. Production rate on K, 162 at g~ yr~! [32]; on Ti, 13 at g~! yr~! [33]; and
on Fe, 1.9 at g‘] yr‘1 [34]. Low-energy capture of thermal and epithermal neutrons was computed follow-
ing Liu et al. [19] and Phillips et al. [21] using the production rate of epithermal neutrons above the surface
760 = 150 neutrons g~' a~! (see Alfimov and Ivy Ochs, [24]). Exposure ages are corrected for shielding of
surrounding topography, and sample thickness.

For the calculation of the exposure ages, we used an in-house Matlab code based on
Alfimov and Ivy-Ochs [24]. Sample-specific parameters are listed in Table 1. We used
the following production rates of cosmogenic *Cl by spallation: on Ca 48.8 & 1.7 atoms
36C] g(Ca)_1 a~1[22],onK 162 g_1 yr‘l [32],onTi13 g_1 yr_1 [33]and on Fe 1.9 g_1 yr_l [34].
An attenuation length of high-energy neutrons of 160 g cm~2 [16] was used together with a
rock density of 2.7 g cm 3. For the production rate of epithermal and thermal neutrons in
the atmosphere at the land /atmosphere interface, we used 757 n g_1 yr‘1 [24]. Muonic
production of °Cl was calculated following Heisinger et al. [35,36]. The local production
rate was calculated with scaling scheme of Stone [31]. An erosion rate of 1 mm per thousand
years was applied. The non-cosmogenic production of 3Cl by neutrons from spontaneous
fission of U and Th was calculated by Alfimov and Ivy-Ochs [24].

3. Results and Interpretation

Barhal Valley (Figures 1 and 2), called the main valley in the following, displays a
distinct morphological break at 1850 m a.s.l. Below the break point, it has a V-shape and a
narrow valley (Figure 3a), whereas it has a U-form above this point (Figure 2), and more
open and broader towards the uppermost part, which is called the Hastaf Valley.

Figure 3. (a) View from boulder TRYAY-14 down-valley towards the gorge entrance and to the most
likely ice-contact terrasses. The gorge entrance is interpreted based on the morphology and on the
reconstruction of lateral ice margins (Figure 4) as the approximate LGM glacier terminus. (b) The
perfectly perched erratic boulder TRYAY-14 (map position see Figure 4).
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Sample  |Exposure v o
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Figure 4. (a) Barhal Valley sample locations with summary table of cosmogenic °Cl ages. Recon-
structed right lateral ice margins: lower green line = 18.3 + 1.7 ka advance, blue line =22.2 £+ 2.6 ka
advance. (b) Barhal Valley sample locations between Yaylalar (bottom of the map) and Olgunlar (at
the valley confluence), as seen in digital relief reconstruction.

This break in valley morphology, from V- to U-shaped, is interpreted as the terminus
of the LGM glacier (Figures 3a and 4) and, tentatively, of former glaciations as well.

The field evidence of this formerly large valley glacier with lateral relict moraine
ridges, abraded bedrock surfaces, and abundant erratic boulders is omnipresent up-valley
of the Yaylalar Gorge. There is a broad high alpine scenery surrounded by steep rock walls
and peaks (e.g., Figure 5) in the upper Hastaf and the Diibe Valley. Glacial morphological
features such as moraines or ice contact slopes are present in the main valley and rare in the
tributaries of the Kérahmet and Diibe valleys. There, only Lateglacial features are mapped
(Figure 5).
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2990 (11.3+0.7
2980 (11.4+0.9

2990 16.1+0.9

Figure 5. Reconstructions based on digital elevation data of uppermost Hastaf Valley with a spec-
tacular view into the cirque to the SE of Mt. Kackar. (a) Detailed map with sample locations.

(b) View of detailed reconstructions of land surface expressions. Samples are from areas with little
periglacial modifications.

It is difficult to morphologically constrain the confluence of a paleoglacier from Korah-
met valley with the main paleoglacier one kilometer upstream of the gorge entrance.
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An important paleoglacial feature is at the confluence of Kérahmet and the main valley
on the left-lateral slope of Kérahmet: it is a boulder alignment with a nicely defined upper
and a more diffuse lower limit, as can be seen from Yaylalar Village (Figure 6).

Figure 6. Left-lateral frontal position of Barhal Valley glacier, view to the N/NE from Yaylalar. The
white line is the 19.7 £ 2.1 ka ice margin. TRYAY-12 and -31 represent the 34.0 + 2.3 ka advance. For
sample locations on a map, see Figure 4a. The 18.3 & 1.7 ka advance did not reach the level of the
white line at that site. Details of TRYAY-14: see Figure 3.

The position of the boulders on the slope and the overall geometry at the confluence
make it a depositional feature of a glacier in the main valley because the adjoining up-valley
sectors of Kérahmet Valley are almost free of true glacial vestiges, and the morphology is
more V-shaped (Figure 1b). We conclude, therefore, that the faint boulder terrace marks
the left-lateral depositional ice margin close or corresponding to the maximum glacier
extension of the LGM limit of the Barhal Paleoglacier, and that the Kérahmet Paleoglacier
did not reach down to the main valley.

In Figures 4 and 6, the sample locations and data for the boulder alignment are given.
The results of our measurements are listed in Tables 1 and 2 and Figure 6. The seven boulder
samples on this slope (TRYAY-12, -13, -14, -29, -30, -31, and -32) range from 14.6 4= 1.3 to
34.0 £ 2.6 ka. The youngest exposure age of 14.6 £ 1.3 ka (TRYAY-30) we consider as too
young for a depositional age of the boulder and contemplate this surface exposure age
as a post-depositional exhumation of this boulder (Table 1). Sample TRYAY-14 needs to
be mentioned in particular for its methodological uniqueness and beauty (Figure 3). This
boulder is delicately perched on three bedrock knobs. The boulder itself is of a subrounded
form and of foreign erratic lithology. Its exposure age is 19.3 & 1.9 ka, and its position is
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in the lower part of the slope. Together, TRAY-13, -14, and -29 produce a mean exposure
age of 19.7 & 2.1 ka. This exposure age allows for the decision that these samples belong
to the glacier advance during the global LGM taking place at 22.1 + 4.3 ka after Shakun
and Carlson, [37]. All three boulders (TRYAY-13, -14, and -29) are situated in the lowermost
part of the sampled slope (Figure 6).

TRYAY-12 and -32 are of a clearly older age (34.0 &= 2.6 and 33.9 £ 2.6 ka). The boulder
surface of sample TRYAY-12 is slightly pitted, and the removal of the sample was easy due
to embryonic spalling; this is in an agreement with the longer exposure of the boulder. A
break in slope morphology below the sample TRYAY-12 is obvious. The boulders’ location
of TRYAY-12 is about 10 m above the upper limit of the “fresher-looking” boulder alignment,
and TRYAY-32 is slightly up valley and upslope as well (Figure 3 and to the left and beyond
in Figure 6). Samples TRYAY-12 and TRYAY-32 do not represent the boulder alignment in a
strict sense and are considered to represent a different and older depositional age than the
other samples at that site. The mean exposure age of 34.0 + 2.3 ka is older than the LGM
time span for the Northern Hemisphere [37]. This is a challenging situation as it relates
to the question of an Early LGM or of an older independent advance. Sample TRYAY-31
is in a similar position above the boulder line as TRYAY-12 and TRYAY-32. Its statistically
significant younger exposure age of 25.6 &= 1.6 ka years suggests either a later advance at
around 25 ka or that this boulder was deposed with the boulder TRYAY-12 and -32, and
post-depositional slope processes, not visible in the field today, are responsible for a later
exhumation of this boulder. Both scenarios are possible. However, the case of deposition
by a later advance at around 25 ka could explain the similar exposure ages that we find
on a right lateral position farther up-valley (e.g., TRYAY-19, 25.2 4 2.2 ka, Figure 4). This
would suggest a composite deposition of the till by two distinct advances at a comparable
elevation in this frontal left lateral position above the LGM advance; cf. Schneebeli [38].

Sample TRYAY-15 was collected as a reference beyond and about 200 m above the
boulder alignment, representing ice-free areas at the time of maximum expansion to the
boulder alignment. It did produce an age of 25.7 &= 4.0 ka. This age provides evidence
that the higher slopes, especially this highly exposed sampled bedrock knob, may have
experienced considerable erosion and “slope-cleaning”—cf. Mair et al. [39]—at the time of
the glacier presence in the lower parts of the valley.

Sample TRYAY-28 was sampled because it is the only large boulder in this part of the
slope (Figure 4) and was considered in the field as an up-valley extension of the boulder
alignment. One should note that this boulder is resting downslope against a low bedrock
ridge. The exposure age of 9.5 & 0.9 ka points to a likely post-depositional movement such
as sliding and turning of the boulder since deposition; cf. Akgar et al. [15]. Therefore, we
excluded this boulder from further discussion.

The intermediate sector of the southern slope of the main valley between the tributaries
Koérahmet Valley in the east and Diibe Valley in the west is characterized by a series of
ridge segments with down-valley sloping extensions (Figures 4 and 7). These segments can
be interpreted as morainic complex and ice-contact terraces. However, it is difficult to track
single ridges for more than a few hundred meters down-valley. The whole slope is modified
by human activity, and the clearly developed ridges have an agricultural overprint. Large
boulders are elements of stability. Some are at least partially covered by gravel and small
boulder fractions from land cleaning (Figure 7b,c).

Therefore, it is difficult to draw a clear limit for the extent of the paleoglacier occupying
the main valley.

The sample TRYAY-26 yielded the oldest date in the valley so far with 105.6 & 8.1 ka
(Figure 7d). We sampled this boulder in perspective to collect an older advance than the
morphologically better constrained LGM advance. The generic higher lateral position and
the decomposing-looking stage of the rounded boulder (Figure 7d) speak for an older
erratic boulder sample in the field. However, the exposure age is so old that we cannot rely
on this single boulder’s age to propose a pre-LGM advance earlier than the 34 ka phase
detected in the frontal left lateral position. To construct a much earlier advance with this
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single boulder age would be highly speculative, and therefore, we conclude that TRYAY-26
contains likely inherited nuclide concentrations because of an earlier exposure in a nunatak
high up in the accumulation area, which was above the LGM trimline. Therefore, this
exposure age is excluded from further discussions and speculations until more evidence
for such an early glacier advance is found.

ol
x 3 ‘

»

v -
TRYAY-26 3¢
105.6 8.1

Figure 7. (a) Down-valley view from sample station TRYAY-1 at the upper glacier margin. Note the
difference in slope morphology with ice contact to the right and superficially decomposing bedrock
to the left (see also Figure 7b,c). (b,c) Middle part of Barhal Valley with sampled boulders TRYAY-24
(22.2 £ 2.6 ka advance) and TRYAY-25 (18.3 + 1.7 ka advance). (d) Sample TRYAY-26, a decomposing
boulder in a steep slope affected by slope processes.

Most of the samples from the intermediate sector of the main valley can be subdivided
into two groups: (1) an older age group and higher in the slope with samples TRYAY-17,
TRYAY-18, TRYAY-19, TRYAY-21, and TRYAY-24, and (2) a younger age group and in lower
parts of the slope with samples TRYAY-20, TRYAY-23, TRYAY-25, and TRYAY-27 (Figure 4).
Sample TRYAY-17 is exposed for 22.7 + 2.0 ka, TRYAY-18 for 22.8 + 1.5 ka, TRYAY-19 for
25.2 + 2.2 ka, TRYAY-21 for 19.4 + 1.7 ka, and TRYAY-24 for 21.1 & 1.4 ka. A mean age for
the older group (blue dash line in Figure 4) is 22.2 £ 2.6 ka. The younger group comprises
the samples TRYAY-20 with 18.1 &£ 1.1 ka, TRYAY-23 with 17.9 & 1.5 ka, TRYAY-25 with
19.0 £ 1.9 ka, and TRYAY-27 with 17.3 &+ 1.6 ka, respectively. This makes an average for
this group of 18.3 & 1.7 ka. Sample TRYAY-22 (Figure 4) is in a morphological position that
makes it part of the younger group. Its exposure age is, however, only 13.4 £+ 1.1 ka; we
identify this sample as an outlier, probably due to spalling as detected in the filed on the
lower part of the boulder but not obvious on the sampling spot.
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TRYAY-1 and -2 are from boulder tops on a prominent terrace to the south of Olgunlar
Village at the junction of the Diibe Valley with the main valley. Both boulders are em-
bedded in till with characteristically striated clasts. The boulders are part of the till cover
(Figures 7a and 8).

Figure 8. Ice contact morphologies at confluence of Diibe and Hastaf Valleys with sample and glacial
sediment locations.

TRYAY-1 is on a flat terrain, and TRAYAY-2 is on a ridge towards the little gully incision
of the outlet from one of the smaller southern tributaries (Figures 4 and 8). Exposure
ages of these boulders are 16.9 4= 1.9 and 16.8 & 1.4 ka. In the northern slope above the
Olgunlar Village at the entrance to Diibe Valley, abundant boulders are present. One
boulder was sampled there at the comparable altitude to TRYAY-1 and TRYAY-2 at a
moderately defined morphological break-in-slope, assuming that this corresponds to the
ice limit of the maximum glacial extent. The exposure time of the sample TRYAY-11 is
16.4 + 1.8 ka (Figure 4). The average age of TRYAY-1, -2, and -11 is 16.7 + 1.7 ka. Based on
our observations in the field, we consider the highest stand of the innermost lateral position
at 2300 m a.s.l. and the continuation of this extent, mapped as a green dash-line in Figure 4,
with the boulders TRYAY-20, TRYAY-23 and TRYAY-27,as a last stand still of the main valley
glacier with a higher gradient of the glacier surface in this confluence area than during the
earlier advance (blue dashed line with mean age of 22.2 &+ 2.6 ka). The average age from
TRYAY-1, -2, -11, -20, -23, and -27 is 17.7 &= 1.9 ka and suggests a main valley occupation by
glacier ice at that time before the ice retreat toward the upper Diibe and Hastaf cirques.

However, we favor the interpretation that puts the ages of TRYAY-1, -2, and -11 with
an average of 16.7 = 1.7 ka in an already ongoing down wasting phase of a glacier from
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the tributary system of the Barhal Valley, and the exposure ages hint to exhumation or late
deposition of the boulders in context with the stand-still or melting phase of the Diibe
and smaller southern Tributary arm of the Barhal valley (Figures 4 and 8, respectively).
In brief, we argue that these boulders were deposited by the tributary glacier during
the down-wasting phase. With this hypothesis, the boulders TRYAY-20, TRYAY-23, and
TRYAY-27 would reveal a slightly older average age from this lower green dashed line of
18.3 4= 1.7 ka as reported above, and the age difference between TRYAY-1 (16.9 + 1.9 ka)
on a higher position than the older TRYAY-17 (22.7 £ 2.0 ka) could then be explained
accordingly. We consider TRYAY-16 in the vicinity of these two boulders with an exposure
age of 14.5 & 1.3 ka as an outlier because of the too young exposure age for this position in
the valley system. In addition, a tilting of this boulder to a later stage is likely, as there are
hints for this process in the field.

Well-preserved glacial landforms are rare in the upper reaches of Hastaf and Diibe
Valleys (Figure 2). Between the confluence of Diibe and the main valley at about 2000 m
a.s.l. and 2800 m at the entrance to the cirques, no unquestionable paleoglacier vestiges
were observed. This fact is obviously the result of rapid ice down-melt and glacier retreat to
the cirque area. In addition, above about 2800 m, the broad cirque floors are characterized
by complex rock glaciers (Figures 5, 9 and 10).

The uppermost part of the Hastaf Valley is a broad open landscape closed by steep
cirque headwalls (Figures 2 and 10a). A complex system of rock glaciers occupies the
extensive cirque floors (Figures 5 and 10a,b). Morainic ridges can only be mapped with
acceptable certainty in their frontal part before the valley drops off and where glacial
features were not yet completely reworked by periglacial processes. A set of four samples
were taken from there (Figure 5). Three samples were collected from boulders on the same
ridge which marks a moderate readvance or at last a phase of ice margin stabilization.
Samples TRYAY-3 with 9.5 + 1.0 ka, TRYAY-4 with 11.3 4 0.7 ka, and TRYAY-5 with
11.4 & 0.9 ka exposure time are, within errors, exposed for roughly the same period of time
with a bandwidth estimation of 11.0 & 1.9 ka. It is not easy to interpret the sample TRYAY-6
from a boulder on the next ridge, which is more up-valley 90 m long with an exposure age
of 16 & 0.9 ka. When considering the broader morphological context of the sampled ridges,
it must be explained as most likely being the frontal part of the still-active rock glaciers,
and the location was therefore subject to former rock glacier activity and boulder mixing.
The interpretation of the age of sample TRYAY-6 as evidence for glacier-free cirques not
later than 16.1 + 0.9 ka is a hypothesis based on this one date and therefore has to be taken
with caution. TRYAY-6 could also contain inherited nuclide concentration from previous
exposures at its source on the high peaks of the surrounding scenery prior to the erosion,
transportation, and deposition by the glacier.

The glacial morphological configurations in the uppermost Diibe Valley are identical
to the Hastaf Valley. Bedrock scenery is even more spectacular, with Mt. Kagkar forming
the high headwalls of the cirques (Figures 9 and 10c,d).

There, three boulders were sampled (TRYAY-7, -8, and -9) just outside the pronounced
and most likely still active rock glaciers at the comparable altitude to Hastaf of 2900 m
a.s.l,, and one more sample TRYAY-10 was collected about 100 m lower in elevation. In the
uppermost part, moraines are rare, and many of the rock glaciers appear to originate from
remobilized glacial sediments. Samples TRYAY-7 and -8 were collected from boulders on
defined ridges of several meters in height, resulting in identical exposure ages of 15.3 £ 1.3
and 15.6 £ 1.8 ka. Sample TRYAY-9 is from an angular rock slab on top of a ridge of a blocky
moraine with thermokarst features and yielded a surface exposure age of 12.2 & 1.2 ka. This
clearly younger age can be explained by the presence of thermokarst features at that location
and likely represents the re-arrangement of this boulder after deposition. Therefore, we
identify this boulder as an outlier and exclude it from further discussion. Several hundred
meters down valley from the sample site of TRYAY-7 and on the continuation of the same
ridge, the surface of a huge boulder was sampled (TRYAY-10), with the resulting age of
14.2 4 1.3 ka. We calculated a mean exposure age of 15.1 &+ 1.6 ka for the three boulders
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from this upper region of the Diibe Valley. We conclude that this date marks the timing of
glacier reorganization during the retreat in this high cirque. Based on the surface exposure
dates that we gathered in the upper cirques of the Hastaf and Diibe Valley, we cannot
suggest Lateglacial glacier advances. It is more likely that the exposure ages represent
ice-free cirques and random morphological arrangements in the final phase of decaying
glaciers at the transition to dominance by rock glaciers.

- v,

Altitude |Exposure
(m) |age (ka)

15.3+1.3

15.6+1.8
12:2:x1.2
142+£13

Figure 9. Reconstructions based on digital elevation data of uppermost Diibe Valley with a spec-
tacular view into the cirque area of the eastern ridge of Mt. Kagkar. (a) Detailed map view with
sample locations. (b) Detailed reconstruction of the land surface expressions in the zone of contact be-
tween glacial (down-valley) and periglacial (up-valley) morphologies with delicate sample positions.
Sample TRYAY-9 is from a boulder on a pronounced ridge with periglacial modifications.
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Figure 10. Landscape and sampled boulders in the upper cirques. (a,b) Uppermost Hastaf Valley
as seen from sample position TRYAY-3 and TRYAY-6, respectively. (a) View to the west with a
pronounced horn morphology and with undifferentiated glacial morphologies throughout the broad
cirque. (c,d) Sampled boulders and landscape in uppermost Diibe Valley.

4. Discussion

In this study, we present follow-up results to our earlier investigations in northeastern
Anatolian mountains: in Kavron [10], Vergenik [11], and Basyayla Valleys ([12] and Figure 1)
and discuss them in a Mediterranean context (Hughes and Woodward [40], among others).
Earlier investigations focused on the main valleys descending directly to the north from
the high mountain ranges in the Eastern Black Sea Mountains [10-12]. The landscape
above around 1800 m a.s.l. in the Kavron, Vergenik, and Bagyayla Valleys are characterized
by glacial morphology [9]. As stated in the introduction, the Kagkar Mountain Range
is characterized by a pronounced precipitation gradient. It has been hypothesized that
this gradient also operated during the ice ages, resulting in more extensive glaciers to the
north of the mountain divide than to the south in the precipitation shadow. However,
paleoglaciation has been reported as well from the drier interior of the Anatolian Plateau
(for instance from Mount Ergiyes; [41]), and changes in the circulation patterns during the
LGM have been reconstructed for western Anatolia (Mount Uludag; [42-44], the Balkans,
e.g., [45,46]; and the Alps, e.g., [47] and references therein).

The Barhal Valley is directly descending from the eastern ridges of Mt. Kagkar
(Figures 5, 9 and 11) to the east. It is connected to the highest peak and “disappears”
in the precipitation shadow as it extends to the east. Our study revealed evidence for
extensive yet complex glacial features. They are morphologically poorly preserved, for
example, compared to the Basyayla Valley [12].
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Figure 11. Glacier reconstruction in the Central Coruh Valley System for the 22.2 & 2.6 ka advance.
The 34 ka advance did not reach the same ice volume in the middle valley sector (Figure 3). Recon-
structed maximum ELA is at approx. 2700 m a.s.l. Diibe and Hastaf glaciers merged at Olgunlar
(Figure 7, sample TRYAY-11). The Korachmet glacier did not reach the Barhal Valley. The recon-
structed ice volume and glacier extension in the uppermost Hastaf Cirque are a first minimum
approximation.Due to the Barhal Valley orientation from west to east, there are also several north-
facing tributary valleys in the Hastaf Valley beside the main valley and the Diibe branch. The
exposition of the tributary valleys and their hypsometry probably played a considerable role in
the build-up of the paleoglacier volume. Furthermore, these tributary valleys have the potential to
host independent resting cirque glaciers (i.e., not connected to the glacier in the main valley) by an
intermediate ELA (Equilibrium Line Altitude) depression, and therefore, they might have still been
present when the main valley was ice-free after 18.3 & 1.7 ka and before 15.6 & 1.8 ka. The direct
comparison of ice-covered area during the LGM of the Barhal Valley (34.4 km?) to the ice-covered
area of the opposing Kavron Valley (22 km?) has therefore been considered with caution but still can
be counted as a considerable volume.

The paleoglacier extension in the Barhal Valley is delineated by glacial morphological
arguments at the gorge entrance down-valley from Yayalar (Figures 3 and 4). Additionally,
less than a kilometer up-valley from the estimated glaciation limit and just at the confluence
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with the Kohrahmet Valley, there is a conspicuous boulder limit in the left lateral slope.
We found evidence for two glacial advances in this part of the valley, including one Early
LGM with an average age of 34.0 £ 2.3 ka. This glaciation is not morphologically well-
constrained, but a similar advance is found in the Basyayla Valley at 32.6 + 1.3 ka [12], as
well as in the Western Taurus Mountains in the lower Kuruova Valley at 35.1 & 2.5 ka [48],
which agrees with an Early LGM as proposed, for example, by Starnberger et al. [49] for
the Eastern Alps. The younger glaciation detected in this frontal part of the Barhal valley
is geomorphologically well-constrained with an array of boulders, and this glaciation is
synchronous with the global LGM. The average age of these boulders in the frontal left
lateral part is 19.7 £ 2.1 ka, excluding the TRYAY-31 (25.6 & 1.6 ka), which lies beyond
two sigma uncertainty. The boulder line (Figure 6) marks a clear geomorphological break
with different soil development, a stable slope surface, and an advanced vegetation cover.
Accordingly, it is difficult to consider phase 34.0 & 2.3 ka just as an earlier advance of a
major event also producing the 19.7 & 2.1 ka phase.

The average exposure ages of the two clusters in the middle part of the valley (blue
dashed line Figure 4), with a mean age of 22.2 4 2.6 ka, and the lower ice margin (lower
green dashed line Figure 4), with a mean of 18.3 & 1.7 ka, constrain the LGM advance as
the main morphologically evident advances of the main valley. We propose that the Barhal
Paleoglacier occupied the main valley during the period from 22.2 - 2.6 ka to 18.3 £ 1.7 ka
based on the ice margin evidence from the right lateral position and with a prominent
phase around 19.7 & 2.1 ka when the boulder line in the left frontal position was formed.

We calculated an average age of 21.9 & 2.7 ka for the LGM in the Barhal Valley in
order to compare with the existing LGM chronologies. To do so, we took the average of all
12 boulders geomorphologically attributed to the LGM (TRYAY-13, -14, -17, -18, -19, -20,
-21,-23,-24,-25,-27, and -29) and excluded the Early LGM boulders (TRYAY-12, -31, and
-32) and the young uppermost lateral boulders (TRYAY-1, -2, and -11 in Figure 4) from
these calculations.

The amount of ice in Barhal Valley was important; the Hastaf and Diibe cirques were
filled, and an ice plateau was formed at an elevation of about 3500 m, which allowed glacial
landforms, such as the horns shown in Figure 10, to be sculptured by flowing ice.

A connected glacier system around Mt. Kagkar can be postulated for the maximum
LGM ice. However, it is difficult to reconstruct the Diibe Paleoglacier, as clear glacial
morphologies have not yet been recognized, throughout the valley. Enormous amounts of
snow must have accumulated during the LGM, as even today, snow avalanche ridges are
actively formed in the valley, cf. Akgar et al. [50]. Such processes clean the high slopes from
all glacigenic “horizontal” sedimentary landforms such as moraine ridges or ice contact
slopes. The total length of the reconstructed LGM paleoglacier (Figure 11) is approximately
13 km from the farthest peak of the Hastaf Valley to the terminus. With the upper tributary
of Diibe and Hastaf Valley, the reconstructed Barhal Paleoglacier has a surface area of
34.4 km?, whereas the Diibe Paleoglacier accounts for about a quarter of this area.

We argue that the Barhal Paleoglacier reached a similar ice thickness in the middle part
of upper Barhal Valley and close to identical frontal positions at the gorge entrance at around
1850 m a.s.l. during the Early LGM and LGM, as reconstructed by the stabilization phases.
This position is roughly 450 m lower than the Basyayla Paleoglacier [12]. Is this because
the catchments of the cirques are broader and more effective in catching precipitation in
Hastaf-Barhal, or did the eastern slope of Mt. Kackar receive more precipitation during the
Early LGM and LGM? The broad open and flat cirque morphologies in the Barhal Valley
catch large amounts of snow and ice—contrary to Basyayla—which then descend into the
funnel shape middle part of Barhal Valley, possibly explaining the advance of the glaciers
to lower altitudes there.

Another important factor to compare the glacier extents of the Eastern Black Sea
Mountains is the estimated modeled ELA. Based on the reconstructed extent of the Barhal
paleoglacier (Figure 11), the LGM ELA was located at about 2900 m a.s.l., with an AAR (ac-
cumulation area ratio) value of 0.67. Considering Messerli’s [51] estimation of the modern
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ELA of about 3500 m a.s.l. in the Eastern Black Sea Mountains, we estimate an LGM ELA
depression of about 600 m. Akgar [52] provided a compilation of LGM ELA depressions in
the Anatolian Mountains. Accordingly, the ELA depression in the Barhal Valley is compa-
rable with LGM ELA in the Basyayla valley, while for the directly northwards opposing
Kavron Valley, the LGM ELA is estimated at 2700 m a.s.l. and the Vergenik Valley, with the
estimated LGM ELA at 2800 m a.s.l. (Akgar et al. [44] and references therein). Hence, this
local LGM ELA comparison reveals that the ice accumulation and glacier advance in the
Barhal Valley, south of the main weather divide, are in line with its neighbors to the north
of the weather divide.

The timing of the LGM advance in the broader context of Anatolia is dated at
22.0 & 0.4 (Mount Uludag; [43,44]), 21.5 £ 0.4 ka (Kavron Valley; [10]), 20.1 + 1.4 ka
(Vercenik Valley; [11]), 24.2 & 0.4 (Basyayla Valley; [12]), > 19.2 £ 1.2 ka (Kargal Val-
ley; [53]), 20.7 & 2.2 ka (Aksu Valley; [41]), 20.4 £ 1.5 ka (Ucker Valley; [41]), 19.8 + 0.8
(Muslu Valley; [54]), two advances in Kartal Valley at 22.9 4 3.3 ka and 20.6 £ 3.1 ka [55],
>19.1 £ 3.5 ka (Namaras Valley, Geyikag Mountains; [56]), 20.6 £ 0.6 ka (Cimi Valley,
Geyikag Mountains; [57]), and 18.9 = 3.3 ka (Karagol Valley, Bolka Mountains [58]). More
details of the reported ages from Anatolia are given in Akgar [52] with a general overview.
Our mean age of 21.9 & 2.7 ka for the Barhal Paleoglacier fits well in this overall picture and
agrees with the global LGM that occurred at 22.1 & 4.3 ka in the northern Hemisphere [37].

The Barhal Valley is almost at the far eastern end of the Eastern Black Sea Mountains.
At the western edge of the Anatolian Peninsula, there is another climatically sensitive moun-
tain. It is Mount Uludag, with the highest peak at 2542 m a.s.l., a mountain surrounded
by lowlands. With comprehensive glacial geological mapping and cosmogenic surface
exposure dating, it was possible to reconstruct timing and glacier dimensions during the
LGM: maximum ice extent is dated at 20.3 + 1.3 ka, with a readvance at 19.3 + 1.2 ka [44].
These dates agree within two sigma uncertainties with the 22.2 4- 2.6 ka and 18.3 + 1.7 ka
phases and within one sigma uncertainty with the latero-terminal position at 19.7 £ 2.1 ka
in Barhal Valley.

The down-wasting of the Barhal glacier likely started shortly after 18.3 & 1.7 ka, which
is marked by the lowermost set of ridges in the middle part of the main valley (Figure 4).
Based on the exposure ages around 16.7 £ 1.7 ka (Figure 4), one can argue that some slope
stabilization and probably a reorganization of the paleoglacier system might have taken
place at this time, which resulted in the disconnection of the main valley glacier from the
ice tongues in the tributary valleys (Figure 11).

In the Barhal Valley, no glacial morphologies are preserved further up-valley below
the periglacial landscape in the cirques. Additionally, therefore, the oldest surface exposure
ages measured so far in the Hastaf-Cirque of 16.1 & 0.9 ka and Diibe-Cirque of 15.6 £ 1.8 ka
(Figures 5 and 10Db) are interpreted to have been an ice-free cirque the latest at 15.6 + 1.8 ka.
An equivalent exposure age is found in the upper cirque of Basyayla at 17.0 & 1.0 ka; cf.
Reber et al. [12]. This means that the Barhal Paleoglacier disappeared within 2000 years (as
in the Basyayla valley), based on the data available.

Based on the existing chronology of the glaciations in the Anatolian Mountains, we
conclude that the glacier expansion during the Last Global Glacial Maximum was recorded
in this peninsula in the Eastern Mediterranean, and its collapse was as rapid as in the Alps
(e.g., Kamleitner et al. [47] and references therein). However, undisputable Lateglacial
records are rare in the Anatolian Mountains. The rapid collapse of the glaciers during the
LGM points to temperature sensitivity of the system and to an obvious rapid rise in the
equilibrium line altitude.

Today, moisture transport mainly occurs directly from the Black Sea to the Kackar
Mountains, where it rains throughout the orographic control; e.g., [6]. In a scenario with
moisture transport directly from only the Black Sea, the glaciers in Kavron and Basyayla
Valleys should have been gigantic with respect to the Barhal Paleoglacier. However, for
equally extensive glaciers in the Coruh valley system, as argued above, an alternative
moisture source should be available. During globally cold phases, such as the LGM,
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50°N

the Polar Front migrated to the south. In Western Europe, it was as far south as 40° N
(Kamleitner et al. [47] and references therein), which would place it in the southern part of
the Caspian Sea for the Caucasus area. Anticyclonic circulation controlled by the southerly
shifted Siberian High-Pressure System causes airflow from the Aral and Caspian Sea areas
across the Caucasus and westward to northeastern Anatolia, dumping precipitation on
the high mountains there. The moisture feeding system in addition to the expanded
Caspian and Aral seas were huge flooded areas in central Asia, as huge lakes in front of
the southward expanding polar glaciers were damming the northward-flowing Siberian
rivers ([59-61]; Figure 12).
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Figure 12. Reconstructed map of expanded water bodies between the Black Sea in the south and the
White Sea in the north, modified from Mangerud et al. [60]. The age of 90 ka for this reconstruction
by Mangerud et al. [60] is based on OSL dates on sediments of raised beaches, defining the large
ice-dammed lakes, in this Figure calculated after Mangerud et al. [60]. This dating implies the early
last glacial advance of Kara Sea ice onto the land. This chronology is under debate. Here, this
reconstruction is combined with the fact that the Polar Front and, as a consequence, the Siberian
High were pushed much to the south which activated northeasterly airflow to bring moisture to the
Caucasian and Kagkar Mountains from the northeast.
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Available absolute age determinations on the huge Siberian Lakes, however, point
to earlier damming events (and advances of polar ice onto to the continent) at 80-90 and
50-60 ka. However, these dates are not independently confirmed.

5. Conclusions

The field evidence in Barhal Valley favors the distinction of independent stabilization
phases at 22.2 & 2.6 ka, 19.7 £ 2.1 ka, and 18.3 & 1.7 ka within the global LGM and an
Early LGM phase at 34.0 + 2.3 ka. The timing and expansion of these Barhal Paleoglacier
extents to the south of the main weather divide are comparable to the paleoglacier extents
in the neighboring valleys on the orographic Luv-side, considering the Black Sea as the
main precipitation source. These findings require a more systematic comparison of glacier
records from the todays Luv and Lee sides of the main weather divide in the Eastern Black
Sea Mountains and the Caucasus to achieve a clearer picture of the local circulation patterns
and moisture sources during glacial periods.

The deglaciation in Barhal Valley took place without stagnations producing geomorphic
landmarks. The geomorphology and the exposure dates from the broad open cirque areas
allow the interpretation of a complete ice retreat to the cirques at the latest at 15.6 + 1.8 ka,
when chaotic ice marginal sediment aggradation with multiphase transitions to rock glacier
formations and minimal morphological reorganization Figures 5, 9 and 10 interacted.
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Abstract: Jan Mayen is a small volcanic island situated 550 km north of Iceland. Glacial sediments
and landforms are relatively common on the island but, so far, only a few of them have been dated.
In this study, we present and discuss 89 36C] dates of primarily glacial and volcanic events on Jan
Mayen. Calculations of sample exposure ages were complicated by young exposure ages, young rock
formation age, and high native Cl contents, leading to updates in CRONUScalc to enable accurate
exposure age calculations. The samples provide good evidence against an equilibrium assumption
when subtracting background production (e.g., *Cl produced by neutron capture from fission of
U or Th) for samples on young bedrock, with younger exposure ages most significantly affected.
Exposure ages were calculated with a range of assumptions of bedrock formation ages appropriate
for Jan Mayen, including the assumption that the rock formation age equaled the exposure age (i.e.,
the youngest age it could possibly have), and we found that although the effect on most of the ages
was small, the calculated ages of 25 of the samples increased by more than 1 standard deviation from
the age calculated assuming equilibrium background production, with a maximum deviation of
6.1 ka. Due to the very young bedrock on Jan Mayen, we consider the nonequilibrium ages to be
the most reliable ages from the island and conclude that large-scale deglaciation on the south and
central, lower-lying, parts of the island, started around 20 ka and lasted until ~7 ka. On northern
Jan Mayen, the slopes of the 2277 m high stratovolcano Beerenberg are currently partly glaciated;
however, outside of the Little Ice Age moraines, all but two samples give ages between 14 and 5.7 ka.

Keywords: cosmogenic surface exposure dating; 3°Cl; Jan Mayen; background production

1. Introduction

Jan Mayen is a small volcanic island. Its isolated position 550 km north of Iceland
and 450 km east of Greenland in the Norwegian—Greenland Sea (Figure 1) makes it an
interesting location for investigations of the climate history in the North Atlantic. A
research campaign to reconstruct the glaciation and climate history of the island was
therefore started in 2014 [1,2]. As part of that campaign, 89 samples for cosmogenic nuclide
exposure age dating (3°Cl) were collected with the aim of dating glacial and volcanic events
on the island.
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Figure 1. Geological map of Jan Mayen [3]. The different map unit colors indicate the different ages of the lava flows.
Sample locations are marked by circles and the colors indicate the sample setting: dark blue indicates samples from glacial
settings on south and central Jan Mayen; light blue indicates glacial samples from the slopes of Beerenberg; purple indicates
samples from the young Little Ice Age (LIA) moraines; red indicates samples that are related to volcanism; samples that are
unrelated to deglaciation or volcanism are classified as “other” and indicated in orange.

Exposure dating in an active volcanic landscape comes with its own challenges. In
addition to being created through cosmogenic processes, 3Cl is also created when %Cl
absorbs neutrons produced from fission and (alpha, n) reactions, including uranium and
thorium decay (for simplicity, all these reactions are referred to as “background production”
herein). These neutron capture reactions occur in both the thermal and epithermal energy
ranges [4], and the general formula is provided in Equation (1). The total 36C] atoms
attributed to background production (N3g, packground) fOr any given sample is dependent
on the formation age of the rock (tf,) and the composition of the sample (through the
calculation of the total background production rate, P, background i1t 36C] atoms g_1 y_l).
The elemental composition of the sample determines both the creation rate of low-energy
neutrons and the total absorption of those neutrons by ¥Cl and other elements present in
the sample. Although the timescale for background production is dependent only on the
half-life of 3°Cl (¢ % related to the decay constant, Az, through Az = In(2)/t 1 ), elemental
composition determines the magnitude of the background production. Full details of the
reactions considered in these calculations and the effects of sample composition can be
found in Gosse and Phillips (2001) [4] and Marrero et al. (2016a) [5].

1-— exp(—tform)\%)
N36,background = P36, background 36 0
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To estimate the cosmogenically produced %Cl in the sample, the background pro-
duction is subtracted from the measured %Cl concentration. For many samples, the
rock formation age is sufficiently old that production of 3°Cl from background processes
balances radioactive decay (Figure 2, see also Equation (1) as t¢,, becomes large), i.e., equi-
librium conditions have been achieved. Standard methods for age calculations assume that
this equilibrium condition has been reached for all samples [5,6]. However, the assumption
that the background production has had time to reach equilibrium is unlikely to be true in
areas with young volcanic rocks [7-9], such as Jan Mayen [1,2,10]. If equilibrium conditions
are assumed incorrectly, the background production subtraction will be too large, resulting
in an exposure age that is too young. This incorrect equilibrium assumption is most likely
to affect samples that meet three criteria: short exposure duration, young rock formation
age, and susceptible composition (high in both native Cl and neutron-producing elements
such as uranium and thorium). Although there are other models that do not make this
assumption (e.g., Schimmelpfennig et al. (2009) [7]), they require manual iteration and
were not available for a range of production rate scaling models.

100

%

0 T T T T T T T
0 250 500 750 1000 1250 1500 1750 2000
Time (ka)

Figure 2. Modeled background production over time, shown as percent of the full equilibrium
amount, based on Equation (1). Time to reach equilibrium is dependent on the half-life of **ClI.

In this article, we present 89 cosmogenic 3°Cl exposure ages, sampled from both glacial
and volcanic landforms, all adjusted for the young rock formation ages. In addition, we
present the results of the geochemical analyses for each sample, thereby adding to the
previously available geochemical data from Jan Mayen [11].

A subset of the Jan Mayen samples provides evidence that the equilibrium assumption
for background production should not be universally applied, with two samples even
yielding measured 3°Cl concentrations smaller than the calculated equilibrium background
production. This provides an opportunity to investigate the influence of young bedrock
formation ages on young exposure ages in the application of 3Cl.

Study Area

Jan Mayen is situated on the Jan Mayen fracture zone in the North Atlantic (70°5'-
72°N; 7°5'-8°5'W; Figure 1). Nord-Jan, the northeast part of the small island, is dominated
by the 2277 m high mountain Beerenberg, an active stratovolcano. The slopes of the volcano
are covered by glaciers, a few of which reach down to sea level. In front of these glaciers
are moraine ridges and other glacial deposits, with the most prominent of these assumed
to be from the Little Ice Age, LIA, based on morphology, (lack of) vegetation cover, and
historical observations [12]. In contrast, the southwestern part of the island, Ser-Jan, has a
rougher and more variable topography, with its highest peak, Rudolftoppen, extending to
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769 m. Nord-Jan and Ser-Jan are connected by Midt-Jan, a narrow (2-3 km wide) strip of
land extending southwest from Beerenberg (Figure 1).

The oldest K/ Ar age from the bedrock on Jan Mayen gives an age of only 564 + 6 ka [13],
whereas the youngest bedrock on the island was formed during an eruption in 1985 [10,14].
Three other eruptions were observed in 1732, 1818, and 1970 [15,16], and it is likely that
there were also at least two other eruptions in the 1650-1882 period [17].

The bedrock is dominated by trachybasaltic and ankarmitic lava flows [11,16,18],
which have been grouped into three separate formations. The oldest of these, Havhest-
berget Formation, has limited surface exposure as it is mostly covered by the younger
Nordvestkapp and Inndalen Formations. Of the two latter formations, the Nordvestkapp
Formation predates the Last Glacial Maximum glaciation on Jan Mayen, and thus fre-
quently shows signs of glacial reshaping, whereas the Inndalen Formation is largely of
Holocene age and postdates the deglaciation of south and central Jan Mayen.

During the Last Glacial Maximum, all of Jan Mayen was covered by an ice cap, which
most likely also reached out onto the surrounding continental shelf (Lysa et al. (2021) [1],
partially based on a subset of the ages presented here).

2. Materials and Methods
2.1. Sampling Strategy

In total, 89 samples were collected for 3°Cl dating on Jan Mayen between 2014 and
2018. The sampling focus of the early campaigns was on glacial landforms (e.g., boulders
on moraine ridges, erratic boulders on till surfaces, and glacially abraded bedrock surfaces),
but in the later campaigns, the young lava flows were also targeted (Figure 3).

The sample locations were recorded using a handheld GPS. All samples were prefer-
entially collected from large, flat surfaces (dip <20° for all samples). The samples were re-
trieved using hammer and a chisel (2014) and an electrical rock saw (2015-2018; Figure 3D).
In addition to being much more efficient, we found that the use of an electrical rock saw
resulted in thinner and more consistent sample thicknesses than what was achieved with
only a hammer and chisel.

The topographic shielding at each sampling location was measured with a clinometer
and compass. Topographic shielding was calculated from these measurements using the
CRONUS Topographic Shielding Calculator v2.1. To enable topographic shielding mea-
surements, sampling for cosmogenic surface exposure dating was preferentially performed
on fair weather days, but the difficult logistics and maritime climate, which caused plenty
of fog, meant that full visibility was not always possible (Figure 3C). In particular, the
peak of Beerenberg was often hidden. Missing observations were replaced by the nearest
measurements of the horizon angle or, when in the direction of Beerenberg, by our best
estimate of the angle towards the peak. The sample elevations were measured by GPS
and/or retrieved from the available small-scale map by the Norwegian Polar Institute
(40 m contour interval).
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Figure 3. Photographs showing selected sample locations. (A) JM2015-11, erratic boulder on till, Midt-Jan. (B) JM2018-74,
lava, tindar on Ser-Jan. (C) JM2015-08, striated erratic boulder on till, Nord-Jan. (D) JM2015-01, erratic boulder on Nord-Jan.
A battery-powered rock saw was used for sampling. (E) JM2018-113, lava flow. (F) Thin layer with plant material overlying

alava flow.

2.2. Sample Treatment and Measurements

Due to the fine-grained nature of the sampled volcanic rocks, they were processed
as whole rock samples. The samples were prepared at the University of Bern Surface
Exposure Dating Laboratory, based on the isotope dilution technique [19-21] and following
the protocols by Stone et al. [22] and Ivy-Ochs et al. [20,23]. Before chemical treatment,
the samples were crushed and sieved to a grain size of 250400 pum at the Geological
Survey of Norway. Afterwards, the crushed material was leached twice to remove any
possible non-in situ Cl contamination (e.g., Zreda et al. (1991) [24]). During leaching,
75 mL of 2M HNOj; and 500 mL ultrapure water were added to the samples, which were
then left overnight before being successively rinsed four times with ultrapure water and
dried on a hotplate at 60 °C. A ~10 g aliquot was split from every sample for geochemical
analysis, which was performed by Actlabs Analytical Services, Ontario, Canada. The major
elements and relevant trace elements were measured using ICP and ICP-MS to enable the
calculation of sample production rate (Table S1). A further 30 g of leached material was
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processed in preparation for accelerator mass spectrometry (AMS) analysis. One chemical
blank was processed along with batches of maximum 15 samples in order to determine
the chemical background to be subtracted from the samples. Samples were spiked with
roughly 2.5-3.5 mg of pure ¥Cl carrier (99.63 atom %) in order to calculate the total Cl
concentration (35C1, 37Cl) [20,23], and were then gradually dissolved with 30 mL of 14 M
HNOj3 and 120 mL of 40% HF. To remove the impurities and recover supernatant, the
samples were centrifuged. Afterwards, 10 mL of 0.4 M AgNOj5 solution was added in the
dark to precipitate AgCl. The precipitated AgCl was collected and dissolved with 2 mL of
NH4OH (16% solution). In order to suppress the unwanted isobar of 363 from 30Cl1 through
AMS measurements, BaSO, precipitation was performed by adding Ba(NO3),. At the final
stage, AgCl was recovered in the form of a solid pill, rinsed with ultrapure water, and
then dried. The AgCl pills were finally pressed into tantalum-lined copper targets for
subsequent AMS measurements.

Concentrations of total Cl and %Cl were measured by a single target at the ETH
6 MV Tandem AMS facility using a gas-filled magnet in combination with a gas-ionization
chamber for separation of 3Cl from the isobar 3¢S, in accordance with the isotope dilution
technique [20,25-27]. The stable ratio of 37C1/35Cl was normalized to the neutral ratio
37C1/%5Cl = 31.98% of the K382 /4N standard and the machine blank. ETH internal standard
K382 /4N with a value of 3C1/Cl = (17.36 + 0.35) x 10712 [26] was applied to normalize
yielded ratios of 3°Cl/3Cl. The sulfur correction of the measured 3°Cl/%Cl ratio was
not substantial. Moreover, measured 3°C1/35Cl ratios of the sample were corrected for a
procedural blank of (1 £ 0.02) x 10715, AMS results for blanks and carrier are included in
Supplementary Table S3.

2.3. Calculations

Although initial exposure ages were calculated using the CRONUScalc web interface
v. 2.0 [5], the model was not accurate for young samples on young volcanic material
due to the built-in equilibrium assumption about background production. The CRONUS-
calc code was therefore modified directly in MATLAB to enable a flexible entry style
allowing for calculation of three scenarios: (1) the rock formation age is sufficiently old
that the equilibrium assumption for background production is reasonable (equivalent
to CRONUScalc 2.1); (2) the rock formation age is known from independent constraints
so the model implements Equation 1; and (3) the formation age of the rock is equal to
the exposure age of the sample, so the exposure/formation age is solved iteratively. The
inclusion of rock formation age as a required input is similar to the method used in
the calculation spreadsheet in Schimmelpfennig et al. (2009) [7], but the calculations in
CRONUScalc are fully automated rather than manual iteration on a sample-by-sample
basis, and CRONUScalc allows easy access to time-dependent production rate scaling
models. All CRONUScalc code, including these modifications, is publicly available on
Bitbucket at https:/ /bitbucket.org/cronusearth/cronus-calc/ [accessed on 14 September
2021; v2.2, tag: Anjar_et_al_2021_JanMayen]. The CRONUScalc code was also updated
and recalibrated to use the recently published rates for cosmogenic 3*Cl production from
iron published in Moore et al. (2019) [28]. These new rates are based on modern, robust
analyses of multiple high-iron samples and can be incorporated in a similar format to the
other spallation production rates already present in the code, unlike the previous Stone
et al. (2005) rates [29]. This recalibration builds on the updated rates presented in Marrero
et al. (2021) [30] and is discussed in more detail in Leontaritis (2021) [31]. Production rates
of 3°Cl from iron were derived for each scaling model by A. Moore [32], and these were
fixed values in the recalibrations. The other production parameters were then recalibrated
following the full procedure outlined in Marrero et al. (2016b) [9]. The new production
rates are very similar to earlier rates and are given in Table 1. Iron oxide concentrations
are >13 wt % in some samples, meaning that approximately 1-4% of production in the Jan
Mayen samples is from this pathway. This has the potential to make a small but measurable
difference in sample ages compared to results from CRONUScalc v2.1.
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Table 1. **Cl production rates for LM scaling model used to calculate these exposure ages. Percent
change from Marrero et al. (2021) [30] (CRONUScalc v2.1) is shown for comparison. See Marrero
et al. (2016b) [9] for definitions of pathways. Muon parameter changes were all <0.07%.

Pathway Production Rate (at3°Cl g=1 y—1) % Change From v2.1
Ca—Spallation 51.686 + 3.3 —0.0003
K—Spallation 150.996 + 10 0.66

P4(0) 647.705 + 231 037

Final results for exposure ages presented in this paper use the geomagnetically cor-
rected Lal (1991) [33]/Stone (2000) [34] scaling (LM) [5,9] and s6C] production rates from
Marrero et al. (2021) [30] and Moore et al. (2019) [28], as described above. A range of
rock formation ages ranging from infinite (yielding youngest exposure age) to “equal
to exposure age” (yielding oldest possible exposure age) was used to evaluate a range
of scenarios. Where nothing else is stated, the ages were calculated assuming a density
of 2.1 + 0.5 g/cm?®, based on average density of Icelandic lava measured by Licciardi
et al. (2008) [35], and assuming an erosion rate of 1 4= 0.5 mm/ky. The input data used is
presented in Supplementary Table S2.

2.4. Radiocarbon Dating

One of the exposure-dated lava flows had been partially buried by sediments (in a
different part than where the exposure samples were taken), and a pit was dug through
the sediments and down into the lava flow. Unidentified plant material found directly
overlying the lava flow (Figure 3F) was sampled for radiocarbon dating and dated at the
National Laboratory for Age Determination, Trondheim, Norway. It was calibrated using
OxCal v. 4.4 and the IntCal20 atmospheric curve [36].

3. Results and Interpretations
3.1. Geochemistry

As part of the dating process, major elements and relevant trace elements were
measured for all 89 samples (Supplementary Table S1) and the rock types were identified
based on the geochemistry, following the classification in Le Maitre et al. (2002) [37]. A
total of 18% of the samples were identified as Mg-rich rock types, mostly picrites, whereas
the remaining samples were dominated by basalt, trachybasalt, and basaltic trachyandesite
(Figure 4).

14 4
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I 10
2
o 81 -
2 .
¥
+ 64
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Z 41 * Ser-Jan and Midt-Jan
Beerenberg
24 * UA
*  Volcanic
0 Other

4'0 4'5 5'0 5'5 6'0 6'5 7'0 7'5
SiO; (wt%)
Figure 4. Rock-type classification based on the geochemistry of the samples. High-Mg (1 = 15)
samples have been excluded as those are not classified with a TAS-plot. Additionally, samples ]M2014-
01 and JM2014-02 have been excluded due to methodological problems with their geochemistry
measurements (see Supplementary Table S1). The colors are the same as in Figure 1.
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3.2. Radiocarbon Date

The single radiocarbon sample was dated to 2.761-2.747 cal. ka BP (sample id: J]M2019-
122; Lab. id: Tra-14525; C age: 2.643 + 0.017 *C ka BP; calibrated age given with 1
sigma uncertainty). As the organic material was found directly overlying the lava flow, the
radiocarbon age represents a minimum limiting age for both the lava flow and the two
samples collected from the lava flow, JM2017-69 and JM2017-70.

3.3. Cosmogenic Nuclide Surface Exposure Age Dating

Samples were divided into three main groups: “glacial” samples, taken in settings
where the exposure age is expected to reflect deglaciation; “volcanic” samples, e.g., from
lava flows; and “other” samples, taken in settings where the exposure age is not directly
related to the deglaciation or to volcanic activity (Figure 5). The glacial samples include
samples taken from erratic boulders and striated bedrock. They were further subdivided
into regions, with the lower lying areas in southern and central Jan Mayen (Ser-Jan and
Midt-Jan, including some low-lying areas just north of Lake Nordlaguna) in one group
(n = 41), the slopes of Beerenberg in the second subgroup (1 = 24), and the samples taken
from the fresh moraine ridges interpreted to be from the Little Ice Age in the third group
(n = 8). The volcanic samples (1 = 11) include samples from lava flows and from a tindar.
The “other” samples (1 = 5) include a volcanic boulder deposited by a rock fall and two
samples from a fluvially eroded setting.

Sor and Midt-Jan Nord-Jan and Beerenberg |  LIA Volcanic Other

Gy
o% '.:‘;‘ | Hotteis #i L
W*ﬁ,‘ e %

a % * e

0 o,
m. % %

Figure 5. Exposure ages calculated assuming that the rock formation age equals the exposure age (i.e., young rock ages)
in color, and below (in grey) the ages of the same sample calculated with the assumption that the background 3°Cl had
reached equilibrium. The samples have been separated into sample setting and region and sorted from the oldest to the
youngest within each region. The uncertainties are the internal uncertainties (1 standard deviation). Samples where the

equil. age differs by less than 1 standard deviation from the young rock age are indicated by filled circles, and if they differ

by more than 1 standard deviation, indicated by unfilled circles.

Due to the young bedrock on Jan Mayen, we suspected that the background pro-
duction might not have reached equilibrium, and all ages were therefore calculated with
five different background production scenarios: (1) equilibrium assumption (equivalent
to CRONUScalc 2.1), (2) rock formation at 564 ka (oldest dated rock on Jan Mayen [13]),
(8) rock formation at 250 ka, (4) rock formation at 50 ka (250-50 ka represents the range of
rock formation ages for the likely source formation for the glacial material), and (5) rock
formation age equal to the exposure age of the sample (youngest possible rock formation
age) (Table 2).
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Proportions of cosmogenic %*Cl attributed to the three major production pathways
(K, Ca, and Cl) varies substantially between the samples (Figure 6). Samples with a
higher proportion of production from the Cl pathway are more likely to be affected by the
formation age assumption. The range of possible scenarios surrounding the background
production is discussed in detail later.

0 * Sor-Jan and Midt-Jan
Beerenberg

® Little Ice Age moraines

Other

Volcanic samples

Production pathway

Figure 6. Ternary plot indicating the contributions from each major production pathway. The samples
have been normalized so that the Ca production + K production + Cl production = 100%. The colors
indicate sample region (the same colors as in Figure 1).

4. Discussion
4.1. Evaluation of General Uncertainties

The dominant reactions that produce cosmogenic 3°Cl target K, Ca, and 33Cl in the
rock (Figure 6). Whereas 3¢Cl production through spallation of K and Ca is reasonably
well constrained, the production of 3°Cl by 35Cl neutron capture is more complicated, and
sensitive to, e.g., composition, water content, and snow cover [7-9,38]. This means that
higher CI concentrations lead to larger age uncertainties for those samples. Marrero et al.
(2016) [9] defined a high Cl sample as a sample with more than 80 ppm Cl, which applies
to 27 of our samples, with a maximum of 835 ppm in JM2018-115. Although all samples
are taken from volcanic rocks, the samples collected to examine volcanic aspects have
particularly high Cl contents compared with samples collected for other purposes (9 out of
11 volcanic samples are affected, Figure 5). The reason for this is unclear.

The erosion rate will affect the 3Cl exposure ages but is unmeasured on Jan Mayen.
As an estimate, we therefore used an erosion rate of 1 £ 0.5 mm/ky, similar to what has
previously been used in Iceland (1.11 mm/ky [39]). Changing the estimated erosion rates
to either 0 = 0 mm/ky or 2 & 0.5 mm/ky changes the calculated ages by, on average, less
than 1%. If a substantially higher erosion rate is used, e.g., 5 mm/Kky, there is an average
change of ~2%, although for a small number of samples, the effect is more pronounced
(5 samples changed 5-7%).

The sample density will also have a small influence on the calculated ages. Although
sample densities were not measured in this study, we assume densities measured by
Licciardi et al. (2008) [35] for lava flows in Iceland, ranging from 1.76 to 2.44 g/ cm?,
are likely to be similar to densities on Jan Mayen. We have therefore assumed a density
of 2.1 & 0.5 g/cm? for all samples, but the typically variable vesicularity of the sampled
volcanic rocks indicates that a substantial spread in the true density of the samples is
likely. To test the sensitivity of the reported ages to erosion, we calculated the ages using
densities of 1.7 and 2.5 g/cm®. The resulting ages changed by an average of <1%, well
within uncertainties.
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The production of cosmogenic nuclides can also be temporally influenced by local
shielding effects, such as vegetation and snow or soil cover. The present-day vegetation
on Jan Mayen is sparse (Figure 3) and not expected to influence the ages. Snow cover
could be more important, but the maritime climate on Jan Mayen causes warm winters
and generally thin snow cover, at least on lower elevations. Wind drift in the very open
landscape could cause more substantial snow cover in shielded positions, but we consider
the existing observations insufficient for estimating snow thickness for our samples and
have, therefore, not corrected for snow shielding.

In addition, isostasy and topographic shielding will also influence the ages. The
present-day topographic shielding was measured in the field, and although poor visibility
limited the observations for some of the samples, we consider the actual influence of these
uncertainties on the ages to be small, as most of the samples were taken in reasonably open
terrain and during at least partial visibility. The possible exceptions are samples JM2017-36
and JM2018-101, for which no shielding measurements were possible. Isostatic changes
will also have some influence on the calculated exposure ages as they may change the
elevation of a sample. A recent study by Larsen et al. (2021) [2] identified a 14 m vertical
tectonic displacement of southwest Beerenberg, following an eruption in 1732. So far, this
is the only documented postglacial displacement, but we cannot exclude that there have
been other instances of vertical displacements on the island due to both glacioisostasy and
volcanic activity. As the extent and duration of such changes are difficult to quantify, no
corrections are included here.

4.2. Influence of Young Bedrock

A unique problem for 3*Cl dating in a young volcanic landscape, such as Jan Mayen,
is that the background production and decay have not necessarily reached equilibrium
(Figure 2). The Jan Mayen samples provide additional evidence that the equilibrium
assumption should not be applied to all samples. If equilibrium is (incorrectly) assumed for
our samples, background production of 3*Cl is calculated to contribute to between 0.2 and
196.5% of the total measured *Cl in the samples. The latter value is clearly unreasonable,
so we interpret it as an indication that these rocks have not reached equilibrium, which
takes approximately 2 million years for 3°Cl. This is in agreement with the independent
ages indicating that the bedrock is generally young. To estimate the potential influence
of rock formation age, we considered five different scenarios for the rock formation age:
equilibrium conditions, rock formation at 564, 250, or 50 ka, and assuming that rock
formation age equaled the exposure age. In the following discussion, “equil.” is used when
referring to ages calculated assuming equilibrium conditions, and “young rock” is used to
indicate ages calculated assuming that the exposure age equals the rock age.

Although all samples were calculated with multiple scenarios, the calculated age of
most of the samples were relatively unaffected. However, as expected, there are a subset of
samples that are more significantly affected by rock formation age assumptions (Figure 5).
We observe, in detail, these samples to investigate these effects further. Specifically, we
define “significantly affected” as samples where the compared ages differed by more
than one standard deviation. For 25 samples, the age calculated assuming young rock
conditions was more than one standard deviation from the age calculated using equilibrium
conditions, with a maximum age difference of 6.1 ka in sample JM2017-39. Using a more
realistic comparison between the oldest known rock formation age on Jan Mayen (564 ka)
and the young rock scenario reduces the number of significantly affected samples to 22,
with a maximum deviation of 4.4 ka.

The worst affected samples largely coincide with the samples classified as high C1
(>80 ppm, 19 out of 25 significantly affected samples), as would be expected since 3°Cl is
required for background production. Although U and Th concentrations are not especially
high (<10 ppm in all cases), the high native Cl concentrations and short exposure durations
are sufficient to illustrate the issue. Older samples are less significantly affected because
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the potential difference between the equil. and nonequil. age becomes smaller through
time due to the build-up of the background signal.

For volcanic samples such as lava flows, it is often reasonable to assume that the rock
formation age is the same as the exposure age. The question is then whether or not the
rock contains any 36C] formed before the lava solidified. Schimmelpfennig et al. (2009) [7]
found that the total **Cl content in a fully shielded, high-Cl (1093 ppm), 400-year-old
lava flow was close to the background values of %*Cl found in the blanks, suggesting
minimal contributions of 3Cl formed before the lava solidified. Results from our only
two samples collected from an independently-dated Jan Mayen lava flow support this.
Samples JM2017-69 and JM2017-70 were dated to 1.1 & 1 ka and 0.8 = 1 ka when assuming
equilibrium conditions, but to 3.8 & 1.2 ka and 3.7 & 1.3 ka when using the young rock
age. Only the young rock age agrees with the minimum limiting age from radiocarbon
dated plant material found directly overlying the same lava flow, which was dated to
2.761-2.747 cal. ka BP. Two additional samples, J]M2014-09 and JM2018-115, had estimated
equil. levels of background 3°Cl well above the measured total **Cl concentration (back-
ground + cosmogenic), indicating that those samples were not in equilibrium. We therefore
conclude that the young rock age gives a better age estimate for the volcanic samples.

Even the oldest bedrock on the island (564 + 6 ka [13]) has only reached a background
production value of ~73% of the equilibrium value (Figure 2). For nonvolcanic samples, it is
reasonable to assume that the rock formation age is unrelated to the exposure age, meaning
that the true rock formation age lies somewhere between 564 ka and the young rock age.
However, most of the glacial samples likely originate from the Nordvestkapp formation
(Figure 1), which covers much of the land surface and which predates the deglaciation
on south and central Jan Mayen. Most of the K/Ar and Ar/Ar dates from this formation
fall between 50 and 250 ka [1,10,13]), which means that the background contribution has
reached roughly 10-45% of the equilibrium values. We therefore suggest that the 50 ka and
250 ka formation age scenarios probably give the most accurate ages for these samples, and
we use the 50 ka scenario as our best estimate for all the nonvolcanic samples. However,
while this interpretation is reasonable on the group level, it does not necessarily hold true
for a specific individual sample, and we therefore recommend that the 13 nonvolcanic
samples with substantial (>1 standard deviation) difference between the 564 ka scenario
age and the young rock age be interpreted with this potential variability in mind.

4.3. Deglaciation Pattern

Although an in-depth discussion of the deglaciation on Jan Mayen is outside the
scope of this paper, some general conclusions can be drawn from the cosmogenic exposure
ages alone. Note that as we consider the assumption of rock formation at 50 ka to be the
most appropriate scenario for glacial samples, it has been used throughout this section.
Choice of bedrock formation age model only slightly affects the general deglaciation
pattern discussed here, with older formation ages leading to slightly younger exposure
ages (Figure 5). For a more extensive discussion on the deglaciation on Jan Mayen, see
Lysa et al. (2021) [1].

On south and central Jan Mayen, ages taken from glacial settings range from 27.7
to 2.6 ka, with a median value of 13.9 ka (n = 41, Figure 5). All but two of the ages are
~20 ka or younger, suggesting that deglaciation in this part started properly around 20 ka
(Figure 5). In addition, 38 out of the 41 samples give ages in the interval from 20.5 to 6.8 ka,
suggesting that most of south and central Jan Mayen became ice free during this time
period. Only the final glacial age from this area, JM2015-100, with an age of 2.6 & 3.2 ka,
deviates from this general deglaciation pattern. On Nord-Jan and the slopes of Beerenberg,
the deglaciation appears to begin somewhat later, as would be expected around a 2277 m
high mountain, with deglaciation ages ranging from 17.2 to 5.7 ka (median 11.0 ka, n = 24),
and all but two of them younger than 14 ka (Figure 5).

Apart from a single outlier age at 2.6 ka, none of the glacial samples taken outside
of the LIA moraines is younger than 5.7 ka, and it seems reasonable to assume that the
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glaciers have been at or inside the LIA moraines for the last 5-6 thousand years. The eight
samples from the LIA moraines range in age from 6.8 to 0.1 ka, with five of them giving
ages younger than 1.5 ka (Figure 5).

5. Conclusions

e In this study, we present 89 cosmogenic exposure ages (**Cl) from Jan Mayen, most of
them dating either the deglaciation (1 = 73) or postglacial volcanic events (n = 11) on
the island.

e  Based on the range of exposure ages at each location, large-scale deglaciation on Jan
Mayen began ~20 ka and continued until 5.7 ka, after which the glaciers appear to
have retreated inside the Little Ice Age moraines.

e The exposure ages on Jan Mayen were calculated using an updated version of
CRONUScalc to account for the young bedrock formation ages at the site. Although
the formation age assumption does not significantly affect most samples (1 = 64), a
number of exposure ages change substantially (1 = 25) depending on the rock forma-
tion age assumed for the sample. On Jan Mayen, the most appropriate assumption
for rock formation age varied by sample group: for samples dating volcanic activity,
formation age should be assumed equal to the exposure age, whereas a rock formation
age of 50 ka was used for the remaining samples.

e We recommend not assuming equilibrium conditions when calculating 3°Cl ages on
rocks that meet the following criteria: (i) known young rock formation ages, and
(i) potentially susceptible composition, specifically high native Cl, or high U and/or
Th concentrations that are likely to occur in volcanic rocks. Young exposure age
samples will be particularly affected because of the large mismatch between expected
equilibrium conditions and measured concentrations.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10.339
0/geosciences11090390/s1: Supplementary Spreadsheet that includes Supplementary Table S1: Sam-
ple geochemistry results; Supplementary Table S2: All sample inputs for CRONUScalc calculations;
Table S3: AMS data for all samples.
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Abstract: Understanding how fast glaciers erode their bedrock substrate is one of the key elements
in reconstructing how the action of glaciers gives mountain ranges their shape. By combining
cosmogenic nuclide concentrations determined in glacially abraded bedrock with a numerical model,
we quantify glacial erosion rates over the last 15 ka. We measured cosmogenic 3°Cl in fourteen
samples from the limestone forefield of the Vorab glacier (Eastern Alps, Switzerland). Determined
glacial erosion rates range from 0.01 mm a~! to 0.16 mm a~!. These glacial abrasion rates differ quite
markedly from rates measured on crystalline bedrock (>1 mm a~!), but are similarly low to the rates
determined on the only examined limestone plateau so far, the Tsanfleuron glacier forefield. Our data,
congruent with field observations, suggest that the Vorab glacier planed off crystalline rock (Permian
Verrucano) overlying the Glarus thrust. Upon reaching the underlying strongly karstified limestone
the glacier virtually stopped eroding its bed. We attribute this to immediate drainage of meltwater
into the karst passages below the glacier, which inhibits sliding. The determined glacial erosion rates
underscore the relationship between geology and the resulting landscape that evolves, whether high
elevation plateaus in limestone terrains or steep-walled valleys in granitic/ gneissic areas.

Keywords: glacial erosion rates; cosmogenic 36C1; Swiss Alps; limestone plateau; Biindnerbergjoch

1. Introduction

Many valleys and overdeepenings in forelands are the result of (sub) glacial
erosion [1-7]. During the Quaternary, powerful ice masses were the main drivers in sculpt-
ing the Alpine landscape by bedrock erosion and production of large amounts of sedi-
ment [8-10]. Because there are numerous geological (e.g., lithology, structural geology,
fractures and faults, amount of sediment) and glaciological factors (ice thickness, slope,
orientation) that influence the rate of glacial erosion ([11,12] and references therein), and
direct measurements are nearly impossible, knowledge about how fast glaciers are able to
erode their underlying surface is still remarkably limited.

Over the previous century, different direct and indirect scientific approaches have been
performed to determine subglacial erosion rates. In the past, researchers focused more on
direct measurements [13,14] at the bedrock-ice interface or sediment yield measurements
in meltwater streams [15-17]. Modern research concentrates more on numerical models
based on glacier dynamics [18-22]. In the last decades, cosmogenic nuclide techniques have
been shown to offer a unique possibility of determining glacial erosion rates directly on
freshly exposed, glacially polished surfaces [23-26]. If two different cosmogenic nuclides
(19Be/26 Al or 19Be/in-situ 1*C) are combined, this can even allow the possibility of deter-
mining the duration of the latest glacial burial history and, if glacial erosion was relatively
small (e.g., marginal positions or beneath cold-based glaciers), it gives evidence on the
glacial erosion rates [26]. If only one cosmogenic nuclide can be used, an independent
archive to constrain the burial history of the sampled site is needed to determine the rate
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of glacial erosion [25]. This method, implementing cosmogenic 36C1, has the advantage
of not being restricted to quartz-bearing lithologies (e.g., granites) but also allows the
determination of glacial erosion rates on carbonates. In this study at Tsanfleuron glacier
(Figure 1) [26], strikingly low glacial erosion rates (<0.08 mm/a) were determined on the
flat-lying massive limestone bedrock.

In this study, we apply the method of using one cosmogenic nuclide, specifically *Cl,
to measure how rapidly the Vorab glacier (Switzerland) erodes the underlying limestone
bed. The fortuitous presence of the famous Glarus thrust allows the study of how a glacier
responds when transitioning from an easy-to-erode rock, such as Permian schists, to a
difficult-to-erode rock, such as limestone (cf. [25,26]). We examine some of the hypotheses
presented in [25], in which we focussed on the Tsanfleuron glacier limestone forefield
(Figure 1). Our results from the Vorab glacier site, in addition to providing direct measure-
ments of how fast glaciers erode, also contribute to increasing the still vague understanding
of how the high-elevation, low-relief limestone plateaus in the Alps have formed and
persisted through numerous large-scale glaciations.

2. Study Area

Focus of the study is a high-elevated (2600 m a.s.l.), low-relief area located within
the Little Ice Age (LIA) extent of the Vorab glacier, on the border between the political
regions (cantons) of Glarus and Grisons in eastern Switzerland (Figure 1). The west-facing
glacier (Figures 1 and 2) with a surface area of 1.20 km? (year 2014, [27]) stretches between
the Biinder Vorab (3028 m a.s.l.) and the Gletscherhorn (2804 m a.s.l). During the LIA, it
covered an area of 3.3 km? (Figure 2). During this time, the northern part of the glacier
flowed down over the almost 400 m high, nearly vertical cliff to Glarus to the north,
whereas the southern part extended about 1.7 km further southward than its present-day
position, on a gently increasingly steep slope dipping towards the Grisons side. Ever since,
the glacier has been retreating, with few years of stagnation or small brief advances [27].
A selection of glacier extents of different years, illustrated in Figure 2, shows the retreat
history of the Vorab glacier.
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Figure 1. Overview maps. Left: Location of the Vorab glacier (black point) west of Chur at the border between the canton of
Glarus (GL) and Grisons (GB). Extent of the map within Switzerland is indicated by the black rectangle on the inset map.

Other locations, in the Swiss Alps, where glacial erosion rates were determined using cosmogenic nuclides are indicated as
white points. Right: close-up of the study site area, with the Vorab glacier extent (2019) in light blue and the location of the
weather station at Crap Masegn. The black rectangle shows the extent of Figures 2 and 3. Background maps and outlines of
the cantons are reproduced with the authorization of the Swiss Federal Office of Topography (swisstopo).
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Because of its unique geology, the area is part of the UNESCO World Heritage Tectonic
Arena Sardona [28,29]. At several locations around the glacier front and likely also still
below the glacier, the famous Glarus thrust plane [30,31] is exposed (Figure 2), where older
(Permian) nappes overlie younger (lower Cretaceous) carbonates. In the study area, the
Cretaceous carbonates are covering most of the glacier forefield. The area inside of the LIA
extent is dominated by massive limestone beds and by siliceous limestone outside of the
LIA extent (Figure 2). The hanging wall of the Glarus thrust is mainly composed of Permian
Verrucano, visible as high peaks in the surrounding of the Vorab glacier (Gletscherhorn
2804 m a.s.l., Glarner Vorab 3018 m a.s.l. Biindner Vorab 3028 m a.s.l. and Laaxer Stockli
2899 m a.s.l.).

During winter months the area is a ski resort (Flims-Laax-Falera, Figure 1), including
the Vorab glacier itself. This is why certain areas in and outside the LIA extents were
strongly affected and artificially modified, which has to be kept in mind during geomor-
phological mapping and interpretation.

L AGletscherhorn —
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\“
Biindner, \';orab
F3028

Glacier extents
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Figure 2. Geological map combined with the chronology of past glacier extents since the LIA. Circles
show the location and number of the samples taken for *°Cl analysis. Bedrock samples are grouped
according to their position relative to the glacier extents: green: outside LIA extent (1850), light
grey: inside 1948, dark grey: inside 1985, black: 2018; the only sampled boulder (Vorab-13) is yellow.
Background map, geology and glacier extents are based on the swissAlti3D 2019, the geological
1:500,000 map and the topographic maps of the different years, reproduced with the authorization of
the Swiss Federal Office of Topography (swisstopo). For location of the map see Figure 1.

3. Materials and Methods
3.1. Fieldwork

Fieldwork in the forefield of the Vorab glacier was restricted to the summer months
in 2018, because of the continued presence of snow from the previous winter. Major
focus was put on the geomorphology, e.g., the glacial landforms and deposits (moraine
ridges, sediment stripes, striations). The area was mapped on a topographic map (1:10,000)
supported by a tablet with GIS software (GIS Pro, Grafa 2014) that allowed to directly save
striation measurements and the locations of mapped features, photographs and notes as
layer files. The manually and digitally collected data, including knowledge from historical
maps, were evaluated and combined to create a geomorphological map.
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A total of 14 samples were taken for cosmogenic *°Cl analysis (Figure 2). Eleven
samples were collected from inside the LIA extend. We divided these into three sub-groups
depending on their location relative to present and past ice margin positions (see Figure 2):
(i) just in front of the 2018 glacier extent (Vorab-1-Vorab-5), (ii) near the extent of the
glacier around 1985 (Vorab-7-Vorab-9), (iii) near the extent of the glacier of 1948 (Vorab-6,
Vorab-11 and Vorab-12). Two samples were taken outside of the LIA extent (Vorab-10,
Vorab-14). One sample (Vorab-13) was taken on a boulder located inside the LIA extent
just next to Vorab-12. Only glacially polished surfaces were sampled, where clear striations
were visible. Plucked areas were strictly avoided. An elevated location of the sample
compared to its surrounding was favourable, to avoid shielding through micro topography.
Additionally, it lowered the duration of snow cover due to frequent winds. About 500 g of
the top few centimetres (<5 cm) were extracted with a battery-operated saw, hammer and
chisel. The exact location of the sample, sample thickness, dip and dip direction and the
topographic shielding were measured on site using a compass and clinometer.

3.2. 36Cl Sample Preparation

Samples were crushed with a hydraulic press and sieved to a grain size of <400 pum.
After leaching the samples in a weak HNOj solution, an aliquot of dried sample material
(10 g) was sent to Actlabs S.A. (Ancaster, ON, Canada) to determine the composition of
major and trace elements with ICP-MS (inductively coupled plasma mass spectrometry)
(Table 1). Following this, 3Cl sample preparation was undertaken at ETH Ziirich (Lab-
oratory of Ion Beam Physics) according to the sample preparation described by [32,33].
36Cl and total Cl concentrations were measured by AMS (accelerator mass spectrome-
try) (Tables 1 and 2) performed with the 6 MV TANDEM system at the Laboratory of Ion
Beam Physics, ETH Ziirich. Sample ratios were measured against the standard material
K382/4N with a 3°Cl/Cl value of 17.36 x 10712 [34]. The apparent exposure ages were cal-
culated with an in-house MATLAB code (Table 2) using equations and constants described
in [35] and the following 3°Cl production rates: a spallogenic production rate of calcium of
48.8 + 3.4 atoms gCa’l a~1,5.3 + 1.0 3°Cl atoms gCa’l a~! for muon capture in calcium
and a neutron capture rate of 760 & 150 neutrons g,;; ~!. All production pathways were
accounted for in the code (see also [23]).

3.3. MECED Model

The MECED model was programmed by C. Wirsig and V. Alfimov [23,35], then
modified by O. Steinemann [25]. The code is based on equations, production rates and
constants described in [35]. Additional input parameters are a glacier fluctuation history,
i.e., when the sample location was covered by a glacier (no 3*Cl production) or was ice free
(®®Cl production), and potential snow coverage (snow depth and duration in months), as
well as the karst weathering rate during ice-free periods. The latter two lead to a reduced
final 3Cl concentration; the present maximal thickness of the Vorab glacier is 60-80 m
(27). The glacier was thicker during the LIA and similar during late Holocene glacier
advances. Production of 3°Cl, including production by muons, through this thickness of
ice is 0.02-0.04% of total production on a fully exposed, ice-free surface. Already with an
ice thickness of only 5 m, e.g., in marginal position, production is <5%.

With these inputs, the model gives two main outputs. The first is a sample specific
diagram of 3°Cl concentration evolution over time based on the glacial fluctuation history
(also see Section 5.2.1) including the final modelled (theoretical) nuclide concentration. This
indicates what the concentration should be at that specific sample location presently with
the used glacial fluctuation history, snow coverage input and karst weathering rate. The
second output is a corresponding depth vs. concentration plot, showing the decrease of the
36Cl concentration with depth into the limestone bedrock. By intersecting this modelled
concentration-depth profile with the actual AMS measured 3¢Cl concentration for that
sample, one can determine how much of the bedrock surface must have been removed by
the glacier at that specific sample location. By dividing this erosion depth by the total time
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of glacier coverage (glacier fluctuation history input), the glacial erosion rate is calculated.
Detailed description of the MECED model and a thorough discussion of the influencing
factors and limitations can be found in [36,37].

4. Overview of Geomorphology of Vorab Glacier Forefield

The most important observations made during the fieldwork will be described shortly;
in this section the focus will be on glacial features such as moraine deposits, sediment
stripes and striations. In the following section karst and bedrock features, such bedrock
steps, erosional channels and swallow holes will be described. An overview of the identified
landforms and their apparent exposure ages is illustrated in the geomorphological map
(Figure 3).

Vorab glacier
3.3+0.2

52403

=

.
27

Ny, AP

Apparent exposure ages (ka) —— Streams D Subglacial sediments
Location of Photos (Figure 5) and view direction - Fluvial deposits - LIA moraine

Location of outcrop Figure 4 - Colluvial deposits ~——— Pre-LIA moraine ridge
Anthropogenic - Colluvial covering LIA moraine —— Bedrock steps
Glacier 2019 ——— Sediment stripes —— Karst enhanced faults
Ponds and lakes Blockfield

Figure 3. Geomorphological map of the Vorab glacier forefield showing the mapped features and the apparent 3°Cl exposure
ages. Star shows the location of the described sedimentary outcrop (Figure 4). For location of the map see Figure 1.

4.1. Glacial Landforms and Sediments

The LIA margins were designated through field observations and according to the
topographic map of 1895 [38], along with orthophoto and hillshade maps [39]. The largest,
most continuous LIA moraine ridge is approximately 1 km long and up to 15 m high
(Figure 3). The northernmost LIA moraine fragment has a length of about 200 m. These
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LIA moraine ridges are not vegetated (or only patchily) and consist of angular clasts in
a sandy to fine-grained matrix. Most large fragments (up to 15 cm) consist of Verrucano,
larger components (0.5-1 m) are mainly limestones and angular. There are a few locations,
especially in the northern moraine fragment, where larger Verrucano fragments are found
more frequently.

The main meltwater stream crosscuts the LIA moraine in the southwest, creating
a 2 m high and 6 m wide natural outcrop (Figures 3 and 4a). After the outcrop was
cleaned with a shovel it was sketched in detail (Figure 4b) as described in [40] using the
abbreviations from [41]. This investigation revealed the pushing and the gravitational
reworking of sediment at the glacier front during the LIA because the folds show a clear
forward movement toward the south. There is a wide variability in the size and lithology of
the clasts. In the Dms (diamicton, matrix-supported, stratified) that clearly dominates the
outcrop, there are interbedded layers that were deposited episodically (Figure 4b). These
vary from clast-dominated layers of several centimetres thick that were deposited during
periods of stronger energy and higher water flow to layers of very fine sand that were
probably deposited during quieter periods. A repetitive sequence was not recognised. At
the outermost edge, there is a hill structure consisting of GSc (clast-supported gravel and
sand), which could be a remnant of a buried moraine (Figure 4b).

pLI el POST LIA deposits

Figure 4. Photograph (a) and interpretation (b) of a river-cut outcrop through the LIA margin
deposits. The interpretation shows that the advancing LIA glacier pushed the sediments. Dms:
diamicton completely unsorted, matrix-supported, stratified, Gs: gravel stratified, Fm: fines massive,
Sm: sand massive, GSc: gravel, sand, clast-supported [41]. LIA moraine coloured pink in the
photograph, post-LIA deposits coloured in orange. See Figure 3 for location of the outcrop.

In contrast to the area just inside of the LIA moraine ridge, where secondary postglacial
debris was deposited through fluvial and ice decay processes with a relatively fresh
appearance, the pre-LIA moraines (outside LIA) are already strongly vegetated, and soil
formation has started. These older moraines form clear 1-2 m high hills tens to hundreds
of meters distal to the LIA moraines (Figure 3). The post-LIA moraines were recognized
as elevated sediment accumulations, maximally 1 m high, perpendicular to the striation
direction, which indicates formation of the material by the glacier. These faint ridges are
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mainly composed of cm- to dm-sized clast and very little matrix. It is noteworthy that
the glacier forefield has no to very sparse subglacial till cover (Figure 5a), and if there are
till deposits, for example just inside of the LIA moraines (Figure 5i), it lacks a fine matrix.
However, some faint flute structures were observed.

In the forefield of the Vorab glacier, sediment stripes in different dimensions ranging
from a few tens of centimetres up to several meters in width (Figure 5b,c) were observed
and mapped (Figure 3). The clast size ranges from centimetre- up to metre-sized. It is
striking that in the south-western part of the glacier forefield, the sediment stripes consist
of much smaller and finer clasts; those in the north and northeast show larger as well as
finer angular clasts. Based on field investigations, it can be concluded that these sediments
were transported englacially; as Figure 5b shows, they emerged from within the ice and
were not transported subglacially. As the glacier melts, the sediment remains. The trend
of individual stripes is more or less straight, crossing over highs and lows in topography,
indicating that they are not related to meltwater processes. Accordingly, they are excellent
indicators of past ice-flow directions [25].

Over 200 striations were measured in the glacier forefield and are portrayed in Figure 2;
an example is shown in Figure 5d. Most were measured on horizontal polished bedrock
surfaces, where these typical glacier scratch marks could be seen easily. Others were
measured based on the orientation of recrystallized calcite fibres formed on the lee side
of small bedrock irregularities. Clearly, the glacier had two main directions; the more
obvious one starting towards east and turning south. In the northern part, however, the
traces point northwards, towards Glarus (Figures 1 and 2). In the centre, striations point
toward the southeast, potentially locating the former ice divide. No crosscutting striations
or other evidence was found that would indicate a recent change in ice-flow direction. The
presence of fresh striations and the measured southerly direction on the southern side of the
Verrucano ridge (between the 2719 m a.s.1. peak and the Laaxer Stockli (Figure 3)) suggests
that the glacier at least in part overtopped this ridge, as shown also by the historical maps
(Figure 2). Outside the LIA moraine, no striations can be observed.
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Figure 5. Photo panel, location of each photo and view direction is shown on Figure 3. (a) View across the flat limestone
forefield of the Vorab glacier (in the background). Note the sparse sediment cover. (b) Sediment stripe with small clasts
emerging englacially. (c) Sediment stripe with large clasts, see person for scale. (d) Polished and striated bedrock. (e) Bedrock
step in front of the Vorab glacier, see person for scale. (f) Strongly karstified bedrock with deep channels and karren outside
of the LIA extent. (g) Glarus thrust with Verrucano (phyllites) on top of Lower Cretaceous limestone. (h) Swallow hole
where glacial meltwater disappears into the karst system. (i) LIA moraine ridge.
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4.2. Bedrock, Karst and Hydrological Features

Bedrock steps are frequent features in the limestone forefield of the Vorab glacier. The
steps are up to 5 m high and several are 100 m long (Figure 5e). In between the steps, which
can be several meters apart, the surfaces are smooth and flat with an average dip of few
degrees toward the southeast. Similar stepped limestone landforms have been described in
the literature [42,43].

Karst weathering is an important factor influencing the appearance of the limestone,
and it is also a significant parameter with respect to the modelling and calculation of
the glacial erosion rates (see Section 5.2.1). Based on the presence and absence of glacial
striations in the glacier forefield it can be concluded that the intensity varies across the
limestone forefield. Striations were mainly observed on elevated crests of the bedrock,
indicating that at these locations karst weathering rates have been rather low since the
location was exposed. This is in contrast to the depressions and channels in between these
local elevation highs. There the water has already found its way through the rock, often
forming several dm-deep (subglacial) channels. These channels mainly follow the direction
of the bedrock faults. Very few lie along the previously mentioned bedrock steps. At
present, in spring and early summer, great amounts of meltwater flow out to the glacier
forefield. Some of the meltwater is redirected through artificial pipes to prevent damage to
infrastructure, like the gravel road. However, in many areas the (melt-)water disappears
into swallow holes, especially in the north-western part of the glacier forefield (Figure 5h).
Field observations indicate there are several metres-deep shafts and it is presumed that
these connect to an extensive karst network, as has been shown to be the case in the Flims
area just to the east [44]. Other swallow holes are filled with finer sediments, so little or
no water seeps through and seasonal lakeletts form. Further meltwater lakes have formed
in bedrock depressions. The size of the lakes ranges from 2 to 20 m? and they often have
sandy-silty material on the ground and on the lake shores. Sometimes the ponds have
superficial water in- and outlets. However, in most cases these superficial water streams
are short and disappear into swallow holes, highlighting the very efficient karst drainage
system. Outside of the LIA moraine ridges, water and creeks are less common, but the
bedrock outcrops are strongly crossed by karren fields, which can be several meters deep
(Figure 5f).

5. Glacial Erosion Rate Determinations
5.1. ”Apparent” Exposure Ages

The AMS-measured 3°Cl concentrations and the apparent exposure ages calculated
from them are shown in Table 1 and are plotted on the map of Figure 3. The ages listed in
Table 1 are corrected for neither karst weathering erosion nor for snow cover, because they
will not be used for chronological interpretations. The apparent exposure ages range from
3.3 £ 0.2 ka (Vorab-5) to 10.9 & 0.7 ka (Vorab-10) excluding the boulder sample Vorab-13
with an exposure age of 0.9 £ 0.1 ka.

The samples located outside the LIA extent (Figures 2 and 3) Vorab-10 (10.9 & 0.7 ka)
and Vorab-14 (9.2 £ 0.5 ka) gave the oldest apparent exposure ages and conform relatively
well to their presumable true exposure age, assuming they were last covered by the
Egesen stadial glacier (12.7-11.5 ka). However, as shown in Figure 6, if snow cover
and karst weathering were taken into account the modelled nuclide concentrations after
11.5 ka of exposure would be lower than the measured values (dashed green line in
Figure 6a). Therefore, it seems likely that these samples were already exposed during
the Bolling/Allered (B/A) interstadial so that the bedrock surfaces could accumulate
enough nuclides to account for the reduction or loss caused by the snow coverage and karst
weathering. Including snow and karst correction, these ages are 13.1 & 0.8 ka (Vorab-10)
and 11.1 £ 0.6 ka (Vorab-14). These ages are in good agreement with the timing of the end
of the Egesen stadial in the Alps at 11.7 ka, suggesting that excess 3*Cl from exposure prior
to the last glacial maximum (LGM) is minimal. This question was explored in detail in
the study at Tsanfleuron glacier using the same methodology [25]. There, a sample in a
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cave 6 m below the glacially polished surface had less than 2% of the surface concentration,
in agreement with the muon-derived concentration in the calculated depth profile (see
Figure 5 in [25]). Inheritance from before the LGM at Tsanfleuron was negligible. Although
the same test was not performed at Vorab, the huge thickness of ice at Vorab (estimated
to be several hundred meters) during the LGM [21,22] would, in principle, have similarly
removed more than 2 m of bedrock and removed nearly all previously produced 3¢Cl.

Table 1. Sample site information, AMS-measured **Cl concentrations and calculated apparent exposure ages.

i 36
Sample Location Latitude Longitude Elevation Thickness T(;I}Jl?;g]l:ﬁl ];;lc Concentfaltion 12 Ex?tl:f;::l:ge
WGS 84 mas.L cm 10° at/g ka
Vorab-1 2018 46.882 9.174 2653 2.5 0.9986 0.89 + 0.05 57+£04
Vorab-2 2018 46.878 9.177 2635 1.0 0.9991 0.84 +£0.05* 57+04
Vorab-3 2018 46.877 9.176 2639 2.0 0.9987 0.91 £+ 0.05 58+04
Vorab-4 2018 46.876 9.176 2618 1.5 0.9979 0.81 +0.03 * 52+03
Vorab-5 2018 46.876 9.173 2640 3.0 0.9963 0.50 + 0.03 33+02
Vorab-6 1948 46.877 9.185 2623 1.5 0.9977 1.12 £ 0.06 71405
Vorab-7 1985 46.881 9.181 2616 2.0 0.9991 0.96 & 0.05 6.3+ 04
Vorab-8 1985 46.877 9.183 2609 1.5 0.9991 0.78 £ 0.05 * 51+04
Vorab-9 1985 46.876 9.182 2600 1.5 0.9990 0.58 £+ 0.03 * 42+03
Vorab-10 outside LIA 46.864 9.178 2439 2.0 0.9962 1.26 4+ 0.07 109 £0.7
Vorab-11 1948 46.871 9.184 2524 2.0 0.9988 0.77 +0.05 * 6.0 £0.4
Vorab-12 1948 46.872 9.183 2531 3.0 0.9985 0.80 £ 0.05 56+04
Vorab-13 boulder 46.872 9.184 2540 6.0 0.9955 0.10 £0.01* 09+0.1
Vorab-14 outside LIA 46.870 9.203 2397 2.0 0.9955 1.23 £0.04* 92+0.5

1 Measured against standard K382/4N (17.36 = 0.35) x 10~!2 [34,45]. 2 Corrected for processed blank of (1.2 & 0.7) x 107'% or (2.1 + 0.4)
x 10715 if sample is marked with a *.

Table 2. Elemental composition of leached samples. Cl values are from AMS measurements.

s 1 Al,O3 CaO Fe;03 KO MgO MnO Na,O P,Os SiO, TiO, Sm Gd U Th Cl
ample % % % % % % % % % % ppm ppm ppm ppm ppm

Vorab-1 0.73 53.53 0.57 0.19 0.63 0.01 0.05 0.06 2.73 0.03 0.6 0.5 0.4 0.7 2.83 +0.08
Vorab-2 0.44 51.13 0.98 0.05 0.59 0.02 0.03 0.03 6.58 0.02 0.7 0.6 0.8 0.6 540 £0.16
Vorab-3 0.20 55.00 0.17 0.04 0.51 0.01 0.03 0.02 1.43 0.01 0.1 0.1 0.5 0.2 2.73 +£0.10
Vorab-4 0.12 55.37 0.22 0.03 0.45 0.01 0.02 0.03 1.23 0.01 0.2 0.1 0.6 0.2 3.16 = 0.06
Vorab-5 146 51.85 0.51 0.41 0.65 0.01 0.13 0.04 4.76 0.06 0.4 0.3 2.1 0.7 2.81+0.10
Vorab-6 0.13 55.82 0.12 0.02 0.40 0.01 0.02 0.02 0.56 0.00 0.3 0.4 0.4 0.4 0.97 £ 0.03
Vorab-7 0.60 53.30 0.58 0.17 0.53 0.01 0.05 0.06 3.22 0.03 0.4 0.6 0.3 0.8 5.56 + 0.21
Vorab-8 0.42 54.26 0.57 0.13 0.50 0.01 0.01 0.02 1.85 0.02 0.5 0.5 0.7 0.7 410 +0.14
Vorab-9 2.01 46.83 1.05 0.55 1.07 0.02 0.14 0.06 11.70 0.11 1.2 0.9 23 23 8.71 £ 0.15
Vorab-10 1.37 45.39 0.97 0.32 0.98 0.02 0.31 0.04 14.71 0.08 11 1 17 2 2.99 +£0.11
Vorab-11 0.23 48.48 0.58 0.02 0.48 0.01 0.01 0.02 9.47 0.01 0.2 0.3 0.7 0.2 3.31 +0.05
Vorab-12 0.51 53.64 0.49 0.14 0.55 0.01 0.02 0.03 293 0.02 3.5 25 1.6 74 3.43 +£0.09
Vorab-13 2.22 40.15 0.92 0.73 1.09 0.02 0.11 0.03 22.70 0.13 13 0.9 18 24 6.12 £ 0.06
Vorab-14 0.34 55.18 0.16 0.10 0.46 0.01 0.01 0.03 0.85 0.02 0.9 0.6 0.6 17 2.68 £ 0.03

All bedrock samples located inside the LIA extent, whose true exposure ages should
range from about 170 years (just inside of the LIA moraine ridge) to zero years (samples
which became ice-free only during the summer of sampling, 2018), have apparent exposure
ages that are much too old (3.3-5.8 ka). These samples all contain considerable amounts of
36Cl1, which must have been acquired in previous ice-free periods during the Late Glacial
and Holocene (shown graphically in Figures 6a and 7). This shows that glacial erosion was
not deep enough (>2 m) to remove the cosmogenic signal built up during these ice-free
periods [25]. Nevertheless, the apparent exposure ages give evidence of a total minimum
exposure they must have experienced, which is an important boundary condition for the
numerical modelling.

5.2. MECED Model Results
5.2.1. Evaluation and Definition of Input Parameters

The glacier fluctuation history (periods of coverage of the sampled bedrock by glacier
vs. no cover by glacier), the depth of snow and duration of snow cover, as well as the karst
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weathering rate applicable to the ice-free periods are the three model input parameters.
The most crucial input parameter for the numerical model is the local glacier fluctuation
history. A variety of investigative methods have been applied to study and document
fluctuations of glaciers in the Alps during the Holocene [46-48]. Local glacier histories have
been reconstructed by applying dendrochronological methods and tracking past tree-line
variations [49], looking at wood, peat and pollen [50-52] and lake sediment archives [53]
and by interpreting historical pictorial data [54] and aerial photographs [55]. Since the
1990s, great inroads have been made into understanding past glacier variations in the Alps
through the application of cosmogenic nuclide exposure dating [48,56—61]. This literature
and local historic maps were used to construct a glacier fluctuation history for the Vorab
glacier (further details given in [25,26]).
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Figure 6. Inputs and output of the MECED model. (a) In the top bar diagram, the blue bars show periods of glacier
coverage for each sample group (see Figure 2 and text for details). All sites were covered continuously during the last
glacial maximum and Gschnitz stadial glaciers (G) of the Oldest Dryas. All groups except the 2018 group were exposed
during the Bolling/Allered interstadial (B/A) then covered again by the Egesen stadial glacier (E) during the Younger
Dryas cold phase. This was followed by a longer ice-free phase before the late Holocene glacier advances. Just below, snow
depth input shows that until the end of the Egesen and during the late Holocene 200 cm of snow for 6 months a year was
used in the model and only 100 cm of snow during the Holocene warm period in between. The graph below shows the
modelled 3°Cl concentration increase (solid green line) evolution with time (along the x-axis) for the sample location of
Vorab-14 using the glacier fluctuation history for the group outside LIA, showing the increase in 3*Cl (green line) during
first exposure during the B/ A (14.6-12.9 ka), no production while covered by the Egesen stadial glacier (12.9-11.5 ka) and
again an increase in 3°Cl in the exposed bedrock surface during the entire Holocene. The green band shows the effect of
snow depth during ice-free times, where the upper boundary was modelled without any snow and the lower limit by
using 200 cm for the entire period. The solid green line used reasonable snow values mentioned in the text. The blue
horizontal line shows the AMS-measured %*Cl nuclide concentration along with the uncertainty. The dashed green line
shows the modelled concentration if the sample site only became ice-free after the Egesen glacier, highlighting that with this
scenario the modelled concentration is lower than the one actually measured, demonstrating why an ice-free period with
36C1 production of the B/ A has to be included. (b) Sample location of Vorab-14 with the LIA moraine ridge and the Glarus
thrust in the back. See Figures 2 and 3 for the location of samples and photos.
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For each sample group (Figure 2) a separate glacier fluctuation history reflecting its
location was defined (Figure 6a) based on the literature mentioned above. With these
defined glacier histories, the model calculates for every sample the theoretical evolution of
the cosmogenic nuclide concentration over time. A representative sample of each group is
shown in Figure 7, where the effects of snow and karst weathering rate (see below) are also
included. Glacial erosion rates are obtained by dividing the erosion depth by the total time
of glacier coverage.

For the samples outside the LIA extent (Vorab-10, Vorab-14) we assume bedrock
exposure starting at 14.5 ka with the beginning of the B/ A until the Egesen glacier advanced
and covered the area again from 12.9 ka to 11.5 ka [48] (Figure 6a). After that, the area
outside the LIA was continuously exposed and never covered by a glacier again. The
samples of the group 1948 (Vorab-6, Vorab-11, Vorab-12) experienced the same exposure
during the B/ A and coverage by the Egesen stadial glacier but were additionally repeatedly
covered by late Holocene fluctuations of the Vorab glacier from 1.7-1.6 ka, 1.5-1.3 ka,
0.9-0.5 ka and 0.4-0.1 ka (total 2.5 ka of glacier coverage). The samples from the 1985 group
(Vorab-7, Vorab-8, Vorab-9) are assumed to have a similar history as the 1950 group but with
slightly longer intervals of glacier coverage because they are located at higher elevations
and are closer to the present-day glacier front: 13.0-11.4 ka, 2.6-2.4 ka, 1.8-1.3 ka and
1.0-0.1 ka (total 3.3 ka of glacier coverage). It is assumed that the samples from the group
2018 were ice-covered until the early Holocene, when the Egesen stadial glacier retreated
around 10.5 ka ago. During the late Holocene, it is likely that these areas were continuously
glacier-covered from 3.3 ka until the summer of sampling (2018).

Snow depth data were derived by looking at records from the nearest station. Accord-
ing to the MeteoSchweiz [Schweizerische Eidgenossenschaft 2019] data, the station at Crap
Masegn (Figure 1) (2480 m a.s.l.) is the nearest station. Precipitation records there span the
past 30 years. The data show that at this elevation a constant snow cover of about 200 cm
can be assumed for 6 months of the year. Knowing that during the middle Holocene warm
phase [50,62] it is likely that there was less snow, we assume for this time period a reduced
snow cover of 100 cm for 6 months a year. As shown in Figure 6, for our model we use
200 cm snow before the Holocene, 100 cm snow during the early and middle Holocene and
200 cm snow after 3.6 ka.

However, we are aware that these values are estimates. To visualise the effect of
different snow depth values on the modelled 36C1 concentration, minimal and maximal
snow scenarios are indicated in Figures 6b and 7 as green bands. The upper limit of the
green band tracks the modelled growth of 3°Cl in the bedrock with no snow cover at all
and the lower limit of the green band tracks the modelled growth when a depth of 200 cm
of snow is considered for all ice-free periods (including during the middle Holocene). The
influence on the final modelled 3¢Cl concentration in comparison to our chosen input
parameters is about +15% (no snow) and -10% (200 cm of snow all of the time the forefield
is ice-free). If the snow depth were further increased (>200 cm), for many locations it
would not be possible to calculate erosion depth/rate values, as the modelled nuclide
concentration would get lower than the actual AMS-measured one. The karst weathering
rate of 5 mm ka~!, a reasonable value for limestone surfaces in the Alps [63—65] causes a
reduction on the modelled concentration of about 5%.
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Figure 7. (a,c,e) MECED model output for a representative sample (Vorab-12, Vorab-7, Vorab1) of each group (1948, 1985,
2018) inside the LIA extent, showing the increase in 3°Cl during ice-free periods and no production during phases of glacier
coverage (stays flat). (b,d,f) shows a photo of the corresponding sample. For a detailed description of the diagrams see

caption of Figure 6. See Figures 2 and 3 for the location of samples and photos.

5.2.2. Glacial Erosion Depths and Rates

For every sample individually, the modelled depth profile of the nuclide concentration,
including all the appropriate parameters described before, and the AMS measured 3°Cl
concentrations were used to calculate the subglacial erosion depth [25] (Figure 8). Divided
by the duration of the glacier cover we then obtained the average erosion rate values. An
overview on the calculated erosion depths and erosion rates for all samples (excluding
data from boulder Vorab-13) is given in Table 3 and Figure 9. Determined glacial erosion
depths for the 2018 sample group are between 0 cm and 40 cm, with corresponding erosion
rates of 0-0.12 mm a~!. Erosion depth values for the group 1985 range from 17.8 cm
to 52.7 cm resulting in erosion rates of 0.05-0.16 mm a~'. For the group near the LIA
extent (1948) erosion depths of 11.8-35.9 cm and erosion rates from 0.05-0.14 mm a~l
were determined. For outside the LIA extent, an erosion depth of 2.5-2.7 cm and an
erosion rate of 0.02-0.05 mm a~! could be calculated only for Vorab-14. The measured 3°Cl
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concentration of Vorab-10 was higher than the modelled one and thus it was not possible
to determine erosion depth or rate. This means the data from this location, especially the
measured %Cl concentration, do not allow the calculation of rock depth removed or glacial
erosion rates. This would only be possible if the time of ice-free phases were increased.
However, this seems rather unrealistic due to relatively high elevation of the location
(2439 m a.s.l.) and considering that during the Younger Dryas the Vorab glacier reached
several km further down-valley than its LIA position [66—68].

MODELLED **C| CONCENTRATION - DEPTH PROFILE OF VORAB-7

30

40F

50F

depth (cm)

60 F

Vograg-7.

70F

80F

NF

e A I R

*Cl nuclide concentration (atoms/g) x 10°
Figure 8. Modelled 3°Cl concentration-depth profile (light-blue) using the elemental and location
data of Vorab-7. The solid line used the 200-100-200 cm snow scenario (see Figure 6 for details), the
light blue band indicates the two extreme snow scenarios (0 cm snow and 200 cm snow). The AMS-
measured concentration with its uncertainty is shown as vertical line in dark blue. The intersection of
the two curves indicates the thickness of rock that had to be removed by the glacier to reach measured
concentration (Table 1). The dark grey band highlights the erosion depth range (Table 3) with the
intermediate snow scenario, the light grey indicates the minimal erosion depth when considering the
200 cm snow scenario and the maximal erosion depth with the zero snow scenario. By dividing this
erosion depth by the total time of glacier coverage results in the average glacial erosion rates, given
in parentheses.

Table 3. Determined glacial erosion depths and rates (sample locations in Figure 9).

Sample Erosion Depth Erosion Rate
cm mm a1

Glacier front 2018

Vorab-1 0.0-3.5 0.00-0.01

Vorab-2 0.0-4.1 0.00-0.01

Vorab-3 0.0-2.5 0.00-0.01

Vorab-4 3.1-8.8 0.01-0.03

Vorab-5 32.2-39.5 0.10-0.12
Glacier front 1985

Vorab-7 17.8-24.5 0.05-0.07

Vorab-8 30.4-38.7 0.09-0.12

Vorab-9 46.0-53.7 0.14-0.16
Glacier front 1948

Vorab-6 11.8-18.9 0.05-0.08

Vorab-11 24.3-32.6 0.10-0.13

Vorab-12 28.5-35.9 0.11-0.14
Outside LIA extent

Vorab-10 nv-nv nv-nv

Vorab-14 2.5-7.2 0.02-0.05

nv: no value.
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Figure 9. Determined maximal glacial erosion rates given in mm a~! (Table 3). Green colours indicate glacial erosion
rates less than and violet colours more than 0.1 mm a~!. 3D view created with the swissSIMAGE orthophoto 2019 and the
SwissALTI3D 2019 (reproduced with authorization of the Swiss Federal Office of Topography, swisstopo).

6. Discussion and Conclusions

It is beyond question that the present-day shape of the Alps is the result of glacial
erosion over numerous episodes of an extensive ice cap nearly completely covering the
mountains and reaching to the forelands. However, actually determining glacial erosion
rates remains challenging because conducting direct measurements is still extremely dif-
ficult [14]. Using cosmogenic nuclides in combination with a numerical model has been
shown to be a strong tool for obtaining local glacial erosion rate values directly determined
on glacially abraded bedrock surfaces [25,26]. As in the present investigation at the Vorab
glacier, these studies give insight not only on local glacial and landscape forming processes
but also increase understanding of the formation and evolution of the overall Alpine
landscape.

At Vorab, the obtained high 3°Cl concentrations and calculated apparent exposure
ages inside of the LIA extent between 7.1 ka to 3.3 ka provide clear evidence of the
very small amount of erosion (<2 m deep) accomplished by the glacier during the late
Holocene. The bedrock surfaces sampled were covered during the LIA as shown by
historical maps (Figure 2). Coverage during the frequent cold phases of the late Holocene
can be inferred from the numerous Holocene glacier variation studies carried out in the
Alps (see Section 5.2.2). Accordingly, determined glacial erosion rates in the entire study
area are low; all are less than <0.23 mm a~!. We recognize a faint spatial pattern in the
measured erosion rates across the glacier forefield as indicated by the colour coding in
Figure 9. Erosion rates are lowest near the present-day glacier front (Vorab-1, Vorab-2,
Vorab-3, Vorab-4, Vorab-5; green in Figure 9) and highest in the central part of the glacier
forefield (Vorab-8: 0.12 mm a~?!, Vorab-9: 0.16 mm a~!; purple in Figure 9). Vorab-6 is
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relatively close to these high values, with a rate of 0.08 mm a~!. This slight local decrease
in erosion efficiency could be due to its position. Vorab-6 is located where the slope slowly
increases towards the approximately 100 m high bedrock ridge between Laaxer Stockli and
peak 2719. Here, the glacier flowed predominantly either to the left (northeast) or to the
right (southward) as the bedrock ridge blocked its progress (see Figure 2). Our data also
point to a slight increase in glacial erosion rate from north (Vorab-1: 0.01 mm a~! and Vorab-
7: 0.07 mm a~ 1) to south (Vorab-5: 0.12 mm a~! and Vorab-9: 0.23 mm a~1). The glacial
erosion rate determined from a bedrock sample outside of the LIA ice margin (Vorab-14)
indicates that even during the Younger Dryas, during the Egesen stadial, the Vorab glacier
was eroding at a very low rate of only 0.05 mm a~!. However, it is important to keep the
uncertainties of the input parameters of the MECED model in mind. Small changes in the
glacier fluctuation history and the snow depth would slightly shift the erosion rate values.
Nevertheless, because the input parameters were chosen conservatively to allow maximal
erosion values within reasonable boundaries, the values should stay low or indeed get
even lower. A thorough discussion of the effects of the input parameters is found in [25].

Our determined low glacial erosion rates are supported by field observations. On first
sight, the forefield of the Vorab glacier appears to be strongly abraded by the glacier, as
indicated by the heavily striated and highly polished bedrock surfaces. Taking a closer look,
this only seems true for the previously present (i.e., before they were eroded) Verrucano
and schistose lithologies that overlie the limestone. A crucial point is that in general, there
is very little glacial sediment in the entire glacier forefield; most is bare limestone. Clasts are
almost exclusively comprised Permian Verrucano, whereas limestone clasts are extremely
rare and only found in the northern part of the study area. The same is true for the stone
stripes, suggesting that the origin of these stone stripes is Permian bedrock obstacles below
the glacier. In light of this isotopic and field evidence, we suggest that over many glacier
advances, the glacier planed off the rock above the Glarus thrust (Permian Verrucano).
As soon as the glacier eroded down to the Glarus thrust, where the lithology changes to
limestone, its ability to erode dropped off decidedly. The Glarus thrust and the (remaining)
overlying Verrucano units outcrop on both sides of the gap between Vorab Pign and peak
2719 (Figure 2). The glacier must have constantly widened instead of deepened this gap to
head southward. In the passage through this gap and to the south, there are no remnants
of Permian rock in the glacier forefield. The bedrock steps there indicate that plucking, not
abrasion, is likely the dominant erosion process in the limestone units.

Field observations (numerous swallow holes and channels) are evidence that the
limestone forefield is strongly karstified. Meltwater drains into a subsurface karst network
to emanate in springs like those near Flims and Laax (Figure 1) [44,69]. The rapid loss of
subglacial water into the karst system is likely the main factor for the low glacial erosion [25].
As a consequence of the lacking subglacial meltwater, the sliding capability of the glacier is
reduced which directly influences the ability of the glacier to erode (abrade) the underlying
bedrock [9,18,20,70,71]. This inhibition of sliding and low rate of erosion leads to low rates
of subglacial sediment production. As noted above, there is almost no fine subglacial
sediment in the glacier forefield. The limestones are massive and thick-bedded making
them less susceptible to glacial erosion. This likely played a part in allowing the limestone
plateau to develop as the Vorab glacier methodically shaved off the bedrock above the
Glarus thrust (cf. [25]).

In this study, several factors were observed which are responsible for the formation of
the limestone plateau in front of the Vorab glacier. These include the presence of: (i) the
sharp geological contact (Glarus thrust), (i) the massive, thick-bedded limestone below the
thrust plane and (iii) the presence of a well-developed karst system. Similar findings were
reported from the Lapis de Tsanfleuron (Figure 1) [25] and strengthen the hypothesis that
high-elevation, low-relief limestone plateaus form due to limited glacial erosion because
the glacier has a significantly reduced ability to slide as a consequence of losing water at
the glacier bed into a well-developed karst system. At the Lapis de Tsanflueron, an even
more extensive limestone plateau, determined glacial erosion rate values were similarly
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low or even lower (<0.08 mm a~!) than those we determined at the Vorab glacier. The
main difference between the two sites is the presence of the Glarus thrust plane right at the
flat Vorab glacier forefield. Elevation (2600 m a.s.1.), aspect (east-facing) and precipitation
values (150-200 m of snow) are comparable at both sites. Other striking similarities of the
two sites are the absence of abundant glacial sediment, the presence of sediment stripes in
glacier flow direction and the bedrock steps. Such clean (sediment-free) limestone plateaus
at high elevations with associated underlying karst are common landscapes in the Alps, e.g.,
Hallstatter glacier, Dachstein Massif, Steinernes Meer, Siebenhengste and Holloch-Silberen.

Glacial erosion rates determined on limestone beds are one to two orders of magnitude
lower than those determined at sites located on crystalline bedrock, e.g., Rhone glacier
(up to 0.66 mm a~1) [24], Trift glacier (>1.8 mm a—1) [26] (locations in Figure 1). In both
of these crystalline study sites, the authors found a clear trend of low erosion rates at
the margin of the glacier, where rates become nearly zero, while the highest erosion rates
are measured below the central flow line of the glacier. At Trift glacier, rates of several
millimetres per year were calculated from sites at the centre of the overdeepened glacial
valley. In contrast, at the Lapis de Tsanfleuron and at the Vorab glacier, no significant
or similarly extreme spatial variations in erosion rates were observed. Intriguingly, the
slight decrease in glacial erosion that we noted at Vorab (Figure 9) occurs along the central
flowline, the direct opposite of what was observed at Trift and the Rhone glacier. These
stark differences in glacial erosion rates reveal quantitatively how the respective glaciers
are carving quite distinct topographies. Whereas in limestone-dominated areas glacier
forefields are plateau-shaped (broad and flat with very little relief); in crystalline areas
(granite/gneiss) deep steep-walled valleys and at many sites overdeepened basins, e.g., the
Rhone glacier and Trift glacier (Figure 1), tend to develop. The formation of overdeepenings
is complex and usually a combination of geological (fracture spacing, weak zones, change
in lithology) [72-74], geographical (glacier confluences) [75,76] and glaciological (near
equilibrium line altitude, rates of ice flux) [12,77-79] factors. Recent research at Trift glacier,
where there is an exceptionally deep overdeepening, highlighted that the presence of
a gorge seems to have a crucial effect on the formation and the apparent depth of an
overdeepening [26].

Undoubtedly many factors like elevation, precipitation sums, aspect, slope and
bedrock geology influence the glacier and its behaviour, making the situation very complex
and general statements on glacial erosion rates difficult. Nevertheless, recent studies on
glacial erosion efficiency [24-26,80] highlight that there seems to be a relatively simple
correlation between lithology, hydrology and glacial erosion rates. In crystalline areas
(compact, impermeable bedrock) with an intact subglacial hydrology (subglacial meltwater
present), glaciers tend to erode the bedrock strongly along the central flowline but only
slightly near the lateral ice margins. Over hundreds of thousands of years this leads to the
development of long, narrow, often overdeepened, steep-walled valleys. In contrast, flat
glacier forefields form in areas dominated by horizontally bedded massive limestone with
a well-developed karst system. Through the effective drainage of subglacial meltwater
into the karst system, the ability of the glacier to slide is sharply curtailed. This results
in an inability to erode the underlying substrate, favouring the formation of broad and
flat landscapes (plateaus). A positive feedback loop develops: the glacier planes off a flat
plateau as it reaches the massive flat-bedded limestone; the gentler the slope the further
that sliding is inhibited. Over time, as these flat landscape elements cannot be reduced
by glaciers, they evolve into plateaus—high-elevation islands. Despite the interplay of
numerous factors, the importance of glaciers in the construction of mountainous landscapes
is due as much to their ability to erode as to their ability to not erode.
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Abstract: We used concentrations of in situ cosmogenic '°Be from riverine sediment to quantify the
basin-averaged denudation rates and sediment fluxes in the Plessur Basin, Eastern Swiss Alps, which
is a tributary stream to the Alpine Rhine, one of the largest streams in Europe. We complement the
cosmogenic dataset with the results of morphometric analyses, geomorphic mapping, and sediment
fingerprinting techniques. The results reveal that the Plessur Basin is still adjusting to the landscape
perturbation caused by the glacial carving during the Last Glacial Maximum c. 20,000 years ago.
This adjustment has been most efficient in the downstream part where the bedrock comprises high
erodibility North Penninic flysch and Biindnerschist, whereas glacial landforms are still prominently
preserved in the upstream region, comprising low erodibility South Penninic and Austroalpine
bedrock. This geomorphic observation is supported by the '°Be based denudation rate and sediment
provenance analysis, which indicate a much faster sediment production in the flysch and schist
lithologies. Interestingly, the reach of fast denudation has experienced the highest exhumation and
rock uplift rates. This suggests that lithologic and glacial conditioning have substantially contributed
to the local uplift and denudation as some of the driving forces of a positive feedback system.

Keywords: cosmogenic nuclides; sediment fingerprinting; geomorphometric analysis; positive
feedback; Prattigau half-window

1. Introduction

In mountainous areas, the shape of a landscape is the expression of a complex in-
teraction between tectonic and erosional processes over multiple temporal scales [1-4].
Tectonic forces create topography through the vertical upward-directed advection of crustal
material, resulting in rock uplift, whereas erosional processes are mainly driven by gravi-
tational forces and climate, and result in the downwearing of the accreted material. One
particular expression of the interaction between tectonic and denudation is a positive
feedback, where erosion-driven unloading has the potential to initiate an isostatic response
of the lithosphere in the form of crustal uplift [5]. Such a mechanism at work has, for
instance, been proposed for the Central European Alps [6,7]. However, for the Alps of
Eastern Switzerland (Figure 1), several authors have suggested that the high uplift rates are
rather a long-lived consequence of neotectonic shortening [8] than a feedback response to
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erosion. Furthermore, the occurrence of high uplift rates was explained within the context
of a shorter timescale of observations, whereby the retreat and melting of glaciers of the
Last Glacial Maximum (LGM), ca. 20 ka ago, was considered to have induced an isostatic
rebound in response to unloading [9-11].

47°N

Tnsubric Line
wsml\ine nappes

Southern AP

Pre-Triassic Tertiary
crystalline granitoids
basement

Normal fault Vittis Window

Q Upper-Rhine
basin
Landquart
TS s
O Plessur
basin
Figure 1. (a) Geological and tectonic framework of the Alps and the studied drainage basins (modified after [12]). FJ: Folded
Jura, MB: Molasse Basin, CA: Central Alps, PB: Po Basin, TS: Tyrrhenian Sea, AS: Adriatic Sea, Zu: Zurich, Mi: Milan; (b)

geodetic uplift rate in mm a~1[13,14]; (c) apatite fission track pattern in Ma [15]; (d) isostatic anomaly in mGal [16]; (e) top
crystalline basement in m [17].

It has recently been documented that surface denudation rates over the past hundreds
to thousands of years are lower than geodetically measured rock uplift rates, particularly
in the Central Alps of Europe [18,19]. This observation was based on a compilation
of published and new “Be concentrations in riverine quartz in >350 rivers. Thus, an
active tectonic driving force has to be invoked to explain the occurrence of a surface
uplift component at the scale of the Central European Alps [19]. The authors of the
aforementioned study also emphasized that the identifications of distinct driving forces
on surface erosion and landscape shape at the regional scale and at that of individual
catchments can be hampered because of the stochastic and site-specific nature of erosion.
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The aim of this paper is to explore whether or not a positive feedback response to
erosion can be invoked to explain the high uplift and exhumation rates in the Eastern
Alps of Switzerland (Figure 1). To this end, we focused on the erosional mechanisms
and related denudation rates in the Préttigau half-window near Chur, situated in the
Eastern Alps of Switzerland (Figure 1a). This region exposes North Penninic flysch and
Biindnerschist with a high bedrock erodibility in the core of the half-window, and these
units are overlain by Penninic rocks and the Austroalpine orogenic lid that comprise
limestones, gneiss, and schists with a lower erodibility [20]. We focused on this area
because of previously published evidence for a tectonic control on erosion in the region
and for the occurrence of an inferred, yet contested, positive feedback between denudation
and uplift at least since the Pliocene [21,22] and possibly the Holocene [7]. We focused on
the Plessur Basin (labeled as P in Figure 1b—e), situated in the southern part of this window
where geodetically measured rock uplift rates are highest in the region (Figure 1b) and
where the youngest apatite fission track ages have been reported (Figure 1c). We measured
the denudation flux in this basin using in situ '’Be. We identified the sediment source areas
through provenance tracing, and we related these data to the lithotectonic architecture of
the Plessur Basin and to the topographic imprint caused by the LGM and possibly previous
glaciers. These data are combined with the results of previous work [22] conducted in the
Landquart Basin (labeled as L in Figure 1b) situated in the northern part of the Prattigau
half-window. We then used the combined dataset to reconstruct a picture about the pattern
of erosion at the regional scale during the Holocene and over millennia. It additionally
allows us to re-address the problem of whether or not a positive feedback response to
erosion can be invoked to explain the uplift and exhumation pattern in the region.

2. Setting
2.1. Lithotectonic Architecture

The tectonic architecture in the area is characterized by a stack of Helvetic, Penninic,
and Austroalpine nappes, which generally show a regional dip toward the SE (Figure 1a).
During Mesozoic times, the Helvetic units were part of the stretched margin of the European
plate and formed the transition toward the Valais Ocean. These rocks crop out to the NW
of the study area and are mainly composed of limestones with marl interbeds. Currently,
the Helvetic thrust nappes overlay the Aar massif, a pre-Triassic crystalline basement unit,
which is largely exposed west of our study area where this massif forms major topographic
peaks. The top of the crystalline rocks then plunges toward the NNE, where it currently
lies at a depth of 10 km beneath the study area (Figure 1e). To the north of Chur, however,
a small outcrop made up of basement crystalline rocks can be found in the Vittis window
([12,17]; red star on Figure 1).

The Penninic units in the region, which overlay the Helvetic thrust sheets, are divided
into Lower, Middle, and Upper Penninic thrust nappes (Figure 2). The Lower Penninic
units comprise Mesozoic-Cenozoic hemipelagic sediments that were deposited within the
Valais trough to the south of the Helvetic sedimentary realm. In the study area, the Lower
Penninic rocks are represented by the Mesozoic Biindnerschist and the Upper Cretaceous
to Eocene North Penninic flysch that are exposed in the Préttigau half-window (Figure 2).

The only Middle Penninic unit that is found in the area is the Falknis nappe, which
is mainly composed of Mesozoic limestones that were deposited on the northern mar-
gin of the Brianconnais zone. During Mesozoic times, this zone was a submarine swell
that separated the Valais Ocean from the Piemont Ocean farther north and south, respec-
tively [12,15,17,23]. On the southern margin of the Briangonnais swell, ophiolitic sequences
and fragments of continental crustal rocks (mélange) were formed during the Jurassic
phase of spreading within the Piemont Ocean, which are now found in the Arosa Zone of
the Upper Penninic unit ([17,24,25]; Figure 2). The Austroalpine units, situated on top of
the Penninic thrust sheets, are divided into the Lower and Upper Austroalpine nappes and
comprise rocks of the Adriatic continental plate (upper Austroalpine rocks) and its north-
ern margin ([24]; lower Austroalpine units). The Lower Austroalpine nappes are mainly
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composed of Mesozoic limestones and are represented in the study area by the Rothorn
and Tschirpen nappes [17,26] (Figure 2). The Upper Austroalpine units are represented by
Triassic dolomites that make up the Languard nappe, and by Paleozoic sediments of the
basement in the Silvretta nappe [27].
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Figure 2. (a) Lithotectonic framework of the Plessur drainage basin and its main tributaries, and locations of collected
samples. IHC: Infrahelvetic Complex; BS: Biindnerschist; NPF: North Penninic Flysch; FN: Falknis Nappe; AZ: Arosa zone;
TRN: Tschirpen and Rothorn Nappes; LN: Languard Nappe; SN: Silvretta Nappe; Q: Quaternary deposits; (b) Location of
samples used in this study but collected outside of the Plessur Basin. Samples RHE01 and RHE02 were collected in the
Rhine River and are part of this work’s dataset, whereas sample Lan-1 was collected at the outlet of the Landquart River and
is part of the work by [22]. Green dots indicate sites where samples have been processed for provenance tracing purposes
only, whereas yellow dots represent sites where the samples have been analyzed for both provenance and concentrations of
10Be. Refer to Figure 1 for the explanation of colors. The numbers at the border of the figure indicate the Swiss coordinates

in meters.

In summary, the lowermost part of the Plessur Basin is underlain by Lower Penninic
Biindnerschist and North Penninic flysch, both of which are part of the Prattigau half-
window (Figure 1a) and have a high erodibility [20]. The headwater part of the Plessur
Basin, however, comprises ophiolites, limestones, and basement rocks of Penninic and
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Austroalpine origin with a substantially lower bedrock erodibility [20]. As will be shown
below, the differences in bedrock erodibilities are seen in the pattern of surface denudation
and sediment fluxes.

2.2. Rock Uplift and Exhumation

As previously mentioned, the study area has experienced one of the highest uplift rates
in the Swiss Alps during the past decades, reaching up to 1.3 mm a~! [13,14] (Figure 1b).
The contour lines of rock uplift rates display a similar shape as those of apatite fission track
cooling ages (Figure 1c), where the occurrence of highest uplift and lowest apatite fission
track ages of c. 4 Ma are centered near Chur [15,23,28]. These young ages point to one
of the fastest exhumation rates in the Central European Alps [17,21,29], and the contour
lines follow the boundaries of the Préttigau half-window (Figure 1c). Interestingly, the
location with the highest exhumation rates also corresponds to the region with the largest
negative Bouguer anomalies near Chur [16] (Figure 1d), which suggests that the loads
related to the surface topography are overcompensated in the region where the study area
is situated [30-32].

2.3. Geomorphologic Framework

The Plessur Basin is a tributary of the Alpine segment of the Rhine River (here named
Upper Rhine), located in the southeastern Swiss Alps. The basin covers an area of ca.
265 km?, and its trunk, the Plessur River, is ca. 30 km long (Figure 2). The lowermost
section of the Plessur Basin is located within the Prattigau half-window. The Plessur Basin
hosts four main tributaries streams: (i) the Rabiusa, which entirely drains Biindnerschist
and North Penninic flysch rocks; (ii) the Sagabach, flowing through Penninic units; (iii) the
Saptinerbach, which drains mainly Penninic rocks and a small part of Austroalpine units;
and (iv) the Welschtobelbach, which is entirely sourced in Austroalpine units (Figure 2).
The catchment areas of these tributary streams vary from ca. 25 to 60 km?.

The cross-sectional geometries of the major tributary basins are generally V-shaped
(Figure 3, transects EE” and FF’) and reflect the ongoing dissection of the streams during the
Holocene [33]. This observation is often verified in the lowermost part of the Plessur Basin,
in the Rabiusa sub-catchment, and in the lowermost part of the Sagabach sub-catchment. In
contrast, in the headwater areas of the Plessur Basin, which also includes the Saptiinerbach
and Welschtobelbach sub-catchments, U-shaped cross-sectional geometries and multiple
convex-concave segments along the course of the valley are more common (Figure 3,
transects AA’ and BB’, and Figure 4), both of which are an indication for glacial carving
during the LGM and previous glaciations [34,35].

3. Methods

Following the scopes of the paper, we assembled geomorphic, provenance, and cos-
mogenic data to reveal that the Blindnerschist and North Penninic flysch units have been
the most important sediment sources at least during the Holocene, and that the material
contribution from the Austroalpine cover nappes has been less. We will relate the high
denudation rates in the flysch and schist units to the high erodibility of these lithologies.
We will then combine this information with data on long-term exhumation rates, offered by
published fission track ages [15], and with the results of geodetic surveys where modern
rock uplift rates has been measured [13]. These data suggest that uplift and exhumation
have occurred at the highest rates in the Prattigau half-window that exposes Biindnerschist
and Penninic flysch units with high bedrock erodibilities. We will use the combined infor-
mation about (i) the long-term exhumation pattern; (ii) the geodetically measured uplift
rates; (iii) the provenance of the material; (iv) the cosmogenic data; and (v) information
on the landscape’s properties to propose that (a) erosion has occurred at the highest rates
where bedrock with high erodibilities is exposed, (b) this pattern of erosion has occurred
during the past millions of years including the Holocene, and that (c) the area of highest
denudation rates coincides with the region of highest rock uplift and exhumation rates.
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Because of this spatial relationship between erosion and uplift over multiple time scales,
we will propose that uplift and denudation could have been accelerated through a positive
feedback mechanism. Following this concept, we will first describe the methods and the
results of the geomorphic investigations, and we proceed with a presentation of how the
sources of the material have been determined, and how, in combination with cosmogenic
data, the pattern of sediment generation is quantified through budgeting. In doing so,
we will also consider the dataset by Glaus et al. [22], which includes seven cosmogenic
data so that our inferences will be based on a dataset with a total of 13 concentrations of
cosmogenic 1Be.
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Figure 3. Map of the ice thickness in the Plessur basin during the LGM (from [35]) and main geomorphologic features. The
contour lines of the ice thickness map display the elevations of the ice surface in meters above sea level. The map also
shows the highest peaks in the study area. The transects from AA’ to FF’ (from up- to downriver) displays an ongoing
transformation of an originally U-shaped valley to a V-shaped valley, reflecting the response to more prominent fluvial
incision in the lowermost part of the Plessur basin. The numbers at the border of the figure indicate the Swiss coordinates in
meters.
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Figure 4. Picture of a U-shaped valley and an associate hanging valley in the Welschtobelbach sub-catchment, nearby the
PLEOQ9 site (Figures 2 and 3).

3.1. Morphometric Analysis
3.1.1. Knickzones and Steepness Indices

Topographic variables provide evidence for how the landscape has been shaped
in response to tectonic and surface driving forces (e.g., [1,7,36,37]). Among the various
morphometric parameters, longitudinal river profiles offer the most diagnostic information
on how streams have adjusted to changes in uplift, erosional mechanisms, and rates [38].

River profiles ideally have a concave-up shape, and deviations thereof in general and
knickzones in particular indicate the occurrence of perturbations such as a modification
in erosion and/or uplift rates and patterns (e.g., [37,39,40]). Knickzones are generally
initiated in the lowermost section of a river profile, from where these steps migrate upward
through the channel network [38,40-42]. In this study we identified the occurrence of
knickzones in the Plessur Basin using a 50 m resolution digital elevation model (DEM)
that was resampled from a 2 m resolution LIDAR DEM provided by Swisstopo®. The
resampling was done in order to reduce the computing time. We extracted the longitudinal
stream profiles of the main channel and the main tributaries from this digital dataset within
an open-source GIS environment. The data were then exported into a spreadsheet and
included information on profile length, altitude, slope, and drainage area. From these data,
we calculated the steepness indices for these river profiles following Flint’s law [43] using
TopoToolbox, a MATLAB script [44]. We normalized the steepness index (ksn) through a
constant concavity value of 0.45 [45], which allows for a better comparison of river profiles
with varying drainage areas. Knickzones in the longitudinal stream profiles were then
identified along reaches with high ks, values. Their locations were also verified in the 2 m
resolution LIDAR DEM.

3.1.2. Hypsometry, Slope Distribution, and Landscape Shape

The distribution of elevations within a basin bears relevant information on the extent
of which a basin has been dissected by fluvial processes after the retreat of glaciers at the
end of the LGM (e.g., [46]). Such data are commonly illustrated with a hypsographic curve
where the cumulative area is plotted versus the relative elevation [47,48]. Additionally,
the area under the curve, also known as the hypsometric integral (HI), can be calculated
and normalized. This value represents the proportion of a basin that lies below a given
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elevation [49]. In addition, conceptual investigations have shown that a convex curve
(HI > 0.5) is indicative for a young and thus immature stage in the development of a
fluvially controlled landscape, whereas a concave curve (HI < 0.5) points toward a more
mature stage [47,50]. Here, we reproduced such diagrams and extracted elevation data
for the major tributaries and the trunk stream from a 2 m resolution DEM within an open
source GIS environment.

Slope has been shown to exert one of the most important controls on erosion and
sediment production [19,51,52]. In addition, hillslope steepness and length can positively
influence runoff [53]. Moreover, it has been shown that denudation rates increase with
steeper slopes until a threshold hillslope angle of c. 32°-35° (angle of repose) has been
reached [19,52,54,55]. For landscapes where the hillslopes are steeper than this threshold,
correlations between slope and denudation rates decouple [19,52]. We thus analyzed
the slope distribution and the average slope of the Plessur and surrounding basins in an
attempt to identify possible differences in sediment production and denudation between
these basins. The analysis was based on a 50 m resolution DEM.

Finally, we mapped V-shaped versus U-shaped valley bottoms on the 2 m LiDAR-
DEM for the Plessur Basin. These correspond to areas where streams have dissected into the
previously glacially shaped landscape (e.g., cross section FF” on Figure 3), or alternatively,
these can be considered as reaches where the original glacial landscape is still preserved
(e.g., Figure 4).

3.2. Sediment Provenance

We determined the bulk geochemistry of selected river samples to allocate the sources
of the clastic riverine sediment. The samples were collected along the main stream as
well as along tributaries of the Plessur River (Figure 2a, green dotted and yellow crossed
circles, Figure S1 and Table S1), aiming for a good representation of the entire basin and its
different lithotectonic units. From this detrital material, c. 5 g of the fine-grained sediment
fraction of each sample (<63 um) was separated, which was then analyzed through ICP-MS
at the Activation Laboratories Ltd., in Ontario, Canada. This sediment fraction size was
selected because silt grains are readily transported through the channel network, and since
it was considered to adequately represent the different lithologies in the study area [56].
Therefore, the resulting sediment provenance model was only based on this sediment
fraction, and it did not include the contribution of, for example, solute loads [57]. The
results were expressed as major oxides and as selected trace elements (Sc, Cr, Ni, Sr, Y, Zr,
Nb, and Ba). These were corrected for the loss of ignition and normalized to 100%. Values
below the detection limit were changed to half of the detection limit.

The composition of all samples was investigated through principal component analy-
sis (PCA). This method allows one to reduce the dimensionality of the dataset and, thus,
facilitates the discrimination between the different samples according to their chemical
composition [58,59]. Before conducting PCAs, we ran statistical tests to define the best
combination of tracer elements that permits a discrimination between different composi-
tional endmembers. For this purpose, we employed R-code fingerPro® [60] and conducted
a three-step statistical test [61]: (i) in the first test, referred to as the range test, we explored
whether the tracer elements are mass-conservative along the entire source to sink path;
(ii) the second test, the Kruskal-Wallis H-test, allows one to exclude single tracer elements
that do not vary significantly from the different samples and that, thus, do not provide a
solid basis for a further discrimination; and (iii) we employed the Wilk’s lambda test as the
third step. This particular test is a stepwise linear discriminant analysis, which allows one
to identify the ensemble of tracers that yield a maximum variation between the samples.
This was used to enhance the reliability of the discrimination. As a following up task,
we applied the routine fingerPro® code to assess the relative contribution of the potential
sediment sources (endmembers) for each in-stream sample. The results of this analysis will
finally build the basis to reconstruct a sediment provenance model.
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3.3. Catchment-Wide Denudation Rates Inferred from In Situ Produced Cosmogenic 1°Be
3.3.1. Sediment Collection

We used concentrations of in situ '°Be in detrital quartz grains of river-born sediments
to estimate the catchment-averaged denudation rates [62]. A total of four riverine sediment
samples were collected in the main channel and in selected tributaries (Figure 2a, yellow
crossed circles). We also collected a sediment sample in the Rhine River upstream of the
confluence with the Plessur River and downstream after the confluence with the Landquart
River (RHEO1 and RHEQ2, respectively; inset Figure 2b) to complete the budgeting of
the material. We collected 2.5 kg of sand material for each sample location because high
carbonate contents were expected in the stream sediment samples as the upstream basin
comprises Biindnerschist and North Penninic flysch with a high calcite content [22]. Fi-
nally, we also included the results of [22] from the Landquart basin, represented by the
cosmogenic sample site Lan-1 (inset Figure 2b) in our analysis.

3.3.2. Laboratory Work

In the laboratory, the sediment samples were processed using state-of-the art tech-
niques established at the University of Bern [63]. Accordingly, we sieved the samples to the
size-fraction of 0.25-0.5 mm, from which the non-magnetic fraction was separated using a
Franz isodynamic magnetic separator. The remaining material was treated to gain pure
quartz grain void of atmospheric 1°Be and other impurities. This includes (i) leaching with
5% hydrochloric acid (HCI) to dissolve the carbonates and organic components; (ii) three
times treatment with 5% hydrofluoric acid (HF); and (iii) three treatment steps using 2.5%
HE. As a last step of quartz purification, we used Aqua Regia in order to dissolve the
remaining metallic components as well as residual carbonate and organic materials.

The chemical separation of 1°Be was then performed using the lab protocol of [63]
including: (i) Addition of ca. 0.2 mg of a 1g/L “Be carrier to the purified quartz samples,
which were then dissolved in concentrated HF; and (ii) completion of the evaporation
of the solution. The sample was then fumed with HNO3, Aqua Regia, and HCI. The
separation was followed by ion-chromatography columns. Beryllium and iron were then
co-precipitated as hydroxides at a pH of around 8. The precipitates were dried and baked
in a furnace at 675 °C before the resulting beryllium-iron oxide was finally pressed into
copper targets. 1°Be/?Be ratios were measured at the 500 kV TANDY AMS facility at the
ETH Zurich [64] and normalized to the ETH in-house standard $2007N [65] using the '°Be
half-life of 1.387 & 0.012 Ma [66,67]. The full process blank ratio of (2.41 £ 0.13) x 1015
was then subtracted from the measured ratios in order to calculate the °Be concentrations
for each sample.

3.3.3. Calculation of Denudation Rates, Scaling, and Sediment Fluxes

Calculation of the denudation rates was accomplished using the CAIRN® algo-
rithm [68]. It calculates 1°Be production rates and shielding factors on a pixel-by-pixel basis
and propagates the uncertainty in AMS measurements and production rates. Based on this
calculation, the software estimates the 19Be concentration of the basin considering a spa-
tially homogeneous denudation rate. Finally, the software computes, through a Newton’s
iteration method, the best denudation rate that fits the measured 1°Be concentration. A
50 m-resolution DEM (resampled from a 2 m LiDAR DEM) was applied in the calculations
as well as default parameters such as the SLHL 1°Be production rate of 4.30 at g~' a~*
(e.g., [19]). The calculations of the topographic shielding were based on inferred values of
8° and 5° for zenith (A¢) and azimuth (A0), respectively [68]. A rock density of 2.65 g cm—3
was used. Snow shielding factors were estimated based on a combination of Swiss and
French snow-data records [19]. We then used the calculated denudation rates to infer the
sediment fluxes for specific areas. This was accomplished by multiplying the denudation
rate of a specific sample by the drainage area upstream of this sample.
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4. Results
4.1. Geomorphometric Analysis
4.1.1. Knickzones, Steepness Indices, and Hypsometries

Knickzones and their respective steepness index plots are found in Figure 5 and
Table 1. The location of the knickzones is shown in Figure 6. In the Plessur River and
Sagabach tributary channel, knickzones were found close to the lithological border between
the Biindnerschist and the North Penninic flysch, having propagated horizontally 35%
along the Plessur River and 14% along the Sagabach River, and vertically ca. 20% in
both streams (Table 1). In the Sapiinerbach and Welschtobelbach, the knickzones have
propagated horizontally by 48% and 31%, respectively, and vertically, by 49% and 24%,
respectively. The Rabiusa tributary stream does not present any knickzone. The steepness
index plots reveal that the segments above the identified knickzones are consistently flatter
(ken varying from 126 to 213 m%) than the segments below the knickzones (ks, varying
from 128 to 347 m%?).

The hypsographic curves and hypsometric integrals (HI) of the Plessur River and
its tributaries are shown in Figure 7. The Rabiusa tributary presents the lowest HI (0.48)
of the Plessur Basin and a concave-shaped hypsographic curve, whereas the Sagabach
has the highest HI (0.60) and a convex-shaped hypsometric curve. The Sapiinerbach and
Welschtobelbach have a HI of 0.55 and 0.51, respectively. The average is represented by the
Plessur curve with a HI of 0.53.

Table 1. Normalized steepness index of the Plessur River and main tributaries and their upriver propagation.

Relative Knickzone Relative
Upstream/ . (KZ) Distance Knickzone (KZ)
Knickzone . . .
ksn  Downstream kg Elevation (m) Propagation Relief Propagation
Increase Factor (towards Upstream)  (Relative Vertical
(%) Propagation) (%)
171 1. 22
Plessur Ugstream (Up) 6 0 965 35
ownstream 180
(Down)
172 - - - -
Rabiusa DUP
own -
Up 213 1.6 1154 14 23
Sagabach Down 347
. Up 137 1.6 1613 48 49
Saptinerbach Down 214
Up 126 1.0 1814 31 24
Welschtobelbach Down 128
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Figure 5. Longitudinal stream profiles of the Plessur River and main tributaries and respective normalized steepness
index plots. Knickzones (KZ) are identified in the stream profiles. The KZ horizontal and vertical relative propagation are
indicated as percentages, respectively. Refer to Table 1 for the dataset.
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The slope distribution within the Plessur, Landquart, and Upper Rhine Basins are
displayed in frequency plots (Figure 8). The three basins present a very similar situation,
with a normal slope distribution and none of them display average hillslope angles beyond
the commonly inferred threshold (angle of repose) of c. 32°-35° (e.g., [19,52]). The Plessur
has an average slope of 23.6° £ 9.9°, the Landquart is c. 24.8° + 10.7° steep, and the Upper
Rhine has hillslope angles in the range of 24.1° 4= 11.2°.
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Figure 8. Slope distribution of the Plessur, Landquart, and Upper Rhine basin. The slope histograms of each basin display
the slope averages in degrees (°), the associated uncertainties, and the cumulative sums in percentage (%). The numbers at
the border of the figure indicate the Swiss coordinates in meters.

4.1.2. Landscape Patterns

The main glacial and fluvial patterns of the Plessur Basin are presented in Figure 9.
Fluvial patterns (labelled as FP on Figure 9b,c) are predominantly represented by a rough
aspect and channel dissection, whereas glacial patterns (labelled as GP on Figure 9b) have a
smoother aspect with multiple concavities and convexities along the thalweg. For example,
contrasts between glacial and fluvial patterns are found in the Sagabach sub-catchment
(Figure 9b), whilst fluvial dissection predominates in the Rabiusa (Figure 9c¢). In general,
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the Plessur Basin presents clear fluvial dissection patterns in its lowermost sections where
Lower Penninic Biindnerschist and North Penninic flysch predominates. However, it also
displays glacial features in its uppermost areas, which are made up of Middle and Upper
Penninic as well as Austroalpine units. The separation between both geomorphic domains
is indicated by the dashed lines in Figure 9a,b.

190]000

180I000

Figure 9. (a) Identification of fluvial patterns (FP) and glacial pattern (GP) in a digital elevation model of the Plessur Basin.
The dashed line marks the division between lithologies with high and low erodibilities, and it separates the downstream
sector I of the basin, which is dominated by fluvial processes and highly dissected, from the upstream sector II, which
preserves glacial patterns, displayed by a smoother landscape. (b) Details of the Sagabach drainage area displaying the
contrasts between the rougher fluvially controlled landscape (FP) and the topography that has still preserved features
related to glacial erosion (GP). (c) Details of the Rabiusa drainage area showing landscape patterns indicative for fluvial
erosion (FP) and associated hillslope erosion. The numbers at the border of the figure indicate the Swiss coordinates in

meters.

4.2. Sediment Fingerprinting
4.2.1. Discrimination of Endmembers

The bulk geochemistry of each collected sample is displayed as the concentrations
of major elements in the form of oxides (Table 2 and Table S2 for complete results) and
of trace elements (Table 3 and Table S2 for complete results). The three statistical tests
were then applied to this dataset. In the first test (range test), four tracers were excluded
(P20s, St, Y, and Zr). None of the remaining tracers passed the Kruskal-Wallis H-test and
no patterns resulted from the Wilk’s Lambda test. This might be due to the low number
of samples compiled in the dataset. The results of the PCA are displayed in Figure 10a,
which indicates that, despite the low sample quantity, the samples can be attributed to
three endmembers: ophiolitic, dolomitic, and clastic sedimentary.
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Table 2. Content of oxides (%).

Sample Lithology SiO, Al,O3 FeyO3(T) MnO MgO CaO Na,O KO TiO, P,Os5

PLEO1 Sedimentary 55.95 9.46 3.83 0.074 2.47 25.09 0.79 1.66 0.48 0.19
PLE02 49.54 8.65 4.48 0.088 6.54 27.81 0.71 1.49 0.524 0.17
PLEO3 Sedimentary 45.79 10.18 4.35 0.112 9.67 26.51 0.65 2.06 0.547 0.13
PLEO4 45.28 10.01 4.95 0.088 10.2 26.24 0.73 1.71 0.64 0.16
PLEO05 34.04 7.39 4.48 0.122 21.43 29.96 0.48 1.53 0.468 0.1

PLEO6  Sedimentary 46.71 5.74 3.87 0.092 10.01 31.12 0.74 0.93 0.6 0.18
PLEO7 412 7.63 4.35 0.101 13.68 30.2 0.69 1.42 0.587 0.14
PLEO8 Ophiolitic 52.17 13.52 7.82 0.192 12.28 9.65 0.95 243 0.81 0.17
PLE09 Dolomitic 7.93 2.12 1.24 0.103 35.06 52.68 0.09 0.63 0.108 0.04
PLE10 46.31 74 4.39 0.087 6.82 32.27 0.65 1.21 0.621 0.22

Table 3. Content of trace elements (ppm).

Sample  Lithology Sr Zr Ba Cr Ni Y Nb Sc
PLEO1  Sedimentary 647 247 197 70 50 19.5 74 7
PLE02 614 227 182 160 90 18.4 8.1 7
PLEO3  Sedimentary 316 134 224 80 60 14.7 8.4 7
PLEO4 457 218 229 180 110 15.6 9.3 8
PLEO5 152 129 144 280 200 11.6 6.2 6
PLEO6  Sedimentary 531 361 124 160 100 17.1 8 6
PLE07 387 292 158 200 150 15 8.4 7
PLEO8  Opohiolitic 127 179 310 550 450 21.7 113 13
PLE09  Dolomitic 112 51 75 10 10 3.1 1.2 1
PLE10 712 1039 153 150 80 28 9.1 7

(a) PC2 (17.5%) (b) PC2 (37.5%)
A
Ni
%Lm LEO7 PC1 (62.5%)
P
PLEOS
Fe,04(T) ) MgO
Y :
5
8 MnO MgO
| ]

Clastic ioliti itic +Mi
'sedimentary 4 Ophiolitic =Dolomitic + Mixture

Figure 10. (a) Principal component analysis (PCA) of this work’s dataset. In this case, only the range test was applied due
to the low number of samples. The sum of the two principal components (PC1 and PC2) was 93.3%. (b) Results of PCA
using a combination of the dataset presented in this work and [22]. The figure displays the results that were achieved after
running the three tests mentioned in the text and with the combination of oxides/elements as suggested by the results of
the Wilk’s lambda test (MgO and Ni). The sum of PC1 and PC2 was 100%.

The ophiolitic endmember is characterized by higher contents of Fe,O3, MnO, Ni, and
Cr, whereas the dolomitic endmember is defined by the higher concentration of CaO and
MgO. The clastic sedimentary endmember displays a more diffuse but still consistent signal,
which is characterized by an intermediate content of all the oxides and trace elements used
in the analysis. We note, however, that the sedimentary endmember comprises both the
North Penninic flysch and Biindnerschist, because they cannot be discriminated by the
PCA due to compositional similarities. The mixture samples are the ones collected in the
main trunk (Plessur River). They displayed an average content of all the oxides and trace

103



Geosciences 2021, 11, 339

elements, which showed a composition similar to the clastic sedimentary endmembers.
In the next step, the samples representing the clastic sedimentary endmember of the
Landquart Basin (Tables 3 and 4 in [22]) were combined with this work’s dataset, making the
analysis more robust, since the Plessur endmembers are derived from identical lithotectonic
units as those from the neighboring Landquart Basin (Figure 1). The range test excluded
P,0s, Y, and Zr, whereas no tracer passed the Kruskal-Wallis H-test. The results of the
Wilk’s Lambda test suggest that a combination of MgO and Ni is most suited to discriminate
between the endmembers. The results are displayed in Figure 10b, in which Ni and MgO
characterize the ophiolitic and dolomitic endmembers, respectively. Intermediate values
between Ni and MgO represent the series of the clastic sedimentary endmember, where
the data are well clustered near the center of the plot.

Table 4. Comparison between two datasets used in the calculation of the relative contribution of the three selected
endmembers. In-stream locations are displayed in Figure 2. The uncertainties of the relative contribution are given as
standard deviation. Goodness of fit (GOF) expresses the quality of the model. varying from 0 to 100.

In-Stream Sedimenta: Ophiolitic Dolomitic
Model Run. Location GOF Contributionrz%:) Contrl;bution (%) Contribution (%)
PLE02 93 72+5 16 +£3 12+3
PLEO4 93 57+5 29+3 13+2
1 (all elements) PLEO5 95 100+1 41 +1 49+1
PLE07 93 45+5 28+3 27 +2
PLE10 82 84+7 10+4 5+3
PLEO2 99 83+3 12+1 5+3
PLEO4 99 67 +3 17 +£1 15+3
2 (MgO, Ni) PLE05 99 13+1 42 +1 45+1
PLE07 99 48+ 2 28 +1 24 +2
PLE10 99 83+ 4 10+2 6+3

4.2.2. Sediment Provenance

Using the endmembers identified above, we built a sediment provenance model to
quantify the relative amount of sediment produced in the different lithotectonic units. We
used the merged dataset (this work’s dataset and the Glaus et al. [22] dataset) to build
the provenance model. We then compared the results before and after the application of
the tests to the dataset (Table 4). Despite the similarities of the results in both runs, we
selected the results of run 2 for our model because of the higher goodness of fit (GOF). In
order to test whether the model is geologically consistent, we compared the model results
with the lithological architecture of the Plessur Basin. Figure 11 displays a consistent
pattern that is characterized, in the downstream direction, by an increase in the clastic
sedimentary endmember contribution (from 13% =+ 1% to 83% =+ 4%) and a decrease in the
ophiolitic and dolomitic contribution (from 42% =+ 1% and 45% =+ 1% to 10% =+ 2% and
6% =+ 3%, respectively). Furthermore, as also seen in Figure 11, the material composition
of sample PLEO5 displays a good agreement with the local lithology in the sense that it
shows a relatively low contribution of the clastic sedimentary endmember (13% 4= 1%) and
relatively high contribution of both the ophiolitic (42% =+ 1%) and dolomitic (45% = 1%)
endmembers.
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Figure 11. Sediment provenance considering three endmembers (Clastic sedimentary, Ophiolitic, and Dolomitic) and
calculated for five in-stream samples (PLE02, PLE04, PLEO5, PLE07, and PLE10). The results were obtained using the model
run 2 of Table 4. The numbers at the border of the figure indicate the Swiss coordinates in meters.

4.3. Cosmogenic Data and Denudation Rates

The measured '°Be concentrations (Table 5) vary from 1.53 x 10* atoms g~ (PLE02)
t0 3.86 x 10* atoms g~ (PLE06) for the Plessur Basin, whereas for the Upper Rhine seg-
ment, they vary from 1.48 x 10* atoms g~! (RHE02) to 1.78 x 10* atoms g~! (RHEO1).
The calculated spatially-averaged denudation rates (Table 6 and Figure 12) range from
0.34 + 0.07 mm a—! (PLE06) to 0.77 4+ 0.16 mm a~! (PLEO2) for the Plessur Basin, whereas
for the Upper Rhine segment, they vary from 0.70 + 0.14 mm a~! at RHEO1 to 0.81 + 0.16 mma "
at RHEO2 after the confluence of the Plessur and Landquart Rivers. These results are in
line with local denudation rates of similar lithotectonic units [22,69,70] as well as with
denudation rates reported for the Central European Alps [18,19,71]. The sediment budget
of the Plessur and Landquart Basins were then compared with that of the Upper Rhine
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Basin in order to estimate the relative contribution of these tributary basins to the total
Upper Rhine sediment budget (Table 7; Figure 13). The results show that the total sediment
flux of the Upper Rhine is c. 3494 + 677 x 10° m® a~!. The contribution of the Plessur Basin
to the Upper Rhine basin is approximately 181 & 35 x 10% m?® a~!, which corresponds to
c. 5.2% of the total budget while it covers a relative area of 6.1%. The Landquart Basin
has a sediment flux of c. 704 + 190 x 10°> m® a~!, which corresponds to 20.1% of the total
sediment budget and represents a relative area of 14.3%.

760i000 775i000

Figure 12. A lithotectonic map of the Plessur Basin (refer to Figure 2 for legend) with main tributaries, denudation rates (DR)
in mm a—?, and sediment flux (SF) in 10° m3 a—!. The numbers at the border of the figure indicate the Swiss coordinates in

meters.
Table 5. Cosmogenic nuclide data.
AMS Ratio Uncertainty in 10Be Concentration
. 9 . y

Sample Sample Weight (g) Be Spike (mg) (x10-12) AMS (%) (104 atoms g 1)
PLE02 37.03 0.195 0.044 9.9 153 £0.15
PLEO5 44.54 0.188 0.106 43 2.99 £0.12
PLEO6 49.55 0.195 0.147 5.4 3.86 +0.21
PLE10 50.47 0.192 0.066 6.2 1.68 £ 0.10
RHEO1 50.17 0.190 0.070 71 1.78 £0.13
RHE02 50.13 0.198 0.056 5.6 1.48 4 0.08
Lan-1 24.44 0.199 0.02 15.9 0.95+0.17

AMS ratio uncertainty is at the 1o level. The weighted average “Be/!"Be full process blank ratio is (2.59 + 0.45) x 1015
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Table 6. Be derived denudation rates.

Sample Topographic Shielding ? Snow Shielding P Denudation Rate (mm a~1)
PLE02 0.96 0.89 0.77 £0.16
PLEO5 0.96 0.88 0.44 4 0.08
PLEO06 0.96 0.88 0.34 4 0.07
PLE10 0.96 0.90 0.68 4 0.13
RHEO1 0.95 0.89 0.70 +0.14
RHE02 0.96 0.89 0.814+0.16
Lan-1 0.97 0.90 1.14 £ 0.30

2 Topographic shielding factor calculated after [68]. ® Snow shielding factor calculated after [19]. © Denudation rates calculated by the
CAIRN routine [68].

Table 7. Sediment budget calculated according to °Be derived denudation rates.

Sample Area (Km?) Relative Area (%) Der\(t::;::):)l{ ate Sa%gm;?taflll;x Contlr{ieblittli‘(;i (%)
PLE02 207.3 48 0.77 £0.16 160.28 + 33.82 459 +1.31
PLEO05 112.4 2.6 0.44 £ 0.08 50.12 £9.47 1.43 £0.04
PLEO6 409 <1 0.34 £0.07 14.03 £+ 2.69 0.04 +£0.01
PLE10 265.4 6.1 0.68 £0.13 181.16 £ 35.57 518 +1.43
RHEO1 3270.9 75.8 0.70 £0.14 2297.26 + 455.65 65.74 +£18.23
RHE02 4311.7 100 0.81 £0.16 3494.07 £ 676.83 100.00 £ 27.39
Lan-1* 616.1 14.3 1.14 £0.30 703.93 4 186.23 20.15 £ 6.60

* Extracted from [22]. The sediment flux uncertainty was calculated in this study.

RHEO02 LAN-1
DR=0.8+0.2 | DR=1.1+0.3
SF=3494 + 6770 - SF=704 + 186
RA=100% T RA=14%
RC=100% RC=20%

PLE10
DR=0.7 £+ 0.1
SF=181+ 35
RA=6%
RC=5%

Pre-Triassic crystalline
basement

Gﬁ Upper-Rhine - - Ophiolites
basin

Landquart - Helvetic Nappes I:I Austroalpine Nappes
basin
O Elaisi:ur - Penninic Nappes
Figure 13. A simplified lithotectonic map of the Upper Rhine Basin including the Plessur and

Landquart Basins, and their respective denudation rates (DR) in mm a~!, sediment flux (SF) in
103 m® a~1, relative area (RA), and relative contribution (RC).
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5. Discussion
5.1. Topographic Parameters Reveal a Transient Stage

The combination of the data extracted from stream profiling facilitates the understand-
ing of the landscape development. The normalized steepness index patterns show that the
Plessur River, and those tributaries where knickzones were identified, have a relatively
steeper downstream profile when compared with their upstream river segments (Table 1,
Figure 5). This implies that the downstream part of the Plessur Basin, where normalized
steepness indices are generally higher, has already undergone a rejuvenation process after
the retreat of the LGM glaciers. In contrast, the areas where steepness indices are lower and
where LGM-inherited glacial imprints are still preserved, the landscape shape is still in an
immature stage with respect to fluvial processes rejuvenating a glacially conditioned land-
scape (e.g., [22,38,69]). In the Plessur Basin, evidence for fluvial carving is better developed
in the mechanically weak lithologies such as the Biindnerschist and the North Penninic
flysch, especially in the areas near the main trunk and within the Rabiusa drainage area
(Figure 9). For instance, evidence for fluvial dissection can be seen in the Sagabach tributary
sub-catchment. There, glacial features in the landforms underlain by rocks of the Falknis
nappe contrast with the V-shaped fluvial landscape farther downstream where the bedrock
is made up of the North Penninic flysch (Figure 9a). The Rabiusa sub-catchment and the
lowermost areas of the Plessur Basin, which are underlain by Lower Penninic units, also
display well-developed V-shaped cross-sectional valley geometries, thus pointing toward
the occurrence of fluvial processes dissecting the landscape (Figure 9b). Interestingly, the
Rabiusa tributary stream does not show any evidence for a knickzone (Figure 6). This
suggests that this stream has not had any major steps in the long-stream profile after the
retreat of the LGM glaciers, or more likely that a possible knickzone has already fully prop-
agated through the entire channel network by headward retreat after the LGM. We support
this interpretation with ample evidence for fluvial processes at work in the entire Rabiusa
sub-catchment (V-shaped incision, Figure 9¢), pointing toward an incised and rejuvenated
landscape. In contrast to these morphologies, the uppermost areas of the Plessur Basin,
where the bedrock comprises Austroalpine and Upper Penninic units, glacial landforms
including concavities and convexities along the thalweg and U-shaped cross-sectional
geometries occur more frequently. This is shown in Figure 9a for the uppermost part of
the Plessur Basin (upstream of the dashed line), where all the other lithotectonic units are
found, except for the Penninic flysch and Biindnerschist (Figure 2).

The hypsometric analysis (Figure 7) supports the aforementioned interpretations. The
Plessur River presents a hypsometric integral of 0.53, which implies that the basin is in a
late immature stage, almost reaching a denudation equilibrium [47]. Similarly, the Rabiusa
sub-catchment has a hypsometric integral of 0.48, which implies a slightly more mature
but yet an unequilibrated stage, whereas the Sagabach sub-catchment, with a hypsometric
integral of 0.60, reveals a rather young stage of fluvial development [47]. The Sapiinerbach
and Welschtobelbach (HI of 0.55 and 0.51, respectively) are considered to be in a late
immature stage.

Overall, considering the combination of topographic parameters, we propose that the
Plessur Basin is in a transient stage, as evidenced by the on-going upstream migration of
knickzones and the contrast between fluvial (downstream) and glacial patterns (upstream)
in the landscape. As outlined by different authors [33,69,72], this transient state most likely
reflects that the Alpine streams are still adjusting their geometries to the perturbation
caused by the carving of the LGM glaciers.

5.2. The Relationship between Sediment Provenance and Denudation Rate

We built a sediment provenance model according to the three compositional endmem-
bers suggested by the PCA (Figure 11). This was accomplished considering the <63 um
sediment fractions only, which limits a holistic analysis of the sediment production in the
Plessur basin, but still yields meaningful results (e.g., [18,22]). Indeed, the data show that
the clastic sedimentary contribution abruptly increases from 13% 4= 1% to 48% == 2% from
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PLEO5 to PLEO7 farther downstream (Figure 11). This change could be related to a signifi-
cant contribution of the sedimentary endmember component provided by the Saptinerbach
sub-catchment. Another explanation could be attributed to a difference in the mechanical
properties of the sedimentary rocks exposed in the Middle Penninic and Austroalpine units
(dotted yellow, Figure 11), if compared with the Biindnerschist and flysch sediments of
the Valais Ocean that make up the Lower Penninic units (yellow, Figure 11). In particular,
the Middle Penninic and Austroalpine units (ophiolites and dolomites) upstream of PLE05
are considered to have a lower erodibility than the Lower Penninic units (Biindnerschist
and flysch; [20]) that are exposed downstream of PLE05. We thus explain the relatively
low contribution of the sedimentary endmember in the PLEO5 sample by the low areal
extent at which Biindnerschist and flysch lithologies are exposed upstream of that sample
site. Farther downstream, a persistent increase of the clastic sedimentary endmember
contribution along the Plessur River, rising from 13% =+ 1% at the PLEO5 site to 83% =+ 4%
at the PLE10 sample location, reflects the combined effect of a widespread exposure of
the Biindnerschist and flysch source rocks and the high erodibility of these lithologies.
Furthermore, although the sedimentary endmember covers an area of around 185 km? and
thus ca. 69% of the total basin area, the relative abundance of the sedimentary endmember
is almost 85% at the end of the Plessur River. In contrast, at the downstream end of the
basin, dolomite and ophiolitic lithologies contribute up to 15% to the sediment budget,
whilst covering an area of around 80 km? (ca. 31% of the total basin area). Therefore, we
consider the area surrounding the Lower Penninic units made up of Biindnerschist and
North Penninic flysch as a denudation hotspot within the Plessur Basin. However, we
note that only the fine sediment fraction was analyzed, which could have resulted in an
overestimation of the clastic sedimentary endmember contribution because it is possible
that schist and flysch tend to break down to smaller grains more rapidly than limestones
and ophiolites.

Similar to the material composition of the riverine material, the denudation rate
pattern calculated for the Plessur Basin reflects the differences in the bedrock erodibilities
of the underlying rocks. This is shown by an increase in the basin-averaged denudation
rates in the downstream direction. In particular, material of the samples PLE05 and PLE06
(Figure 12) records the lowest catchment-averaged denudation rate (0.44 £ 0.08 mm a~land
0.34 + 0.07 mm a~!, respectively) in the Plessur Basin, whereas the PLE02 material yielded
the highest values (0.77 &= 0.16 mm a~1). We note that '°Be concentrations in sediments at
the lowermost PLE10 site yield a denudation rate of 0.68 & 0.13 mm a~!, which might be
perceived as lower than the records at site PLE02 farther upstream. However, considering
the uncertainties on the denudation rate estimates, the difference in the inferred catchment-
averaged denudation rates becomes non-significant.

5.3. Upscaling and Including the Material Flux of the Rhine River

We upscale the results of the Plessur Basin analysis and include the material flux of
the Upper Rhine through measuring concentrations of in situ '°Be in samples collected up-
stream (RHEO1) and downstream (REH02) of the confluences of the Plessur and Landquart
Rivers (Figure 13). The scope of this task is to estimate the relative importance of the Plessur
and Landquart Basins on the sediment budget in the region. Accordingly, sample RHEO1
yields a basin averaged denudation rate of the Upper Rhine River before the Rhine receives
the material of the Plessur and Landquart Rivers (Figure 13, Tables 6 and 7). Similarly, with
sample RHE02, we estimate the average denudation rate of the entire Upper Rhine Basin
including the contribution of the Plessur and Landquart Basins (Figure 13 and Table 7).
Considering that the sediment flux calculated at RHE(02 and the related upstream drainage
area is 100%, then the Plessur River (drainage area of 6.1%) contributes up to 5.2% to the
sediment flux at RHEO2 (Table 7), whereas the Landquart River (drainage area of 14.3%)
contributes up to 20.1% to this material budget (Table 7, data taken from [22]). Therefore,
the sediment contribution of both the Landquart and Plessur Basins is, at the basin scale,
in the same range as the other parts of the Upper Rhine Basin. However, it was docu-
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mented for the Landquart Basin that a small downstream portion of the catchment that is
underlain by Biindnerschist contributes between 60 to 70% of the basin’s sediment flux,
although it represents only <30% of the entire Landquart drainage area [22]. A comparable
picture, although not as prominent as in the Landquart, arises if the denudation rate and
sediment flux patterns in the Plessur Basin are considered. In particular, in the upper
part of the Plessur Basin, which is underlain by rocks of the Austroalpine and Penninic
units, the catchment-averaged denudation rates are ca. 0.3-0.4 mm a~!. The rates nearly
double to almost 0.8 mm a~! as the stream flows through the Lower Penninic units where
Biindnerschist and flysch are exposed, and the relative abundance of sedimentary material
increases accordingly (Figure 11). Because the relative area of this downstream portion
makes up to around 50% of the entire basin, then a doubling of the catchment-averaged
denudation rates requires a three times larger contribution of material from the lower part,
as calculated through mass balancing (see calculations in Equation S1 in the Supplementary
Material). This implies that the Lower Penninic area, similar to the Landquart Basin, could
be considered as hosting a denudation hotspot of the region (see also [22,70]).

5.4. Possible Controls on the Local Uplift Rates and Feedbacks with Denudation

The fast exhumation rates in the Landquart-Chur region are the response of a long-
lived tectonic forcing ([15]; Figure 1). The updoming of the region was considered to have
started ca. 4-5 Ma ago and might have exposed the Biindnerschist and North Penninic
flysch to the surface, thereby forming the Préttigau half-window [15,21,29]. The site of
updoming coincides in space with a peak of a negative isostatic anomaly (Figure 1d), caused
by the almost-60-km-deep crustal root underneath the Central European Alps [30,32]. The
related rocks, which are most likely buoyant [30], possibly contribute, or at least facilitate
a possible positive feedback mechanism where rapid denudation of the Biindnerschist
and North Penninic flysch with high erodibilities promote an isostatic response, which is
likely reflected by the high exhumation rates over Ma. Thus, this isostatic anomaly not
only has the potential to support a long-lived uplift signal, but it also points to the role
of how deep crustal and geodynamic processes have the potential to exert a control on
denudation at the surface (e.g., through contributing to the controls on the high uplift rates).
In line with previous studies [7,22], we therefore propose that the exposure of mechanically
weak lithologies has not only promoted surface denudation in the region where flysch
and Biindnerschist are exposed, but also, through a positive feedback, the high modern
uplift, and long-term exhumation rates. Equally relevant is the surface response to glacial
carving, which could destabilize the local basin’s equilibrium [11,69], possibly altering the
local base level. The topographic parameters analyzed in this work indeed support the
interpretation that the transient stage of the local basins is also due to the perturbation
caused by the carving of the LGM glaciers. The rate of fluvial adjustments has then been
controlled by the erodibility of the underlying bedrock. Furthermore, the melting of the
LGM glaciers was likely to have initiated an isostatic rebound [11], thereby contributing to
the maintenance of a possible positive feedback between uplift and lithology-controlled
denudation. However, because the pattern of fission track ages comprises an exhumation
record, which goes beyond the timescales of Alpine glaciations, and since the Préttigau
half-window is characterized by the largest negative isostatic anomaly in the region, we
infer a scenario where an active tectonic driving force has sustained the high uplift and
denudation rates over millennia. This uplift, however, has most likely been accelerated
in response to a denudation feedback, which in turn, could have been conditioned and
controlled by lithology contrasts and possibly by glacial perturbations, at least since the
Pleistocene.

6. Conclusions

The topographic variables reveal that the Plessur Basin is still adjusting to the per-
turbation caused by the termination of the LGM. This can be observed in the distribution
of glacial and fluvial patterns in the landscape. Fluvial patterns are more often found
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in the lowermost areas of the basin where the thalweg of the trunk stream is steepest,
whereas glacial patterns are more commonly observed in the uppermost and flatter areas
of the basin. The presence of knickzones in the basin also supports the observations that a
transient stage is still prevailing, most likely due to the last deglaciation event. Besides, the
knickzones’ locations disclose the role of the differential erosion mechanisms in the Plessur
Basin. Apparently, the Blindnerschist is mechanically weaker than the North Penninic
flysch, given that the two most prominent knickzones of the Plessur Basin are located be-
tween Biindnerschist and North Penninic flysch. Nonetheless, both units are considerably
more erodible if compared with all the other units in the study site. Such high erodibility is
reflected in the contribution of the mechanically weak units to the total sediment budget
of the Plessur Basin. The data show an abrupt increase in the contribution of the Biind-
nerschist and flysch material to the Plessur sediment budget, rising from 13% + 1% to
48% =+ 2% within a reach of ca. 1 km where the corresponding bedrock changes. Further-
more, the highest catchment averaged-denudation rates of the Plessur Basin are found in
locations where Biindnerschist and North Penninic flysch are predominant. At the regional
scale, the long-lived uplift rates recorded by apatite fission track ages and geodetic surveys
are possibly a consequence of the combination of two mechanisms: (i) sustainment of uplift
rates by tectonic and deep crustal processes; and (ii) amplification of uplift rates caused
by denudation unloading of the highly erodible Lower Penninic units (Biindnerschist and
North Penninic flysch) of the Prittigau half-window. We thus conclude that lithologic,
glacial, and geodynamic conditioning have substantially contributed to the local uplift and
erosion mechanism as some of the driving forces of a positive feedback system.
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Abstract: Soil development and erosion are important and opposing processes in the evolution of
high-mountainous landscapes, though their dynamics are not fully understood. We compared soil
development between a calcareous and a siliceous chronosequence in the central Swiss Alps at high
altitudes, which both cover soil formation over the Holocene. We calculated element mass balances,
long-term erosion rates based on meteoric '’Be and we determined the rates of soil formation.
We also analyzed the shifts in the mineralogical composition, weathering indices, the particle size
distribution, carbon stocks and oxalate extractable Fe, Al, and Mn. The siliceous soils had high
chemical weathering rates at the early stage of soil formation that strongly decreased after a few
millennia. The development of calcareous soil was characterized by high carbonate losses and a shift
to finer soil texture. Soil erosion hampered the upbuilding of soil horizons in the early stages of soil
development, which led to a delay in soil and vegetation development. This study shows how soil
formation drivers change over time. In the early stages of soil development, the parent material
predominantly drives soil formation while at later stages the vegetation becomes more dominant as
it influences surface stability, hydrological pathways, and chemical weathering that determine water
drainage and retention.

Keywords: soil forming factors; cosmogenic nuclides; chronosequences; high-mountain soils; proglacial
areas

1. Introduction

Soils and their formation, i.e., the physical and chemical alteration of the parent ma-
terial, have been studied for more than a century. Dokuchaev [1] laid the foundation
of soil science with his observations in the Russian steppe. He also laid the ground for
the factorial model of soil development, which Jenny developed further in 1941 in his
publication, Factors of Soil Formation [2]. Jenny described soil formation as the product of
five independent factors: climate, organisms, relief, parent material, and time. Over the
years, other models have been developed. Simonson [3] presented a model which looks
at soils from a process-oriented point of view (i.e., additions, removals, translocations).
Johnson and Watson-Stegner [4] introduced the concept of pathways. Their model allows
soil formation to move in two directions and acknowledges soil formation as a highly
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dynamic process: soils experience progressive pedogenesis phases (characterized by hori-
zonation, soil deepening, and developmental upbuilding) or regressive pedogenetic phases
(halploidization, soil thinning, and retardant upbuilding). As the environmental conditions
are never entirely stable, soil development may switch between progressive and regressive
phases. The state of a soil at one point in time is merely the integration of all past soil
development processes [4-6].
The formation of soils is in essence a balance between soil production (the conversion
of bedrock or parent material to soil) and denudation (physical and chemical soil loss) [7].
This can be expressed as:
Feoit = Psoit = Dsoi 1

Fpi1 is the soil formation rate, Py, the soil production rate and Ds,; the soil denuda-
tion rate.

Soil production (Pg,;) is the sum of transformation of parent material to soil (TPy;),
atmospheric (dust) input (A), net organic matter input (O), and organic matter decay (G)
(e.g. [8])

Poit = TPspit + A + (O - G) (2

Denudation (D) is the sum of chemical weathering (W) and erosion (Eg;):
Dsoil = VVSOil + Esoil (3)

It has been shown that chemical weathering rates and physical erosion are closely
linked [9]. Furthermore, the weathered layer acts as a protective layer which hinders
weathering of the underlying parent material [10].

In glacial landscapes, glaciers shrink as a result of climate warming, exposing new
surfaces and form fresh ground leading to significant amounts of sediment being eroded
and accumulated downstream [11,12]. Periglacial areas are therefore useful to study
processes related to early soil formation, chemical weathering, and erosion processes. They
can provide good age constraints, and the till which generally forms the parent material
can be regarded as well mixed. Based on the concept of Jenny [2] according to which the
factor time and its influence on soil formation can be isolated when the other factors remain
constant have become widely used approaches to trace and compare the transformation
of soils over various timescales [13,14]. Chronosequences have been applied in various
locations of the Alps for many decades. They show that most soil properties change
very rapidly at early stages of soil development [15-17]. With time, this rate of alteration
usually declines, reaching a plateau [14,18-22]. This is due to the high abundance of easily
weatherable material in proglacial areas, because the glacial till has already undergone
considerable physical weathering and provides, based on its grain size distribution, large
surface areas [14]. Thus, weathering fluxes are usually highest in the beginning and taper
off, usually after several millennia [23,24]. The rates depend on the composition and
properties of the parent material. Granite or gneiss-based parent materials are expected
to lose mainly silicon, iron, and aluminum, as they are the major components of micas
and feldspars [25]. Micas have been observed to weather easily and be transformed into
vermiculite and smectites, i.e., clay minerals [26]. Limestone-based soils will mainly loose
calcium and varying amounts of magnesium through the dissolution of carbonates [23].
These shifts in the mineralogy will alter the physical and chemical soil properties, leading
to finer texture and a higher proportion of fine pores which has a generally positive effect
on the water retention capabilities of the soil [27,28].

When discussing soil development, it is important to consider the development of
the biosphere as it influences the substrate considerably. Although Jenny defined it as
independent factor, it is not. As both the soils and the vegetation influence each other
simultaneously, their connection is not easy to quantify [29,30]. In the early stages of soil
development, the processes of physical and chemical weathering improve the conditions
for plant growth by providing the substrate for root growth and plant stability, water
storage, and a steady supply of nutrients. At first, a combination of pioneer plants, which
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reproduce rapidly but are not very resilient, will add organic matter to the soils at a
high rate via roots [31-33]. Roots are able to release large quantities of C to the soils as
root detritus, exudates, and by transferring C to root symbionts [34,35]. Organic carbon
and nitrogen can therefore be expected to accumulate rapidly in the first centuries after
deglaciation [27,36,37]. The plants stabilize the soil surfaces and thus reduce soil erosion,
and promote soil deepening [20,29,30]. As erosion is reduced [38] and the soil conditions
provide more favorable and stable habitats, the composition of plant communities shift
towards more resistant and competitive species. If the conditions are favorable, primary
successions from pioneer species to trees can develop in less than two centuries in the
Alps [39]. The subsequent accumulation of soil organic matter (SOM) [40] plays a crucial
role in increasing soil water retention (by increasing the microporosity, [41]) and nutrient
supply [42] which further improve the soil’s qualities as a habitat.

The extent to which the vegetation influences the substrate depends not only on the
degree of coverage but also on the functional plant traits [43]. In a species-rich plant
community, the diversity of different traits is assumed to positively influence ecosystem
functioning, e.g., by the complementarity of nutrient recycling (diversity hypothesis). In
order to quantify these relationships, scientists often use the concept of functional diversity,
which is calculated as the combination of the abundance of plant species and their functional
traits [44]. In principle, functional diversity cannot be described by one single index. One
prominent measure of functional diversity often related to soil processes is the functional
richness (FRic) meaning the total amount of niche space filled by the traits of all species in
a certain community [45].

Meteoric 1°Be is a new and novel method to obtain information about the balance
between soil production and soil erosion [46]. Meteoric 10Be is, among others, produced in
the upper atmosphere through spallation of nitrogen and oxygen by cosmic radiation [47].
Precipitation washes it out of the atmosphere and deposits it in soils (hence it is referred
to as ‘meteoric’ 19Be, [48]). It is adsorbed strongly to soil particles which makes it a useful
tracer for long-term soil erosion and sedimentation processes [46], soil residence times
(e.g., [49]), and soil production (e.g., [50]). This method enables us to calculate the net soil
loss during soil evolution. In contrast, fallout radionuclides (e.g., 239+240py) cover the last
60 years and enable the determination of erosion rates at a decadal scale. As soil erodibility
generally decreases with (progressive) soil formation, the erosion rates are expected to
decrease with increasing surface age. Vegetation and abiotic factors such as the topography
and climatic conditions shape this temporal development. However, with increasing age,
soils become less permeable and, thus, generate more surface runoff [51] which can induce
more surface erosion. The roughness of the soil surface additionally influences the spatial
distribution of the surface runoff. A rougher surface can lead to more channeling and, thus,
increasing erodibility [52].

In order to improve our understanding of how high-mountainous (and, by extension,
arctic) environments will develop under future climate warming, we must understand and
quantify the processes that drive landscape evolution. This study explores soil formation in
two proglacial areas with the aim to qualitatively and quantitatively assess the progression
of chemical weathering and long-term erosion rates. We investigated soils on moraines of
two periglacial chronosequences (one on granite/gneiss and the other one on carbonate
parent material) which covered the Holocene and the Late Pleistocene. We used meteoric
19Be to measure long-term soil erosion rates and related them with our data on weathering.
We linked the results to short-term erosion rates [53], a vegetational survey [54], and
hydrological properties of the soils [55,56], including a flow accumulation analysis, all of
which were investigated in the same area as part of the same project.

2. Site Descriptions
2.1. Klausenpass

We studied the proglacial area of the Griess Glacier (20002200 m a.s.l.), a small
glacier near the Klausenpass, central Switzerland (Figure 1). The glacial sediment is mostly
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composed of limestone from the Early Cretaceous and the Late Jurassic period with some
addition of Flysch [57]. The mean annual temperature in the area is about +2 °C (annual
averages for the 1961-1990 period, [58]) and the mean annual precipitation is ca. 2000 mm
(1961-1990 period, [59]). The snowy season typically lasts from mid-October to mid-June.

Switzerland Klausenpass

-=-- Little Ice Age extent
---- Moraines
Lake

Sustenpass

Figure 1. Maps showing the location of the Griess Glacier (Klausenpass, calcareous bedrock) and Stein
Glacier (Sustenpass, siliceous bedrock) proglacial areas. The maps are multi-directional hill shade
reliefs (name: ‘SwissAlti3D’). The arrows point to the study sites. Maps: www.map.geo.admin.ch
(accessed on 20 December 2021).
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The chronosequence comprised four moraines: 110 a, 160 a, 4.9 ka, 13.5 ka (Table 1,
Figures 2 and 3). We estimated the age of the 110 a site by tracking the glacier’s retreat
using historical maps [60]. The 160 a moraine corresponds to the Little Ice Age (LIA). We
can identify LIA moraines with ease in the field and on aerial images as they are large
and well preserved. Moreover, glaciers in the Alps advanced to almost the same extent
as previously reached 3000 years ago, so that they form a prominent boundary between
well-developed vegetation on the outside and the sparsely vegetated glacial foreland on
the inside [61]. Approximations of the surface ages of the second oldest and the oldest
moraines were obtained by radiocarbon dating of the H,O, resistant fraction of soil organic
matter in the top horizons [62]. Radiocarbon dating of soil organic matter is useful when
no other dating methods are applicable, but there are limitations which need to be kept in
mind. In general, the ages of the H,O, resistant fraction indicate the oldest organic matter
fraction in soils. These ages should rather be considered as minimum ages, because organic
matter accumulation on moraines starts only then when plants are present which requires
some time, especially when erosion rates are high (which may be the case in mountain
soils, [53]). Musso et al. [62] obtained (2 o) age ranges of 49694852 a cal BP for the second
oldest and 14,001-13,760 and 13,287-13,120 a cal BP for the oldest moraine (Table 2 in [62]).
They used the ‘averages’ 4900 a cal BP and 13,500 a cal BP as the respective surface ages.
For consistency and simplicity, this paper will use the same ages and henceforth refer to
these two moraine ages as ‘4.9 ka’ and “13.5 ka’.

2.2. Sustenpass

The study site at Sustenpass is located in the proglacial area of the Stein Glacier
(Figure 1). The parent material originates from the Aarmassif and consists of metagranitoids
(variscan intrusion), gneiss, amphibolite, and mica-rich schist [57]. The mean annual
temperature is ca 0-2 °C (1961-1990 period, [58]) and the mean annual precipitation ca
1700-2000 mm (1961-1990 period, [59]) in the study area. The snowy season typically lasts
from mid-October to mid-June.

The Sustenpass chronosequence had four moraines: 30 a, 160 a, 3 ka, and 10 ka
(Figures 2 and 3, Table 1). The age and location of the 30 a site was estimated by tracking
the glacier’s retreat after its advance in the mid-1980s using maps as well as aerial images.
The soil barely shows any weathering and the vegetation is sparse and consists mostly
of an initial grassland vegetation. The 160 a moraine (corresponding to the LIA) is well
preserved in the east side of the valley, but it was not possible to sample there for logistical
reasons. We therefore studied historical maps and located a suitable area on the opposite
side of the valley which had the same surface age (Figures 1 and 2, [63-65]).

The proglacial area of Steingletscher was previously studied by King [66] and Heikki-
nen and Fogelberg [67]. King identified three ridges (Figure 1) which originated from
different glacial advances. Two LIA moraines, one from the 17th century and one from
the 19th century, are situated directly behind a distinctly older moraine. Schimmelpfennig
et al. [68] provided 1°Be surface exposure ages on boulders and determined that the oldest
of these three ridges was deposited nearly 3000 years ago. The 10 ka site was dated using
the same method.
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Klausenpass Sustenpass

Figure 2. Photographs of the studied moraines at Klausenpass and Sustenpass (photos: A. Musso).
Dashed lines have been added to highlight the moraine ridges or mark the outlines of the study sites.
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Figure 3. Soil profiles of both the Klausenpass and Sustenpass areas. The profile name codes include
the location (K/S = Klausen/Susten), the age category (A = youngest, D = oldest) and the whether the
functional richness of the vegetation at those soil pits’ surroundings was high (=1) or low (=2). The
functional richness is a measure encompassing plant species and their traits of a certain community.
It is used to predict ecological functions and processes. The bottom depth of each profile represents
the depth to which we were able to dig the profile (y-axis = depth in cm). Note that in the 30 years
profiles at Sustenpass, we found both rounded and unrounded rocks. In general, the depicted amount
and sizes of the rocks represent the amount and size of the largest rocks encountered in the soil pits.
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3. Materials and Methods
3.1. Sampling Strategy

This study is part of a series of studies which all used the same sampling scheme
in order to ensure maximum comparability. Both the calcareous (Klausenpass) and the
siliceous (Sustenpass) chronosequence comprised four moraines at which we excavated
two soil pits each. We based the location of the pits on a vegetational mapping and the
functional diversity of the vegetation. The functional diversity measures those components
of plant diversity which influence the ecological functions and processes. The index used
was the Functional Richness Index (FRI). It is based on the value, range, distribution, and
the abundance of different plant traits in a vegetation community [70]. The parameters
taken into account were: leaf dry matter content, specific leaf area, vegetative height [68],
the plant life form, and the level of woodiness [71]. Soil pits were dug at two sites on each
moraine where the FRI was highest and lowest, intending to cover the whole spectrum and
see any effects, should they occur.

3.2. Physical and Chemical Properties

The skeleton (wt.%) is the weight percentage of the fraction >2 mm and was obtained
by dry-sieving 1 kg of soil. Note that, for logistical reasons, we did not include rocks
larger than roughly 5 cm. Therefore, the skeleton content presented here underestimates
the actual situation in the field as there were many large cobbles and boulders in the soil
profiles (Figures 3 and 4). The bulk density was determined by sampling soil with an
Eijkelkamp soil corer (volume: 100 cm?) and measuring its dry weight. Due to the size of
the steel cylinders, rocks larger than a few centimeters were not included in the sampling,
thus leading to a slight underestimation of the bulk density. The values presented (Table 1)
are the means of 2-3 field replicates. The organic matter (OM) content was obtained via
loss on ignition (LOI). 2 g of fine earth were dry-ashed at 550 °C for 6 h. Corrected for the
skeleton content, the lost material represents the organic matter content of the soil [72]. The
pH was determined by mixing 5 g of fine earth with 12.5 mL of 0.01 M CaCl,, equating to a
ratio of 1:2.5. We conducted the measurements on a Mehtrohm 692 pH/IonMeter with an
absolute error of £0.003. The carbonate content was calculated from total inorganic carbon
(Cinorg) measurements using a MultiEA (Analytik Jena, Jena, Germany), which operates
with phosphoric acid.

The total element contents were measured by X-ray fluorescence (XRF, Spectro Xepos,
Spectro Analytical Instruments GmbH, Kleve, Germany). The instrument is calibrated
using two glass beads (FLX-SP1, FLX-SP2, Fluxana, Bedburg-Hau, Germany). We used the
certified reference soil sample SO-4 (Canada Centre for Mineral and Energy Technology,
Canada) as a control standard during measurements to detect drifts. To measure the
samples, 5 g of fine earth were finely milled and measured as powder samples. The
instrument performs 6 repeat measurements per sample and outputs mean and standard
error.

We calculated the oxide forms of the most abundant elements in the soils (Na, Mg,
Al, Si, P, K, Ca, Ti, Mn, Fe). In order to differentiate the two Ca species (CaCO3 and CaO),
we subtracted Ca in carbonates (CaCOj3 contents obtained from Cinorg) from the total Ca
content. The difference represents Ca in silicates (CaO). Ciot and N contents of the fine
earth were obtained with EA-IRMS (Elemental Analyzer Isotope Ratio Mass Spectrometry;
Flash HT Plus CNSOH, Thermo Scientific, Bremen, Germany) measuring 2 lab replicates.

We calculated three weathering indices for all soil profiles. All indices compare the
molar ratios of easily weathered (‘mobile”) elements to more ‘immobile” elements:

Ca+K
Ti

4)

This ratio was introduced by Dorn [73] on rock varnishes and it has proven useful in
soils as well, as Ti is mostly immobile in soils (alternatively, Zr can be used as the immobile
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element, [74]). Here, we calculated this ratio using the total Ca. It therefore also reflects the
dissolution of carbonates. An alternative version to this ratio is:

Na + K
Ti ®

That only reflects weathering of silicates. We also used the Chemical Index of Alter-
ation [75]. It is normally used in for igneous rocks or siliceous soils. There, an increase in
the CIA (relative accumulation of Al) is indicative of stronger silicate weathering.

ALO;

1A =
= Al,O3 4 CaO + NayO + K,O

% 100 (6)

The oxalate extractable Fe, Al, and Mn contents of the fine earth fraction were deter-
mined according to [76] with 2-3 replicates The Fe and Al measurements were conducted on
a flame-AAS (atomic absorption spectrometer; ContrAA 700, Analytik Jena, Jena, Germany).
The values presented are the averages of 2-3 replicates.

Figure 4. Profile pictures from the moraines of (a) Klausenpass and (b) Sustenpass (images: Musso
et al. [61], reproduced with permission from Elsevier).

3.3. Mineralogical Analysis

The mineralogy of the samples was determined on randomly oriented powder spec-
imens with X-ray diffraction (XRD) analysis. First, the samples were air-dried. The fine
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earth fraction (<2 mm) of the bulk soil was comminuted by hand using a mortar and
sieved (400 um). This fraction was subsequently Ca saturated. A representatively split
aliquot of about 2 g was then milled in ethanol to a grain size below 20 pm with a McCrone
micronizing mill and dried afterwards at 65 °C. For frontloading preparation, about 1 g of
the powdered material was gently pressed in a sample holder for packing, sample-height
adjustment, and forming a flat surface. Preferred orientation was avoided by using a blade
for surface treatment [77]. For an improved identification of the clay mineralogy, appr. 1 g
of the untreated <2 mm sample was sieved with a 20 pum sieve to enrich the clay minerals.
From this <20 um-fraction, we produced oriented specimens by carefully smearing a thin
layer of the sample onto a glass slide. They were prepared for enhancement of the basal
reflexes of layer silicates, thereby facilitating their identification. The textured samples
were measured before and after treatment. The changes in the reflex positions in the XRD
pattern by intercalation of different organic compounds (e.g., ethylene glycol) and after
heating were used for the identification of expandable clay minerals.

X-ray diffraction measurements were made using a Bragg-Brentano X-ray diffractome-
ter (D8 Advance, Bruker AXS, Karlsruhe, Germany) using CoK« (35 kV, 40 mA) radiation.
The instrument worked with automatic beam optimization (equipped with an automatic
theta compensating divergence slit and an automatic air scatter screen). The detector was
an energy dispersive Lynx-Eye XE-T detector. The powder samples were step-scanned at
room temperature from 2 to 80°2Theta (step width 0.02°2Theta, counting time 2 s per step).

The qualitative phase analysis was carried out with the software package DIFFRAC-
plus (Bruker AXS, Karlsruhe, Germany). The phases were identified on the basis of the
peak positions and relative intensities in the comparison to the PDF-2 database (Interna-
tional Centre for Diffraction Data). The quantitative amount of the mineral phases was
determined with Rietveld analysis using the Rietveld program Profex/BGMN [78]. This
full pattern-fitting method consists of the calculation of the X-ray diffraction pattern and
its iterative adjustment to the measured diffractogram. In the refinements phase, specific
parameters and the phase content were adapted to minimize the difference between the
calculated and the measured X-ray diffractogram.

3.4. Meteoric 19Be Sample Preparation and Analysis

Our method of extraction of 19Be from soil is based on the methods described in [10,79].
A fine-milled soil sample is spiked with ?Be standard solution and leached overnight twice
using 16% HCI. The leachate undergoes a series of pH adjustments in order to separate
metals, mainly iron, by precipitating as hydroxides. Thereafter, a fraction containing
beryllium is isolated on ion-exchange resin Bio-Rad AG 50W-X8. A special grade of
chemical reagents and water are used through all steps of sample preparation to ensure an
ultra-low level of 1B, which is an isobar of 1°Be.

Prior to the accelerator mass spectrometry (AMS) measurement, all the resulting BeO
samples were mixed with Nb powder and pressed in a cathode insert. The measurements
were performed with MILEA AMS system at ETH Zurich, Switzerland. The results were
normalized to in-house standards S2007N and S2010N with nominal values of '°Be/’Be
=28.1 x 107'2 and '“Be/?Be = 3.3 x 10~!? and errors of 2.7% and 2.2%, respectively [80].
The in-house standards are calibrated to a primary standard ICN 01-5-1 [81]. The final
19Be concentrations were corrected to preparation blank, while the final errors include a
preparation blank error and an error of the in-house AMS standards.

3.5. Calculation of Weathering and Erosion Rates

The progression of chemical weathering was determined by comparing the differences
in the chemical composition of the weathered and unweathered soil material. Using an
immobile element (Ti), we calculated element-specific mass balances. As the soil ages were
known, it was also possible to calculate long-term weathering rates (mass balances) [80,81].
We calculated these for Na, Mg, Al, Si, P, K, Ca, Mn, and Fe. We will refer to the sum of
these elements as the ‘total” mass balance, henceforth.
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Following [82], we first calculated the volume change between the unweathered parent
material and the weathered material, or strain coefficient ¢, for each weathered horizon:

C:
Ew = (7‘5!] I/P> -1 @)

where p, and p;, are the bulk densities (kg m~>) of the parent material (=lowermost
horizon of each profile) and the weathered material, C;, (g kgfl) is the concentration
of the immobile element (Ti was used) of the parent material, and C;,, (g kg’l) is the
concentration of the immobile element (Ti) of the weathered soil.

The open-system mass transport function 7, [82] is defined as:

£pCjwCip
o= [P 1)) 21
Tjw ( 0aCinCip (giw+1) (8)

with Cj;, (g/kg) as the concentration of element j in the weathered material, and C; , for
the unweathered parent material (=lowermost horizon) and the strain coefficient e;,. C;,
and C;, (g kg™1), the concentrations of the immobile element, were calculated with Ti. The
change in mass for an element j (11, fx() in kg m~2) for n soil layers is defined by Egli and

Fitze [83]:

n
M flux(z) = Z Cj/pPp <ﬁ> Tj,wAzw )
a—1 iw
The long-term erosion rates were calculated using meteoric '°Be in the soils. When the
surface ages are known, soil erosion rates can be calculated by comparing the measured
concentrations of 1°Be in the soils with the expected concentrations based on their age, as
demonstrated by [84-86].
With no erosion, the surface age on a soil is defined as:

7}#_1

N,
e 10

A A

with A = the decay constant of 1°Be (4.997 x 10~7 y~1), g (atoms cm 2 year~!) = annual
deposition rate of 10Be (calculated according to [46,87,88]), and Ny, (atoms cm2) = the
expected 1°Be inventory in the soil profile (i.e., the accumulated '°Be in the soil due to
atmospheric deposition, assuming no erosion or other disturbances). The deposition rates
of 1°Be will have to be estimated for a specific area, as they are not known precisely.
However, Maejima et al. [84] have shown that they are mostly dependent on the amount
of precipitation.
With soil erosion, Equation (9) is rewritten as:

Nexp

1 1 AN
t=——In({l-A—+————)and E,,; =
A ( q — pCroBef Esail) soi <

pfCrope \e~M —1
where Cygp, (atoms gfl) = concentration of °Be in the top eroding horizons (ca. the top
20 cm), Eyj (cm year™!) = soil erosion rate, f = fine earth fraction, and p (g cm~3) = bulk
density of the top horizons, A = decay constant of 1°Be, N = inventory of 1°Be. As Cyop,

changes over time, it can be approximated by using the average between t = 0 and ¢, i.e., 0.5
X C10Be(today)- We also assume that the erosion occurs mostly in the top 20 cm of the soil

) +q (11)

profile. We calculate the °Be inventory N using [86]:

N =

a

(prwcwfw) (12)

n
=1
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for n horizons, and with the horizon thickness z, the bulk density p, the 10Be concentration
C and the fine earth fraction f of the weathered (w) material.
For comparison, we also used the method of Lal et al. [47]:

Kg = &[QJF%

“Ns| Np )\} — Aand E,pj; = zoKE (13)

Kg is the first order rate constant for removal of soil, with Ng = 1°Be inventory in the S
layer (comprising O and A horizons), Np = 1°Be inventory in the D layer (below 20 cm),
Q = flux of atmospheric 10Be into topsoil (atoms cm—2 year’l), ga = flux of meteoric 10Be
(atoms cm ™2 year—1), and A = decay constant of 1°Be. The soil erosion rate Eg,; (cm year—!)
is then calculated using z( = thickness of topsoil horizons (comprising O and A horizons)
multiplied by Kg.

In addition, the rates of soil formation were calculated. Most approaches are based
on the assumption that the soil in question is in equilibrium, i.e., that the soil thickness
remains stable because soil production and soil denudation are equal. As this is clearly
not the case for such young and still intensely developing soils (see Figure 3), we used
the changes in the profile thickness as an approximation for soil formation rates. The soil
thickness function was first developed by [89] and further developed by Johnson et al. [90].
According to this model, the soil thickness (T) is a function of soil deepening factors (SD),
upbuilding factors (U), and removals (R):

T=SD+U-R (14)

We calculated the soil formation rates (F = SD + U) based on the changes in thickness
(2) [91]: _
Foit = -2 (15)

3.6. Flow Accumulation Analysis

Digital surface models (DSM) were created using centimeter-resolution aerial drone
images. The drone flights and the post-processing of the images were conducted by WWL
Umweltplanung und Geoinformatik GbR [92]. Flow direction and flow accumulation
analyses were conducted in ArcMap (ESRI). The flow direction analysis uses the DSM to
compute the most likely flow path that water would take according to the steepness when
moving from one grid cell to the next. The D-co (‘D-infinity’) method was used [93]. The
flow accumulation shows the spatial distribution and intensity of the flow pathways, i.e.,
how much water is directed to each pathway. We used this output in combination with
the microtopography measurements of Maier et al. [56] to better evaluate the results of our
erosion analysis, as more bundled and therefore more intense flow paths have a higher
potential for surface erosion than dispersed ones.

3.7. Uncertainty Calculation and Propagation

We defined the standard uncertainties for the different used parameters by calculating
the standard deviation between field replicates (bulk density) and lab replicates (oxalate
extractable Fe, Al, Mn; Corg, N contents) and by using the instrument measurement errors
(elemental contents, mineralogy).

When using these datasets in further calculations (weathering indices, Corg, Corg stocks,
C/N, element mass balances, 1°Be erosion rates), the standard uncertainties were accounted
for by propagating them following the recommendations of the Guide of Expression of
Uncertainty [94].
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4. Results
4.1. Profile Descriptions

The soils of the 110 a moraine were classified as Hyperskeletic Leptosol. The moraine
was covered in boulders and cobbles of varying sizes and was vegetated with initial
snowbed communities of the type Arabidion caeruleae and Saxifraga aizoides (Figures 2—4,
Table 1). The 160 a moraine was classified as Hyperskeletic Leptosol and had already
accumulated a humus-rich A horizon. The vegetation was dominated by Thlaspietum
rotundifolii and Dryadetum octopetalae. The 4.9 ka soils were Calcaric Skeletic Cambisols
which reached a depth of approximately 60 cm. They were vegetated by dense grass,
mainly Caricetum ferruginei and Rhododendretum hirsuti with roots to 40-50 cm. The 13.5 ka
moraine had Calcaric Skeletic Cambisols as well and was also densely vegetated. The
dominating species were Seslerio-Caricetum sempervirentis and Caricetum ferruginei.

The two soils at the 30 a moraine Hyperskeletic Leptosols, one of which had accumu-
lated an A horizon (Figures 2-4). The surface was covered by pioneer species (mainly Epilo-
bium fleischeri) and initial grassland vegetation rich in Trifolium badium/pallescense and Luzula
alpino-pilosa (Table 1). The 160 a soils were also Hyperskeletic Leptosols with 10-20 cm thick
A horizons. They were covered by a grassland vegetation of the type Poion aplinae. There
were also creeping dwarf shrubs with a high coverage of Salix retusa present. The 3 ka
soils were Skeletic Cambisols vegetated by grasses (mainly Agrostio rupestris-Sempervivetum
montani and Carici sempervirentis). The 10 ka soils were Entic Podzols with thick, humus-
rich topsoils that reached a depth of 3040 cm. The surface was largely covered by shrubs
(Rhododendro ferruginei-Vaccinietum) and some grasses (Geo montani-Nardetum) in between
and underneath the shrubs.

4.2. Soil Properties

The bulk density is similar in both locations. At Klausenpass, it varied from 0.7 to
1.8 g cm ™ in the younger soils and from 0.3 to 1.9 g cm™2 in the older soils. The soils at
Sustenpass display clear age trends, ranging from 1.2 to 1.7 g cm~2 in the 30 a, 160 a, and
3 ka soils and 0.7-1.4 in the 10 ka soils.

The soils had a high skeleton content throughout all sites, often over 50% (Table 1).
At Klausenpass, it decreased with age, most strongly in the topsoil. There is also a strong
increase in the skeleton fraction with depth. At Sustenpass, the skeleton content varied
more strongly from moraine to moraine and the depth trend was less clear compared
to Klausenpass.

The highest organic matter (OM) contents (measured as loss on ignition, Table 1)
were found in the topsoil of the oldest soils, ranging from 19% to 42% at Klausenpass and
22% to 38% at Sustenpass. The OM in the young topsoils at Klausenpass (110 a, 160 a:
1.8-8.9%) was distinctly smaller compared to the young soils at Sustenpass (30 a, 160 a:
0.8-38.4%). The differences between the profiles of one moraine is also higher at Sustenpass
than at Klausenpass.

The pH at Klausenpass was mostly in the neutral to weakly alkaline range (pH 6.7-7.8)
except for the top horizons in the older soils where the pH was below 6. At Sustenpass, the
pH was in the neutral to strongly acidic range (pH 3.4-6.7).

4.3. Weathering
4.3.1. Klausenpass

The elemental composition is presented in Table 2. The calculated strain coefficients
and open-system mass transport functions for each Klausenpass soil profile are shown
in Tables 3 and 4. The element mass fluxes of each moraine are summarized in Figure 5a.
High losses were recorded for the mobile elements Mg and Ca, as well as P, while less-
mobile elements passively accumulated. The total losses are highest at the 13.5 ka soil
(—152 & 49 kg m~2), Figure 5b. When including the soil age to calculate rates of chemical
weathering, the rates do not change very strongly over time (+28 + 2 to —7 & 1 m~2
kyear~! in the youngest soils to +1 + 0 to —11 + 4 m~2 kyear ! in the oldest soils).
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Figure 5. Cont.
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Figure 5. (a) Mass balances for Sustenpass and Klausenpass. The balances were calculated relative to
the bottommost horizon of each soil profile. There are two soil profiles per moraine except for the
30 a moraine at Sustenpass, because profile S-A2 consisted of only one horizon and no mass balance
could be calculated. (b) Total mass balances for Sustenpass and Klausenpass (includes Na, Mg, Al,
Si, P, K, Ca, Mn, and Fe). The balances were calculated relative to bottommost horizon of each soil
profile. There are two soil profiles per moraine except for the 30 a moraine at Sustenpass, because
profile S-A2 consisted of only one horizon and no mass balance could be calculated.

The Corg stocks (Figure 6) at the youngest soils are 0.4 & 0.0-0.8 & 0.0 kg m~2 and
increase to around 5.3 & 0.1-15.9 4 0.0 kg m~? after 4.9 ka, where the stocks level off to
11.6 £ 0.0-12.5 & 0.0 kg m~2 at the 13.5 ka moraine.

40T 4 Kiausen (high FRI) ®
©Klausen (low FRI)

30 + @®Susten (high FRI)
OSusten (low FRI)

(kg m?)
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(]
[ ]
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0 et - #s rrrrt——r +
1 10 100 1000 10,000
Age (yrs log,,)

Figure 6. Stocks of organic carbon (kg m~2) for the soil profiles at each moraine. FRI = functional
richness index.

The weathering indices (Figure 7a) show strong alterations in the uppermost 20 cm of
the soils. The variability between the soils at each moraine becomes slightly larger with age.
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Figure 7. Weathering indices. The (Ca + K)/Ti ratio was calculated with total Ca in order to reflect the
dissolution of calcium carbonate. In contrast, (Na + K)/Ti is not affected by carbonates. The Chemical
Index of Weathering (CIA) reflects the loss of Al;O3, CaO, K,O, and Na,O relative to Al;O3.
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The oxalate extractable forms of Fe, Al, and Mn increase throughout the chronose-
quence (Table 5, Figure 8a). The proportion of Fe, /Feiot increases from ca 6% to7% in the
slightly in the 13.5 ka
moraine (due to an increase of total Fe). The Mn,, /Mny ratio increases sharply early on,
reaching over 50% in the oldest soils. The Al,, /Al ratio increases steadily to a maximum

young topsoils to 14 & 1.8-22 + 1.0% in the 4.9 ka soil, and decreases

of around 4.8% in the older moraines.
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Figure 8. Oxalate extractable Fe,, Al, and Mn, (measured with atomic absorbance spectroscopy,
AAS) as a fraction of the total contents, Fetot, Alior, and Mnyot (measured with X-ray fluorescence,

XREF). The error bars represent the measurement uncertainties.
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4.3.2. Sustenpass

The element contents are given in Table 2. As the pH of the Sustenpass soils was below
6.5 in most soil horizons (Table 1), total Ca corresponds to the silicate form CaO. The strains
and the results of the open-system mass transfer function (t) for the most abundant elements
are shown in Tables 3 and 4. The total element range from +8 4 5 to —36 4 23 kg m~2,
resulting in high weathering rates at the youngest moraine (—69 & 67 kg m~2 kyear—!)
which decrease strongly with age to 0 + 1 to —4 + 2 m~2 kyear~! (Figure 5a,b).

The Corg stocks of the soil profiles (Figure 6) increased at high rates with the youngest soils,
starting from 0.17 £ 0.0-0.15 £ 0.0 kg m 2 (at the 30 a moraine) to 2.4 4 0.0-16.9 + 0.0 kg m 2 (160
a moraine). The highest Coyg stocks occurred in the 10 ka moraine (20.3 + 0.0-37.8 & 0.0 kg m~2).

Both the (Ca + K)/Ti and the (Na + K)/Ti ratios (Figure 7b) show similar patterns
among the Sustenpass soils. The soils of each moraine show a homogenous profile and the
soils are clearly grouped by age. The Chemical Index of Alteration (CIA) mostly increases
with soil age. The variability is however high among the top horizons, particularly at the
160 a moraine site.

The ratio of Fe,/Fetot only increased slowly; fluctuating at around 5-6 £ 0.5% in
the first 3 ka of soil development. Between 3 ka and 10 ka, the ratio sharply increased to
29 £ 1.9-35 £ 1.2% in the topsoil (Figure 8b). Similarly, the Al, /Al ratio changed little
during the first 3 ka of soil development (0.4-2.3 £ 0.2% in the topsoil) and then increased
to 9-10% in the 10 ka soils. The Mn,/Mn;.; ratio increased too with age, although the
variability is very high.

4.4. Mineralogy

The mineral composition of the Klausenpass fine earth (Figure 9a) at the 110 a moraine
consists mostly of calcite (59%), quartz (22-24%), mica (8-10%) chlorite (10%), and a small
amount (3%) of feldspar. The 160 a soil contained 25-36% calcite, 28-33% quartz, 21-23%
mica, and 10% chlorite. The 4.9 ka soil contained 0-79% calcite, 11-50% quartz, 7-33% mica,
and 2-9% chlorite. Lastly, the 13.5 ka soil contained 0-95% calcite, 3-53% quartz, 2-31%
mica, and 0-7% chlorite. The errors of the measurements were <1% throughout.

The mineral composition of the 30 a soil at Sustenpass (Figure 9a) was mainly quartz
(30-33%), plagioclase (32-33%) and potassium feldspar (6%), mica (16-18%), and chlorite
(5-7%). The 160 a moraine contained 34-36% quartz, 32-33% plagioclase and 6% potassium
feldspar, 15-16% mica, and 5-6% chlorite. The 3 ka moraine contained 26-30% quartz,
28-31% plagioclase and 4-5% potassium feldspar, 16-19% mica, and 9-22% chlorite. The
10 ka moraine contained 25-38% quartz, 21-22% plagioclase and 4-5% potassium feldspar,
14-20% mica, and 3-29% chlorite. The errors of these measurements were <1%.

142



Geosciences 2022,12,99

(a) Klausen (b) Susten
gC‘1 = EAC— l
o b
s H
~c21 “ ¢ I
T T T
0 25 50
oA l
wACH ”
S GAC B
g e
3 gci l
= CA =
C2 .
0 25 50 75 100
g A i 1
® ®
S B ©
- = o | | N
8 o
&BC S
< ™
" = 1 II-I
0 25 50
A1 i
0 0 © ] II-I
T A1 ©
[ [0 =]
o for 1 I
o S Bs
Bacr g bs | N
BC2| BC | II--
50 0 25 50 75 00
Fraction (%) Fraction (%)
. Quartz B K-feldspar Plagioclase
- I
- g:lacﬁz - g;ﬁ:?j{’:r gsgt'gﬁfse H Clinozoisite M Hornblende M Mica (di)
N X . - . " . Interstratified
Rutile M Mica (di) M Chlorite (tri) I Chlorite (tri) Mica.Vermiculite

Figure 9. Bulk mineralogical composition of the fine earth at (a) Klausenpass and (b) Sustenpass for
each horizon measured with XRD. (Based on one soil profile per moraine. For consistency, all soil

profiles selected were from the high functional richness index (FRI) sites). di

= dioctahedral, tri =

trioctahedral. The XRD measurement uncertainties were <1% throughout.

4.5. Meteoric 1Be Inventories and Erosion Rates

The '°Be concentration in the fine earth at Klausenpass ranged from 0.63 == 0.01 x 108
t0 13.32 £ 0.31 x 108 at g ! in the 4.9 ka soil and 1.46 =+ 0.02 x 108 t0 17.39 & 0.46 x 10% at
g~ 1 in the 13.5 ka soil (Figure 10, Table 6).
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Figure 10. 19Be concentrations at the oldest two moraines of Klausenpass and Sustenpass measured in
atoms per gram of soil (fine earth). The horizontal error bars represent the measurement uncertainty
of the 19Be and the vertical errors represent the thickness of the horizon.

At Sustenpass, the 10Be concentration ranged from 0.17 £ 0.00 to 1.04 4 0.02 x 108
at g~! in the 3 ka soil and 1.31 & 0.02 to 3.55 + 0.05 at g~ x 10% at g~ ! in the 10 ka soil
(Figure 10, Table 6).

4.6. Flow Accumulation

The GIS analysis to model the flow accumulation (Figure 11) produced a homogeneous
pattern on the Klausenpass slopes. There, the surface runoff is dispersed with a low
intensity. The Sustenpass slopes have a runoff pattern that indicates channeling and more
intense flow accumulation (dark blue) of the surface water runoff. The same patterns also
emerged in the younger moraines.
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a) Klausen

b usen

Figure 11. Output of the flow accumulation on top of high-resolution drone imagery (a) Klausenpass
and (b) Sustenpass. North direction is upward in all images. The darker blue shades indicate stronger
flow accumulation.

5. Discussion
5.1. Soil Development in Calcareous Parent Material

Weathering in calcareous soils is primarily characterized by carbonate leaching [95].
The values of carbonate leaching in the study area generally fit to the range of observations
from other calcareous soils in the Alps [24,96]. The weathering front seems to advance
in the soil column "stepwise’. This leads to a divergence of top- and subsoil properties,
where the topsoil is strongly altered, while the subsoil has changed very little or might
have accumulated elements that were leached above (such as Ca). We observed this in
the pH (drop of pH to <6 in the topsoil), mineralogy (dissolution of calcite), weathering
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indices and T values (high element losses in the topsoil) as well as the oxalate extractable
fractions (accumulation of Fe,, Al, and Mn,). Soil texture data (Figures 12 and 13, obtained
from [54] at the same moraines) showed that the topsoils at this location were altered very
strongly with time, shifting from sandy loam to a silty clay loam texture.
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Figure 12. Particle size distributions for (a) Klausenpass and (b) Sustenpass. The particle size
distributions were measured at fixed depths and with six replicates (here, the averages are shown [54]).
The corresponding horizons are written in parentheses underneath (from Figure 3). Sand: 63-2000 pm,
Silt: 2-63 pm, Clay: <2 pm. (Data reproduced with permission of [55]).

Despite 110 and 160 years of rapid soil carbonate leaching, the profiles of the youngest
two moraines showed almost no carbonate losses. We calculated Ca mass balances between
+2 and —2 kg m~2 which would translate to +6 to —6 kg m~2 CaCO3. In comparison, [24]
calculated losses of 15-30 kg m~2 in 193 a soils. The 4.9 and 13.5 ka soils had mass balances
between +7 and —154 kg m~2. Indeed, the rates of weathering (based in mass balances)
remained roughly the same over the course of 13,500 years. Because the mass balances
were calculated by comparing the soil column with the lowermost horizon, soil erosion
may account for the small carbonate losses in the young soils. As soil erosion removes the
weathered residue of the soil and exposes fresh material, it effectively leads to a rejuvenation
of the soil.
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5.2. Soil Development in Siliceous Parent Material

Soil development in siliceous parent materials is characterized by soil acidification
and weathering of primary minerals. With weathering, elements are either rearranged into
secondary minerals (i.e., clays) and remain in the soil profile [97], are used as nutrients by
the vegetation, or lost through leaching into the groundwater. Overall, the progression
of chemical weathering and the accumulation of soil organic carbon at Sustenpass is in
agreement with other observations of mountainous soils of similar age and parent mate-
rial [37,98-100]. Siliceous soils from other regions of the world show similar weathering
and carbon accumulation rates [100-103]. The chemical weathering rates were high in the
<160 a soils (losses of up to 69 kg m~2 kyear~!) and decreased thereafter rapidly. These
findings match the hydrological data on the same moraines by Maier et al. [51] and Hart-
mann et al [104]. The saturated hydraulic conductivity (Ksa) decreased significantly with
soil age [51], leading to a less efficient draining of the soil column in the older moraines.
Blue dye experiments by Hartmann et al. [104] also showed that the flow paths become
more heterogeneous with age and that the macropore flow (via root channels) becomes
more important in the older moraines. This concurs with the shift in soil texture from rather
coarse, sandy soils to more silty compositions. The overall texture at Sustenpass is coarser
compared to Klausenpass.

The elemental composition (Table 2) revealed some irregularities in the parent material
composition. We found the Fe contents increased strongly with soil age and with depth.
The concentrations of Fe in the oldest soil are roughly twice as high as in the youngest soils.
This can be linked to the high chlorite concentrations in the 3 ka and 10 ka soils (Figure 9).
As pedogenic chlorite forms very slowly, this must be primary chlorite, which suggests
a fluctuation in the mineral composition of the glacial sediment. The distribution of the
chlorite in the profiles of the 10 ka and 3 ka moraines is not uniform either. There is an
accumulation of chlorite in lower horizons and an apparent depletion in the topsoil.

5.3. Soil Production vs. Erosion

The most challenging part in calculating erosion rates using meteoric 1"Be is the
estimation of the meteoric 19Be deposition rates. We applied a variety of approaches given
in the literature [48,87,105]. Independent of the approach used, we found the expected
inverse relationship between soil age and erosion at both locations. In addition, lower
rates of long-term soil loss at the calcareous site (Klausenpass) were found when compared
to the siliceous site (Sustenpass). This is in contrast to findings of the short-term erosion
rates (averaged over decades). Short-term erosion rates using fallout plutonium showed
similar erosion rates at both locations [53]. Overall, the long-term erosion rates measured
at these two proglacial areas are in a similar range to findings of [106] for soils of the
eastern Swiss Alps (up to 0.44 t ha—! year™! of soil loss). Interestingly, ref. [107] found
denudation rates that are twice as high at formerly glaciated slopes, which are now very
active geomorphologically (760-2100 mm kyear~!). They found comparable rates to the
Sustenpass soils at slopes which were not influenced by glaciers (60-560 mm kyear—1).
In Southern Alpine soils (New Zealand), a range of 1.2-14 t ha~! year~! soil erosion was
found, which is on the higher end compared to the 0.1-10 ha~! year~" for global soils [108].

The differences in the long-term erosion rates between the calcareous and the siliceous
chronosequence are surprising. The sites at Klausenpass have a steeper slope and the
material is siltier. These conditions usually would give rise to higher erosion rates [109,110].
Ref. [54] showed that these soils all have similar root tissue densities in the topsoil, from
which we can derive that the soil surfaces experience similar stabilization by the plant roots.
The SOM, which also greatly influences soil erodibility by acting as a binding agent for
aggregation and protective layer for the mineral soil underneath [111,112], is higher at the
4.9 ka soil (187 g kg~! vs. 37 g kg~ ! at Sustenpass in the top horizon), and lower in the
13.5 ka soil (424 g kg™ ! vs. 439 g kg™ !). The most important reason why the Klausenpass
soils have lower erosion rates than expected may be related to the small-scale topography.
Surface roughness determines the pathways of the surface water runoff and can, thus,
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have a large influence on the erodibility of a slope [52,113-115]. A flow direction and
accumulation analysis revealed that the Sustenpass and Klausenpass slopes differ in their
flow patterns (Figure 11). The Sustenpass slopes produced patterns that rather lead to a
channeling of the surface water runoff, indicating a higher terrain roughness compared
to Klausenpass, where the surface runoff is more spatially homogeneous and less intense.
This is especially pronounced at the 10 ka moraine (Sustenpass), where the Rhododendron
bushes promoted the formation of small-scale channels on the soil surface. The Klausenpass
slopes, covered with grasses and having only few boulders interspersed on the surface
(Figure 2), were able to retain a smoother surface. This GIS analysis has some limitations, as
it is based on a digital surface model (DSM) which includes the volume and shapes of the
vegetation, as it was produced from drone images, and not by using LiDAR (light detection
and ranging, ‘laser scanning’). However, we can support this hypothesis with the results
of a detailed investigation of the terrain microtopography on the same slopes by Maier
and van Meerveld [56]. The authors calculated a tortuosity index based on high-resolution
transect measurements of the surface roughness of the moraine slopes. The tortuosity
index at Sustenpass (10 ka: 0.64-1.14; 3 ka: 0.33-0.65) is indeed higher than at Klausenpass
(13.5 ka: 0.25-0.30; 4.9 ka: 0.26-0.40), supporting the argument that the microtopography
may be the factor causing lower erosion rates at Klausenpass [114,116].

We estimated the soil production rates (Equation (1)) using soil formation, weathering
and erosion rates (Table 7). The soil production rates were considerably higher at the
siliceous soils compared to the calcareous soils. Furthermore, the Klausenpass soils show
clear signs of regressive soil formation. The denudation at the 110 a moraine greatly
outstrips the soil production, preventing it from building up an organic top horizon
(Figures 3 and 4). Such a delay in the soil development was also mirrored in the Corg
stocks, which increased at a much smaller pace compared to the Sustenpass soils (Figure 6).
It is further accompanied by a slower development of the vegetation: the Klausenpass
moraines took more time to be covered in vegetation and to inhabit more complex species
(i.e., grasses and woody species) compared to Sustenpass [54].

Table 7. Estimation of soil production rates. Profile thickening (Figure 3) was used for soil formation
(Fsoi1), soil erosion rates from 23+240Py and 1°Be were used as denudation rates (Dgyj), and the total
mass balances served as chemical weathering rates (W) The meteoric 19Be erosion rates (erosion =
negative values) were used for the 3 ka, 4.9 ka, 10 ka, and 13.5 ka soils. The denudation rates of the
young soils (30 a, 110 a, 160 a) were derived from the short-term (339+240py) erosion rates.

Moraine  Age Soil Soil Soil Soil
Formation Erosion ! Weathering Production
Equation (15) (239+240pyy) (1°Be) (Figure 5b) Equation (1) 2
(years) mm year—1 tha—1year1 tha—1year1 tha—lyear 1  thalyear! tha—1year1
Klausenpass (Griess Glacier)
K-A 110 0.00 0.00 —10.23 N/A 0.11 10.34
K-B 160 0.78 6.24 —4.15 N/A —0.13 10.52
K-C 4900 0.12 1.92 —1.04 0.05 —0.05 2.02
K-D 13,500 >0.06 * 1.08 —0.32 —0.14 —0.05 1.27*
Sustenpass (Stein Glacier)
S-A 30 1.65 28.05 N/A N/A —0.69 34.15*
S-B 160 0.94 17.86 —541 N/A 0.00 23.27
S-C 3000 >0.19 * >3.42% —2.65 —7.11 —0.04 10.57 *
S-D 10,000 >0.08 * >1.04 % -1.92 —242 —-0.02 348*

N/A =not available. ! Short-term erosion rate (erosion = negative values) derived from 2***?4°Plutonium. It is the
mean yearly soil loss over the past 54 years (data: [53]). 2 Equation (1): Psoii = Feoil + Dsoil = Fsoil + Wisoil + Esoil-
* These are minimum values as the depth of the soil pits did not reach the bottom of the BC horizon (see Figure 3).
** Approximated using the erosion rate of S-B.

The soil production rates of the siliceous soils showed a strong decline with increasing
age, which was to be expected. The 30 a moraine is estimated to have soil production rates
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of at least 34 t ha~! year—! while the 10 ka moraine has 3.5 t ha~'year~!. This is three times
as high as other Alpine soils (ca 0.4-10 t ha~! year*1 [107,117]). It is also high compared to
global soil production and formation rates measured in soils and river sediments which are
in the range of 1-30 t ha~! year~! [8,108,118-120].

5.4. Interaction with Vegetation and Hydrology

In many areas of the Alps, the snow cover lasts for roughly six months or more and in
summer, the day and night temperatures on the ground can vary strongly, as the shallow
and debris-rich soils in the proglacial areas offer little moisture and little vegetation to
buffer these fluctuations [121]. Therefore, in the earlier stages of soil development, the
habitability for plants would be primarily given by the physical properties of the soil
substrate. A loamy soil texture would have a higher water retention [122] but may also
lead to a higher erodibility [123], which would slow down if not stop a deepening of the
soil profile, thus inhibiting the progression of soil development. If pioneer plant species
manage to inhabit the substrate, they will stabilize its surface with their roots and enhance
soil aggregation by accumulating organic matter in the soils (via litter and root exudates).

These improved conditions for the soils would enable new species to inhabit these
soils, thus setting in motion a succession of plant species and communities as well as a
progressive soil development [124].

Overall, the texture at Klausenpass is consistently finer compared to the Sustenpass lo-
cation, which remains low in clay-sized particles (Figures 12 and 13). Due to the dissolution
of carbonates, the clay and oxide residues accumulate passively giving rise to fine-grained
soils. Concurrent to the decrease in particle sizes, the water retention also increases with
age at both sites [54]. What may have reinforced this effect of decreasing particle sizes in
the topsoil, are loess inputs, which are common in the Alps [125].

Some data seem to indicate a noticeable influence of the vegetation on soil develop-
ment. For example, the SOC stocks of the siliceous chronosequence increased consistently
faster under the more functionally rich vegetation, while we could only see differences
between some of the calcareous soil profiles in SOC accumulation (Figure 6). The total
mass balances (Figure 5b) of the older soils, showed higher losses in the low FRI soils at
both locations.

The weathering indices (Figure 7) showed stronger weathering in the low FRI profile
at 3 ka. At the 10 ka moraine, this relationship is only detectable with the CIA. The oxalate-
extractable fractions do not exhibit a clear and consistent pattern (Figure 8). Only the 10 ka
soils show a difference between the two FRI types.

At later stages, however, the vegetation influences the site properties by increasing
chemical weathering, reducing surface erosion and altering the hydrological properties of
the substrate as well as the vertical water transport by causing heterogeneous infiltration
patterns, leading to an increase in preferential flow paths [51,55,104]. The functional
richness of the vegetation affects soil parameters that are directly related to the vegetation
(e.g., SOC).
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Figure 13. Particle size distribution on top of the USGS soil texture classification for each depth
increment and for all depths together (same dataset as Figure 12 [55], plots were drawn in R [126]).
The blue dots represent the Klausenpass and the red dots the Sustenpass soils. Light hues represent
younger and the dark hues the older ages. Per age/moraine and depth, there are three replicates.
(Data reproduced with permission of [55]). It therefore seems that the functional diversity of the
vegetation has an effect on soil formation. The variability of functional diversity gives rise to a
different litter input, root activity, and the microbial activity which in turn influence soil weathering
and stabilization processes. How the FRI precisely relates to soil formation is not clear yet. The
FRI, however, might be a useful parameter to better describe the natural variability of soils. Both
chronosequences demonstrate that the FRI only started to have an effect on soil evolution when the
vegetation was already well established, i.e., sometime between 160 and 3000 years of soil develop-
ment. Before that, the physical site properties and the climate (mainly the precipitation, [127]) are
the stronger drivers. The small-scale topography of the moraines (indentations offer protection from
wind and erosion and have a higher retention of moisture [128]), inhomogeneity in the mineralogical
and chemical composition of the parent material, and soil texture drive the soil formation and are
therefore responsible for the high spatial variability of mountainous soils. These properties also
influence the hydrological conditions of the soils [129] and have therefore a strong control on the
early stages of vegetation settlement [39,90,130,131].

6. Conclusions

Calcareous and siliceous soil evolution in two proglacial areas in the Swiss Alps
follow, not surprisingly, different traits of chemical weathering. Chemical weathering of the
calcareous soils was characterized by high CaCOj losses over time, whereas the siliceous
soils lost predominantly Si, Fe, and Al. By using meteoric '°Be, we found higher long-term
erosion rates along the siliceous chronosequence than along the calcareous chronosequence.
A flow direction and flow accumulation analysis revealed that the lower terrain roughness
at Klausenpass likely led to a lower erodibility. The temporal evolution of the erosion rates
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was completed by a combined approach of short-term (?3°+240Pu) and long-term (1°Be) rates.
The soil erosion rates counterbalanced the soil production rates at the calcareous location,
delaying the development of both soil and vegetation in comparison to the siliceous soils.
Overall, we found that the relative importance of the parent material decreased with
increasing soil age and vegetation coverage. The vegetation is an important driver of soil
development as it accelerates chemical weathering, increases surface stabilization, and
changes the hydrological properties. Differences in the functional diversity are, however,
only detectable with parameters that strongly depend on the vegetation such as SOC.
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Abstract: This study reports on the cosmogenic *Cl dating of two normal fault scarps in western
Turkey, that of the Manastir and Mugirtepe faults, beyond existing historical records. These faults
are elements of the western Manisa Fault Zone (MFZ) in the seismically active Gediz Graben. Our
modeling revealed that the Manastir fault underwent at least two surface ruptures at 3.5 + 0.9 ka
and 2.0 =+ 0.5 ka, with vertical displacements of 3.3 4= 0.5 m and 3.6 #+ 0.5 m, respectively. An event at
6.5 + 1.6 ka with a vertical displacement of 2.7 4= 0.4 m was reconstructed on the Mugirtepe fault.
We attribute these earthquakes to the recurring MFZ ruptures, when also the investigated faults
slipped. We calculated average slip rates of 1.9 and 0.3 mm yr~! for the Manastir and Mugirtepe
faults, respectively.

Keywords: active tectonics; fault scarp dating; cosmogenic *Cl; Gediz Graben; western Anatolia;
earthquake; Holocene

1. Introduction

Although earthquakes are one of the most hazardous natural disasters, seismic records
from instrumental and historical earthquake data cover only a limited time frame [1-4].
Therefore, the forecasting of future earthquake events and disaster mitigation design are
based upon short and incomplete seismic records (e.g., [1]). The dearth of such data
limits our understanding of the spatial extent of deformation and magnitude of future
earthquakes, which may lead to a misevaluation of high seismic risk areas [5-7].

Numerous fault studies have been conducted worldwide using different techniques
(e.g., [8-14]). One of the possible tools for tracking the pace of earthquakes on individual
faults over timeframes that exceed those included in the existing seismic records, is fault
scarp dating. This is a valuable tool that directly date episodic exposures of normal
fault scarps produced by large magnitude earthquakes and was first proposed by Zreda
and Noller [15]. This tool has been used and progressively improved by many other
researchers over the last two decades [15-38]. The investigation of fault scarp exposure
using cosmogenic %°Cl allows for the reconstruction of the timing, vertical displacement,
recurrence interval, and magnitude of earthquakes as well as the fault slip rate. Thereby, the
aforementioned technique offers the opportunity to extend the timeframe of slip histories
on individual faults providing additional knowledge with respect to regional seismic
behavior. The overall dating concept is as follows. On a fresh fault surface, exposed by
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a dip-slip component of rupture, cosmogenic 3°Cl begins to accumulate along the newly
exposed segment at a uniform distribution and at a higher rate than the unexposed part of
the scarp under the colluvium. Periods of earthquake activity are then disentangled based
on: (1) cosmogenic 36C] concentrations measured along a continuous strip on the fault
scarp; and (2) differences in 3Cl accumulation rates on the exposed and covered surfaces
during the quiescence times [15-19,33].

Strong earthquakes in extensional tectonic regimes may cause surface ruptures and
deformation, principally documented as normal fault scarps that juxtapose Quaternary
alluvium or colluvium against bedrock at a variety of scales [39,40]. An example of such a
setting is Western Anatolia, Turkey, which includes approximately E-W-trending graben
systems as a result of roughly N-S extension evidenced by the occurrence of large normal
fault scarps occurring in the limestone bedrock (Figure 1).

Edremit Gulf

- 38°N

Aegean Sea

[ Auvium
Neogene volcano-sedimentary rocks =
[ neog & Gokova Gulf .
[ oiigo-Miocene molasse basin
- Bornova Melange - Menderes Massif &, Normal fault ﬁ s )
\adic Massif Strike-slip fault ¢y E:mlrn! :};f“]
[ Lycian nappes [l cyciadic Mass & Detachmentfoult ¢ o
[ cenozoic granite [ sakaryazone ) ¢ Major thrust M Ancient city

Figure 1. Simplified geological map of western Anatolia showing major structural elements and
location of Manastir and Mugirtepe faults (modified from [24,33,34,41,42]). Inset white boxes mark
the location of the Figures 2 and 3. Faults abbreviations: MFZ: Manisa Fault Zone, RHM: Rahmiye,
MAN: Manastir, MUG: Mugirtepe, KAL: Kalafat, YAV: Yavansu, PRI: Priene-Sazli, ORN: Oren.
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In addition, the active zone of the Izmir-Balikesir Transfer Zone (IBTZ) extended
between Izmir and Balikesir cities, generally consists of N-S and NNE-SSE trending strike
slip faults, and acts as the western border of the E-W-trending grabens i.e., Gediz (Figure 1).
IBTZ was demonstrated to be a deep crustal transform fault zone during Late Cretaceous,
which acted as a transtensional transfer zone in the Neogene period ([43-45]). Recent
seismicity with focal mechanism, Global Navigation Satellite System (GNSS) measurements
and several geological studies indicate that IBTZ is undergoing an E-W shortening as
well as N-S extension (e.g., [43,44,46-49]). Here, recent investigations confirm a very
close connection between the normal surface ruptures and large magnitude 6 or higher
earthquakes (e.g., [33-35,50-52]). Earthquakes are considered imminent in this intensively
active region, with the most recent destructive event occurring offshore Samos Island
(south of Izmir region) on 30th October 2020, with Mw 7.0 [53]. However, the association
of historic earthquakes with individual normal faults in Western Anatolia continues to be
very limited (e.g., [54-56]).

In this study, we focus on one of the fault zones in the western sector of the Gediz
Graben (western Turkey) to obtain a broader insight into the seismic behavior of active
faults beyond the historical and instrumental earthquake archives (Figure 2). We focus on
two fault scarps within the western part of the Manisa Fault Zone (MFZ), documented
as one of the most seismically-damaged regions in history [3,48,55,57,58]. Specifically,
we applied the Fault Scarp Dating Tool (FSDT) computation code [37] to recover rupture
histories of the Manastir and Mugirtepe faults (MAN and MUG in Figure 3, respectively)
in the western segment of the active MFZ. We analyzed 87 samples from the Manastir
fault surface and remodeled the cosmogenic %Cl concentrations already measured on
the Mugirtepe fault surface [24]. We show that the MFZ experienced numerous ground-
rupturing earthquakes during Holocene. We also provide a comparison and interpretation
of our results with respect to paleoseismological data in our effort to better constrain
the seismic history for the western MFZ. We find that this region experienced clustered
earthquakes during late Holocene.
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Figure 2. Seismotectonic map of the Izmir-Manisa region showing the epicenters of instrumental
and historical earthquakes (modified from [59]). MAN: Manastir fault, MUG: Mugirtepe fault, KEF:
Kecilikdy fault; GPS based slip rate is from [47].
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Figure 3. Detailed geological map of the study area showing NW-SE-trending active faults; location
of paleoseismological trench sites from [59] along Mugirtepe fault are shown as T1 and T2. Yellow
stars locate fault scarp dating sampling sites of Manastir (MAN) and Mugirtepe (MUG) faults,
respectively. GFZ: Giirle Fault Zone, TAF: Tagliburun fault, KEF: Kecilikoy fault; Inset is a simple
sketch to show Tagliburun fault, which its location is beyond the map frame. Geological cross section
shows stratigraphic and structural relationships of the units. Note that offset of Quaternary deposits
by several instances of synthetic Holocene faulting in the hangingwall of the Manastir fault is the
most direct evidence for their activity (modified from [24,59]).

2. Study Area

The approximately WNW-ESE-trending MFZ within the Gediz Graben extends for
35 km at the southern margin of the Manisa Basin [44,51,60] and includes a large number
of Quaternary fault scarps [41,44,51,61,62] (Figures 1 and 2). The MFZ is considered to be a
northeastward-arcuate structure of the graben [59]. Different groups of kinematic indica-
tors, including sinistral strike-slip, dextral strike-slip, and normal-slip denote three phases
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of activity in the MFZ since the early Miocene, respectively [44,51]. In the investigated
area (westernmost part of the MFZ), at least six WNW-ESE-trending and NNE-dipping
normal fault scarps displaced Late Cretaceous—Paleocene carbonate footwall, against the
Late Pleistocene-early Holocene sediments of Emlakdere Formation, occasionally covered
by colluvium deposits on the hangingwall (Figures 3 and 4). This group of faults comprise
the Manastir, F1, F2, F3, Mugirtepe, and F4 form separate scarp terraces and defines the
southwestern boundary of the Manisa Basin. The Manastir fault was probably initiated
as a master fault with the onset of graben system formation during the Early-Miocene or
later in western Anatolia. While the other faults are interpreted to be formed as a conse-
quence of basinward migration evidenced by back-tilting of the Emlakdere Formation and
the Neogene volcano-sedimentary rocks [59]. The strata are parallel in these rock units
separated by unconformity, indicating synchronized tilting [59] (Figures 3 and 4). Gradual
deposition and rotation of hangingwall deposits caused by slip on the Manastir master fault
is evidenced by a clear angular unconformity recorded in the upper part of the Emlakdere
Formation showing dissimilar dip of strata of similar lithology. Based on the radiocarbon
ages, this syn-depositional tilting was considered to occur between ca. 19 and 9 cal kyr
BP [59]. In an extensional tectonic setting, shallow antithetic and synthetic faults within the
hangingwall of the larger master fault are typically prevalent; these parallel/subparallel
faults are refractions of the master fault dip and maintain evolution towards the basin and
can move in synchrony with the master fault they are linked to (e.g., [63-65]). Secondary
faults are normally incapable of producing significant earthquakes with magnitudes ex-
ceeding 5.5 and are considered as non-seismogenic faults [64]. Among this set of faults,
the approximately 4.5-km long and 140-m-high Manastir fault is considered as the master
fault. The Manastir fault is connected to the approximately 3-km long Tagliburun fault
through an N-S-trending relay ramp (Figure 3). The Taghiburun fault is, in turn, linked to
the Kegilikoy fault with a similar length on its northeast side (Figures 2 and 3). These three
faults constitute an en échelon structure linked to MFZ at its westernmost end [44].

Pagadegirmeni Hill

Manastir fault

Mugirtepe High // /

S

= <

=Y

L))

By
— Palaeosol
[:Z:7]] Holocene alluvial/fluvial deposits | Late Cretaceous-Paleocene Bornova Flysch Zone
#22] Holocene alluvial fan deposits @ unconformity

2 late Pleistocene-early Holocene —= ,
il Emlakdere Formation normal/oblique fault

Late Miocene volcano-sedimentary rocks drainage channel

Figure 4. 3D view of western Manisa Fault Zone showing the staircase of fault scarps in the Manastir
hangingwall. MAN: Manastir, MUG: Mugirtepe. Note that in the cartoons the exact horizontal and
vertical scales, vertical displacement values as well as thickness of sedimentary layers are disregarded.
However, MAN fault depth is known to be 5-10 km in about 10 km northeast of Manisa.
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The Manastir fault activity is expressed by sets of screes, landslides, and at least two
generations of triangular facets [59]. The overprinting of the strike-slip slickenlines by
the dip-slip ones indicate reactivation of the Manastir fault. Accordingly, the exposure
of the sampled fault surface is attributed to an approximately N-S trending extensional
tectonic regime that started in Quaternary. The Manastir fault extends to the NE side of
Manastir Hill and intersects the NW end of the approximately 1.5 km wide strike-slip
Giirle Fault Zone [59] (Figure 3). Giirle Fault Zone, a segment of IBTZ, is characterized
by segmented parallel-subparallel faults, which extends to the north of Pasadegirmeni
Hill and bounds MFZ on its west end. All the synthetic faults located at the western part
of the MFZ are assumed to be linked in depth to the master Manastir fault and there are
five secondary faults to the north (F1, F2, F3, Mugirtepe, and F4), which run parallel to
the Manastir fault [59]. Faults F1, F2, and F3 are approximately 1, 3, and 2 km in length,
respectively. Their dip ranges between 45° and 65° NNE with an average scarp height of
3 m, whereas the Mugirtepe fault has a maximum of 4 m height and is approximately 3 km
long. To the northwest, the Mugirtepe and the similar-sized F4 faults merge at the foot of
Pasadegirmeni Hill and cut across the Giirle Fault Zone [59] (Figure 3).

Six strong earthquakes have been recorded in Manisa and the surrounding region
historically (Figure 2). The oldest occurred in Lydia in 17 AD and had an intensity of
IX. It caused significant damage in 13 or 16 ancient cities, mostly located in the Manisa
Basin [1,48,55,57,58]. This earthquake is an example of the discrepancies in the geographic
locations and intensity /magnitudes of ancient earthquakes recorded by different sources.
The succeeding destructive earthquake dates back to 44 AD and likely damaged the ancient
Greek cities of Magnesia, Samos, Militus and Ephesus, with an intensity of VIII [1,3,58,66].
In addition, [1] reported an earthquake in 926 (925) AD, in the province of the Thraceseans,
caused traverse of the region by the Gediz and Menderes rivers. An earthquake in 1595
was documented ca. 60 km to the east of Manisa [1,55,67]. Another major earthquake with
an intensity of VII was reported to have occurred in Izmir in 1664 [1,3,66,67], although [55]
claim this event to have occurred near Izmir, and perhaps towards Manisa. The last
recorded historical earthquake occurred in 1845 in Lesvos, and felt in Manisa [3,66], with
a reconstructed intensity of VIII [3] or M = 6.7 [68]. The earthquake of 28th January
1994, with Mw 5.2 or 5.4, is the largest instrumental earthquake recorded close to Manisa
with estimated focal depth of 5 to 10 km [48,53,69] and epicentered about ten kilometers
northeast of Manisa (Figure 2).

The rupture history of the Mugirtepe fault is reconstructed [24] using a Matlab®
code developed by Schlagenhauf et al. [22]. They proposed two scenarios. The first
one yielded two seismic events at 13.7 £ 0.8 ka and 7.8 + 0.5 ka with a displacement
of 0.5 £ 0.2 m and 2.15 £ 0.35 m, respectively. The second scenario resulted in a single
seismic event of 8.5 £ 0.6 ka with a vertical displacement of 2.65 £ 0.35 m. Here, we note
that this event, similar to most of the events recovered by FSDT, consists of clusters of
earthquakes that occurred close in time. In addition to the abovementioned documented
and reconstructed earthquakes, three palaeoearthquakes defined during the last 1 kyr using
radiocarbon dating of palaeosol samples collected inside two paleoseismic trenches dug
across the Mugirtepe fault [59]. These three events were tentatively linked to the historical
earthquakes of 926 AD, 1595/1664 AD, and 1845 AD.

3. Materials and Methods
3.1. Sampling

To select appropriate sampling sites, we explored the fault surfaces in several outcrops
along the MFZ. We considered the most suitable site as the well-preserved surface with
negligible evidence of weathering (Figure 3). The site is close to the Mugirtepe fault scarp
studied [24,59]. The scarp of the Manastir fault was sampled in summer 2008 following
a similar sampling strategy by Mitchell et al. [16] (Figure 5). Two parallel vertical slots
spaced approximately 12 cm apart were cut to a depth of 3—4 cm into the scarp surface
using a hand-held circular saw with a diamond blade. The rock strip was then divided
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into 5-10-cm slabs perpendicular to the vertical slots. Finally, the sample slabs were broken
off with a chisel and hammer. Being vital factors for earthquake modeling, the scarp
geometry elements including scarp dip, scarp height, top surface dip, and colluvium dip
were determined in the field. Rock density and water content of the bedrock and colluvium
were also estimated, and colluvium density was measured in the field. In addition, top and
bottom positions of each sample were documented for modeling.

B v 00

Figure 5. Manastir fault scarp, view towards SSW with three sampling strips of MAN-A, MAN-B and MAN-C. Note:
lowest notch below MAN-B strip is not related to this study; Schematic sketch shows fault scarp with used parameters for
modeling. White dashed line represents the sampled surface.

Along the Manastir fault scarp, three sampling strips (MAN-A, MAN-B, and MAN-C)
that were spaced a few meters apart, were cut to cover the maximum height along the
scarp surface (Figure 5). We collected 87 samples, which covered approximately 7 m of
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the 12-m scarp surface height from the ground level; 36 samples were obtained from both
MAN-A and MAN-B, and 15 samples from MAN-C. In addition, the fault scarp geometry
parameters (i.e., scarp dip, scarp height, top surface dip, and colluvium dip, Figure 5) were
precisely measured in the field (e.g., [22,27,37]. In comparison, Akgar et al. [24] collected
44 samples along a ca. 2.7-m sampling profile of the 4-m high Mugirtepe fault scarp
(Figure 6).

Figure 6. Mugrtepe fault scarp, view towards south with two sampling strips of MUG-A and MUG-
B. The sampling has been done by [24]. Schematic sketch shows fault scarp with used parameters for
modeling. White dashed line represents the sampled surface.

3.2. Cosmogenic %°Cl Analysis

The samples collected from the Manastir fault were processed at the Surface Expo-
sure Laboratory of the Institute of Geological Sciences, University of Bern, following the
procedure reported by Stone et al. [70] and Ivy-Ochs et al. [71,72], and the isotope dilu-
tion method [72,73]. A full description of the standard protocol of the laboratory for 3°Cl
extraction from limestone samples is presented in previous publications (cf. [24,33,34]).
The total Cl and 3°Cl of the Manastir samples were measured at the TANDEM accelerator
mass spectrometry (AMS) facility at ETH Zurich. The calcium concentrations of individual
samples from Manastir as well as major and trace elements of five proxy samples were also
measured using inductively coupled plasma mass spectrometry (ICP-MS) at SGS Mineral
Services, Canada. In addition, we determined the calcium concentrations of the Mugirtepe
fault scarp from the study conducted by Akgar et al. [24].

3.3. Fault Scarp Dating Tool

To analyze the distribution of 3°Cl concentrations accumulated on the Manastir fault
scarp (MAN) and reanalyze the dataset for the Mugirtepe fault scarp (MUG), we applied
the computation code based on the Monte-Carlo method, which allows the reconstructions
of the time-slip histories of normal fault scarps through two separate stages of database
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building and data simulation [37]. In the database-building stage, the chemical composition
of the bedrock, sample positions, shielding of the scarp and colluvium are considered to
calculate the production of the isotope in every sample depending on fixed slip step and
rock erosion. Creation of the database improves time efficiency via the approximation of
pre-calculated isotope production during each round of simulation. The maximal erosion
rate was set to 15 cm kyr~! to provide some flexibility in the current analysis. In the
simulation stage, exposure histories are generated within an earthquake scenario based
on the number of earthquakes, earthquake ages, slip values, and erosion rates (cf. [33,34]).
Simulated 3¢Cl concentration of the samples are statistically compared with measured
concentrations taking into account the measurement errors of 3Cl, parent elements and
production rates (Tables 1-4). Following the preliminary simulation of the fault dataset,
we began our main simulations by entering an excessive number of earthquakes. After
identifying the most accurate number of events in terms of the lowest statistical criteria,
we modeled the time-slip histories using minimum 100,000 simulations to achieve the best
fit scenario based on one and two earthquake scenarios for the Manastir fault and one to
three earthquake scenarios for the Mugirtepe fault. In the FSDT code [37] “Beginning of
exposure” indicates the time when the 3°Cl starts to accumulate in the analyzed section of
the fault scarp at depth, but it does not refer to any exposure and/or any seismic event.
Thus, the analyzed strip is assumed to be still underground (e.g., covered by the colluvium)
at the beginning of cosmogenic 3Cl accumulation. The thickness of the overburden can the-
oretically be in the order of several meters. To avoid any confusion, in this paper we use the
term “beginning of accumulation”. It is important to note that the fault scarp dating process
only allows for the detection of large earthquakes with considerable displacement values,
thereby yielding a lower estimate of earthquake frequency (cf. [20,21,33,34]). Furthermore,
episodic earthquakes occurring within the uncertainty of the analysis are not identified
as a series of earthquakes but rather as a single event, which cannot be disentangled by
any code. This causes lower resolution of the older ages and larger slips [37]. The simula-
tion output is given as a plot of measured 3¢Cl concentrations against the sample height
along the sampled profile. Following a comparison of the measured and modeled 3°Cl
concentrations, the most realistic scenario is selected based on the lowest statistic criteria.

Table 1. Input parameters of the Manastir and Mugirtepe fault scarps for earthquake modeling.

Manastir Fault Mugirtepe Fault
Latitude 38°36.729' N 38°37.101' N
Longitude 27°17.917'E 27°18.498' E
Altitude 141 m 80 m
Scarp strike N88° E N65° W
Colluvium dip 5° 0°
Scarp dip 80° 52°
Top surface dip 30° 0°
Scarp height 1200 cm 415cm
Scarp rock density 24 g/cm? 24 g/cm?
Colluvium density 1.5g/cm? 14 g/cm®
Rock water content 0.1% 0.1%
Colluvium water content 1% 1%

Spallation on Ca: 48.8 + 3.5at g~ yr—! [70]
Spallation on K of 170 + 25 at g~ yr—! [74]
Spallation on Ti of 13 + 3at g~ yr~! [75]
Spallation on Fe of 1.9 + 0.2 at g~ 1 yr~1 [76]
Epithermal neutrons from fast neutrons: 760 + 150 n/g~! yr~1 [77]
Scaling scheme [78]
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Table 2. Cosmogenic nuclide data of the Manastir Fault scarp.

Top Bottom . 3607 % 36C1 . Cl Total
S:Imple Position Position Thzckl;ess ( 105C1fj ) Uncertainty C: Tota)l Uncertainty (Ca +) O (%) C(%)
ame (cm) (cm) am avg * (105 at/g) ppm. * (ppm) ppm.

MAN-AQ02 645 638 2.0 1.056 0.099 9.3 0.09 372,143 48.78 11.16
MAN-A03 638 631 2.0 1.114 0.046 9.9 0.10 346,429 52.13 10.39
MAN-A04 631 624 2.0 1.086 0.054 7.9 0.08 386,429 46.93 11.59
MAN-A05 624 617 2.0 1.056 0.045 11.2 0.11 372,143 48.78 11.16
MAN-A06 617 610 2.0 1.144 0.049 10.6 0.11 375,714 48.32 11.27
MAN-A07 610 603 3.0 1.154 0.055 9.3 0.09 346,429 52.13 10.39
MAN-A09 596 589 2.0 0.934 0.043 9.2 0.09 346,429 52.13 10.39
MAN-A10 589 582 2.0 0.905 0.048 10.6 0.11 373,571 48.60 11.21
MAN-A11 582 575 2.0 1.021 0.056 9.7 0.10 346,429 52.13 10.39
MAN-A12 575 568 2.0 1.055 0.044 9.5 0.09 373,571 48.60 11.21
MAN-A13 568 561 3.0 0.974 0.043 7.2 0.07 368,571 49.25 11.06
MAN-A14 561 554 2.0 0.840 0.037 54 0.05 362,143 50.08 10.86
MAN-A15 554 547 3.0 1.005 0.052 7.9 0.08 350,714 51.57 10.52
MAN-A16 547 540 2.0 0.880 0.040 8.3 0.08 370,000 49.06 11.10
MAN-A17 540 533 2.0 0.782 0.038 6.8 0.07 346,429 52.13 10.39
MAN-A18 533 526 2.0 0.827 0.036 57 0.06 346,429 52.13 10.39
MAN-A19 526 519 2.0 0.769 0.034 39 0.04 346,429 52.13 10.39
MAN-A20 519 512 2.0 1.053 0.054 59 0.06 360,714 50.27 10.82
MAN-A21 512 505 2.0 0.843 0.037 49 0.05 346,429 52.13 10.39
MAN-A22 505 498 2.0 0.796 0.042 10.7 0.11 346,429 52.13 10.39
MAN-A23 498 491 2.0 0.749 0.047 8.2 0.08 346,429 52.13 10.39
MAN-A24 491 484 3.0 0.871 0.054 8.7 0.09 346,429 52.13 10.39
MAN-A25 484 477 2.0 0.815 0.040 7.9 0.08 346,429 52.13 10.39
MAN-A26 477 470 2.0 0.774 0.039 8.4 0.08 346,429 52.13 10.39
MAN-A27 470 463 2.0 0.792 0.037 9.8 0.10 346,429 52.13 10.39
MAN-A28 463 456 2.0 0.854 0.071 10.2 0.10 369,286 49.16 11.08
MAN-A29 456 449 2.0 0.781 0.038 11.7 0.12 341,429 52.78 10.24
MAN-A30 449 442 2.0 0.747 0.035 10.0 0.10 345,000 52.31 10.35
MAN-A31 442 435 2.0 0.721 0.038 9.4 0.09 370,714 48.97 11.12
MAN-A32 435 428 2.0 0.795 0.042 10.0 0.10 354,286 51.11 10.63
MAN-A33 428 421 2.0 0.694 0.036 8.9 0.09 353,571 51.20 10.61
MAN-A35 414 407 2.0 0.800 0.045 13.5 0.13 317,857 55.84 9.54
MAN-A36 407 400 2.0 0.713 0.038 25.1 0.25 321,429 55.38 9.64
MAN-A37 400 393 2.0 0.696 0.035 21.5 0.21 320,000 55.56 9.60
MAN-A38 393 386 2.0 0.654 0.045 30.8 0.31 298,571 58.35 8.96
MAN-A39 386 379 2.0 0.565 0.031 13.2 0.13 337,143 53.33 10.11
MAN-BO1 379 372 3.0 0.777 0.047 10.7 0.05 345,000 52.31 10.35
MAN-B02 372 365.5 2.0 0.694 0.033 4.8 0.11 345,000 52.31 10.35
MAN-B03 365.5 357.5 2.0 0.714 0.038 11.3 0.13 338,571 53.15 10.16
MAN-B04 357.5 351 2.0 0.791 0.046 13.3 0.08 343,571 52.50 10.31
MAN-B05 351 343 2.0 0.604 0.033 7.6 0.07 347,143 52.03 10.41
MAN-B06 343 336.5 2.0 0.582 0.034 6.9 0.06 357,143 50.73 1071
MAN-B07 336.5 329.5 2.0 0.752 0.045 59 0.12 325,000 5491 9.75
MAN-B08 329.5 322 2.0 0.740 0.045 11.8 0.23 315,714 56.12 9.47
MAN-B09 322 314 2.0 0.664 0.040 23.1 0.18 315,714 56.12 9.47
MAN-B10 314 306 2.0 0.758 0.067 17.9 0.25 323,571 55.10 9.71
MAN-B11 306 298 2.0 0.504 0.036 25.2 0.21 317,857 55.84 9.54
MAN-B12 298 290.5 2.0 0.539 0.029 21.3 0.13 333,571 53.80 10.01
MAN-B13 305.5 296.5 2.0 0.572 0.031 13.1 0.09 341,429 52.78 10.24
MAN-B14 296.5 289.5 2.0 0.663 0.058 9.1 0.09 350,000 51.66 10.50
MAN-B15 289.5 282.5 2.0 0.516 0.029 8.7 0.08 325,000 54.91 9.75
MAN-B16 282.5 277.0 2.0 0.539 0.035 7.5 0.05 364,286 49.81 10.93
MAN-B17 277.0 270.0 2.0 0.659 0.055 49 0.10 352,143 51.38 10.56
MAN-B18 270.0 263.5 2.0 0.578 0.032 9.5 0.08 357,143 50.73 10.71
MAN-B19 263.5 257.5 2.0 0.596 0.033 8.0 0.10 346,429 52.13 10.39
MAN-B20 257.5 252.0 2.0 0.589 0.032 10.4 0.10 346,429 52.13 10.39
MAN-B21 252.0 230.0 2.0 0.614 0.042 10.2 0.10 349,286 51.76 10.48
MAN-B24 230.0 223.0 2.0 0.529 0.029 10.1 0.15 330,714 54.17 9.92
MAN-B25 223.0 216.0 2.0 0.546 0.045 15.4 0.12 350,714 51.57 10.52
MAN-B26 216.0 207.5 2.0 0.456 0.028 12.3 0.18 335,714 53.52 10.07
MAN-B27 207.5 201.0 2.0 0.499 0.029 17.7 0.14 324,286 55.00 9.73
MAN-B28 201.0 194.0 2.0 0.601 0.033 14.1 0.14 328,571 54.45 9.86
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Table 2. Cont.

Top Bottom . 3607 % 36C1 . Cl Total
S:Imple Position Position Th:ckl;ess ( 105C1fj ) Uncertainty C: Tota)l Uncertainty (Ca +) O (%) C(%)
ame (cm) (cm) am avg * (105 at/g) ppm. * (ppm) ppm.
MAN-B29 194.0 187.5 2.0 0.557 0.068 14.4 0.09 342,857 52.59 10.29
MAN-B30 187.5 180.5 2.0 0.483 0.028 9.3 0.08 353,571 51.20 10.61
MAN-B31 180.5 173.5 2.0 0.515 0.028 8.2 0.06 358,571 50.55 10.76
MAN-B32 173.5 166.5 2.0 0.713 0.071 6.1 0.11 343,571 52.50 10.31
MAN-B33 166.5 160.5 2.0 0.584 0.031 114 0.07 356,429 50.83 10.69
MAN-B34 160.5 153.0 2.0 0.497 0.026 7.0 0.03 378,571 47.95 11.36
MAN-B35 153.0 141.0 2.0 0.574 0.042 2.8 0.04 369,286 49.16 11.08
MAN-B37 141.0 135.0 2.0 0.612 0.053 42 0.09 342,143 52.68 10.26
MAN-B38 135.0 127.5 2.0 0.549 0.028 8.8 0.06 371,429 48.88 11.14
MAN-B39 127.5 120.0 2.0 0.498 0.027 6.1 0.08 365,000 49.71 10.95
MAN-CO01 105.0 101.0 2.0 0.535 0.030 8.4 0.08 346,429 52.13 10.39
MAN-C02 101.0 94.0 2.0 0.739 0.047 43 0.04 357,143 50.73 10.71
MAN-CO03 94.0 88.0 2.0 0.577 0.034 6.3 0.06 364,286 49.81 10.93
MAN-C04 88.0 81.0 2.0 0.515 0.039 12.5 0.12 344,286 52.40 10.33
MAN-C05 81.0 74.3 2.0 0.555 0.041 124 0.12 336,429 53.43 10.09
MAN-C06 74.3 67.5 2.0 0.245 0.020 6.7 0.07 346,429 52.13 10.39
MAN-C07 67.5 60.0 2.0 0.534 0.034 10.5 0.11 338,571 53.15 10.16
MAN-C08 60.0 52.0 2.0 0.540 0.043 54 0.05 368,571 49.25 11.06
MAN-C09 52.0 45.0 2.0 0.557 0.042 4.3 0.04 358,571 50.55 10.76
MAN-C10 45.0 36.5 2.0 0.544 0.044 9.1 0.09 354,286 51.11 10.63
MAN-C11 36.5 30.0 2.0 0.381 0.030 10.4 0.10 357,143 50.73 10.71
MAN-C12 30.0 21.0 2.0 0.511 0.035 12.1 0.12 355,000 51.01 10.65
MAN-C13 21.0 14.0 2.0 0.402 0.030 221 0.22 313,571 56.40 9.41
MAN-C14 14.0 6.5 2.0 0.399 0.033 26.0 0.26 297,143 58.53 8.91
MAN-C15 6.5 0.0 2.0 0.523 0.033 27.6 0.28 296,429 58.62 8.89
* Measured with accelerator mass spectrometry (AMS). t Measured with inductively coupled plasma mass spectrometry (ICP-MS).
Table 3. Cosmogenic nuclide data of the Mugirtepe scarp [24].
36C1
Sample Porop Bottom p s kness  %Cl*  Uncertainty ClTotal* S Tofal Cat ) c
Name osition Position (cm) (105 at/g) " (ppm) Uncertainty (ppm) (%) (%)
(cm) (cm) & PP * (ppm) PP
(105 at/g)

MUG-B01 267.5 262.5 2.0 4.512 0.125 12.5 0.12 383,571 49.69 11.51
MUG-B02 262.5 257.5 2.0 4.743 0.120 14.9 0.15 390,714 48.76 11.72
MUG-B03 257.5 250.0 2.0 4.245 0.321 14.2 0.14 382,143 49.88 11.46
MUG-B04 250.0 240.0 2.0 3.986 0.089 13.7 0.14 374,286 50.90 11.23
MUG-B05 240.0 2315 2.0 4.127 0.121 14.0 0.14 389,286 48.95 11.68
MUG-B06 231.5 226.0 2.0 4.121 0.088 13.0 0.13 352,857 53.68 10.59
MUG-B07 226.0 218.5 2.0 4.372 0.128 174 0.17 389,286 48.95 11.68
MUG-B08 218.5 210.0 2.0 4.114 0.104 11.0 0.11 400,000 47.55 12.00
MUG-B09 210.0 203.5 2.0 3.808 0.108 17.3 0.17 396,429 48.02 11.89
MUG-B10 203.5 196.5 2.0 3.649 0.133 16.6 0.17 383,571 49.69 11.51
MUG-B11 196.5 189.0 2.0 3.695 0.116 17.6 0.18 396,429 48.02 11.89
MUG-B12 189.0 181.5 2.0 3.626 0.125 14.0 0.14 396,429 48.02 11.89
MUG-B13 181.5 174.5 2.0 3.309 0.124 13.9 0.14 384286 49.60 11.53
MUG-B14 174.5 166.0 2.0 3.405 0.100 16.2 0.16 384,286 49.60 11.53
MUG-B15 166.0 157.0 2.0 3.328 0.125 17.7 0.18 384,286 49.60 11.53
MUG-B16 157.0 150.5 2.0 3.085 0.091 16.8 0.17 384,286 49.60 1153
MUG-B17 150.5 144.0 2.0 3.626 0.123 19.5 0.19 384,286 49.60 11.53
MUG-B18 144.0 136.5 2.0 3.209 0.140 16.3 0.16 384,286 49.60 11.53
MUG-B19 136.5 130.0 2.0 3.100 0.129 15.3 0.15 384,286 49.60 11.53
MUG-B20 130.0 123.5 2.0 2.762 0.095 13.7 0.14 384,286 49.60 11.53
MUG-B21 123.5 116.5 2.0 3.024 0.129 13.5 0.13 384,286 49.60 11.53
MUG-B22 116.5 109.5 2.0 3.004 0.119 12.3 0.12 384,286 49.60 11.53
MUG-B23 109.5 103.5 2.0 2.826 0.087 11.7 0.12 384,286 49.60 11.53
MUG-A01 122.5 117.5 2.0 3.287 0.100 14.2 0.14 382,823 49.32 11.59
MUG-A02 117.5 112.5 2.0 3.039 0.108 12.0 0.12 386,429 50.06 11.42
MUG-A03 1125 107.5 2.0 2.883 0.129 10.1 0.10 380,714 49.41 11.57
MUG-A04 107.5 101.5 2.0 2.902 0.085 12.3 0.12 385,714 48.39 11.81
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Table 3. Cont.

36C]

Sample P Top Bottom 1y s ness 36C * Uncertainty ~ Cl Total * Cl Total Cat o C
osition Position - Uncertainty o o
Name (cm) (cm) (cm) (105 at/g) (ppm) * (ppm) (ppm) (%) (%)
(105 at/g)
MUG-A05 101.5 96.0 2.0 2.899 0.109 10.8 0.11 393,571 4867 1174
MUG-A06 96.0 91.0 2.0 2.838 0.118 12.7 0.13 391,429 49.60 1153
MUG-A07 91.0 85.0 2.0 2.856 0.113 11.8 0.12 384,286 49.41 11.57
MUG-A08 85.0 79.0 2.0 2.726 0.083 10.1 0.10 385,714 49.60 1153
MUG-A09 79.0 73.0 2.0 2.803 0.108 113 0.11 384,286 4988  11.46
MUG-A10 73.0 66.5 2.0 2.448 0.105 114 0.11 382,143 50.71 11.27
MUG-A11 66.5 59.0 2.0 2.598 0.080 114 0.11 375,714 49.60 11.53
MUG-A12 59.0 51.5 2.0 2.665 0.098 11.5 0.12 384,286 49.78 11.49
MUG-A13 515 45.0 2.0 2.507 0.075 11.4 0.11 382,857 49.60 1153
MUG-A14 45.0 38.5 2.0 2.468 0.118 12.0 0.12 384,286 49.69 1151
MUG-A15 38.5 31.0 2.0 2.531 0.098 11.7 0.12 383,571 49.78 1149
MUG-A16 31.0 24.5 2.0 2.409 0.069 11.2 0.11 382,857 50.06 1142
MUG-A17 24.5 19.0 2.0 2.563 0.073 11.3 0.11 380,714 50.15  11.40
MUG-A18 19.0 13.0 2.0 2.626 0.102 11.1 0.11 380,000 50.25  11.38
MUG-A19 13.0 75 2.0 2.259 0.075 10.8 0.11 379,286 49.60 1153
MUG-A20 7.5 45 2.0 2.225 0.068 12.7 0.13 384,286 50.34  11.36
MUG-A21 4.5 0.0 1.0 2.540 0.091 12.7 0.13 378,571 51.64 11.06

* Measured with accelerator mass spectrometry (AMS). + Measured with inductively coupled plasma mass spectrometry (ICP-MS).

Table 4. Average chemical composition of the bedrock and colluvium of the Manastir (this study) and Mugirtepe (modified

after [24]) fault scarps used in earthquake modeling.

Fault Cl, ppm O, ppm C, ppm Na, ppm Mg, ppm Al ppm Si, ppm P, ppm K, ppm
Manastir 10.8 520,796 104,037 445 20,718 1398 4051 218 398
Mugirtepe 13.4 496,184 115,237 371 2593 344 491 196 166
Ca, ppm Ti, ppm Mn, ppm Fe, ppm B, ppm Sm, ppm  Gd, ppm U, ppm Th, ppm
Manastir 346,790 72 39 1022 34 0.24 0.7 1.16 0.18
Mugirtepe 384,123 30 39 210 1.5 0.05 0.025 0.565 0.05

Note: Cl is measured with accelerator mass spectrometry (AMS), the rest are measured with inductively coupled plasma mass spectrometry
(ICP-MS). Average chemical composition is determined from representative samples.

We reanalyzed the Mugirtepe fault data reported by Akcar et al. [24] using the
FSDT [37] by applying relatively more precise bottom and top positions of the samples
rather than their heights along the sampling profile. Moreover, the calcium concentrations
of the individual samples were used in the simulation. In this study, as we remodeled the
Mugirtepe fault, which was formerly examined by Akgar et al. [24] using the Schlagenhauf
et al. [22] code, it is useful to outline the main differences between the two modeling
strategies. With respect to cosmic ray shielding by the fault scarp, while the Schlagenhauf
code [22] applies scarp shielding only to neutron spallation, the FSDT code considers all
cosmogenic particles producing 3°Cl; that is neutron spallation, fast muons, and thermal
and epithermal neutrons (cf. [26,37]). In addition, in the Schlagenhauf code, one exponen-
tial simplification of muon attenuation is considered, whereas the FSDT approach uses the
full model by Heisinger et al. [79,80]. Moreover, considering the exact position of bottom
and top of the samples along the fault surface in FSDT is required to obtain more accurate
results in terms of distributions of particles at nodes of three-dimensional mesh. This
provides coverage of all possible positions of the sample strip to calculate the theoretical
36Cl, which might have been produced. Dimensions of mesh are considered as the depth of
sample perpendicular to scarp surface, the position of the samples along the fault surface
and the relative position of footwall and colluvium wedge. These differences affect the
model outputs with differences of a few percentage points. The FSDT code applies a
broad-ranging search for the optimal solution using the Monte-Carlo method. In addition,
despite both codes apply forward modeling, the FSDT method uses a two-step modeling
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process whereby a database is created during the first step, which has the advantage of
reducing the simulation running time.

4. Results
4.1. Cosmogenic 3°Cl Concentration Analysis

The fault scarp parameters used for the database and default rates of 3*Cl produc-
tion are presented in Table 1. The samples positions, thicknesses, cosmogenic 36C1 and
natural Cl values and uncertainties, calcium, oxygen, and carbon contents are provided in
Tables 2 and 3 for the Manastir and Mugirtepe faults, respectively. The average composi-
tions of major and trace elements of the bedrock and colluvium are listed in Table 4.

4.2. Time-Slip Histories of the Manastir and Mugirtepe Fault Scarps

Our best-fit model for the Manastir and Mugirtepe faults yields two and one earth-
quake(s), respectively (Table 5). The best-fit solution resulting from the simulation of the
Manastir dataset indicates seismic events at 3.5 & 0.9 ka and 2.0 & 0.5 ka, with the beginning
of accumulation at 8.8 ka (Figure 7). The modeled slips for these events are 3.3 4= 0.5 m and
3.6 £ 0.5 m, respectively. The Akaike information criterion (AICc) of this simulation was
444 .46, the weighted root-mean-square (RMSw) was 2.12, and the chi-square (x2) value was
4.91 (Table 5). The incremental slip rate of 2.2 mm yr~! is calculated for the time interval
between the first and second modeled earthquakes, and 1.8 mm yr—! between the second
earthquake and the present. The average slip rate of 1.9 mm yr~! is estimated based on a
6.7-m cumulative throw since the oldest modeled earthquake (Figure 8).

Table 5. Best fit results for the modeling of the Manastir and Mugirtepe fault scarps dataset.

Throw/Maximum

Beginning of Vertical IncrementalSlip Average
Fault Accumulation ~ Age (ka)  Slip (cm) . Rate Slip Rate X2 AICc  RMSw
Displacement 1 1
(ka) (mm yr-1) (mm yr-1)
(cm)
20+05 3.6+05 35+05 22

Manastir 8.8 354009 33405 32405 18 19 491 444.46 212
Mugirtepe 27.0 6.5+ 1.6 27+04 214+03 0.3 0.3 1.88 178.31 1.31

Note: Slip rates are calculated using the maximum vertical displacement (e.g., throw).

The re-analysis of the Mugirtepe fault data from Akgar et al. [24] showed a single
seismic event at 6.5 &= 1.6 ka, with the beginning of exposure at 27 ka and a vertical slip
of 2.7 £ 0.4 m (Figure 9). For this single-earthquake scenario, the best-fit (AICc) analysis
yielded a value of 178.31, RMSw a value of 1.31, and x? a value of 1.88 (Table 5). A slip rate
of 0.3 mm yr~! was calculated based on maximum vertical displacement divided by the
age of the modeled seismic event (Figure 10). Because the upper parts of both the Manastir
and Mugirtepe faults were not suitable for sampling, it should be noted that the number of
reconstructed seismic events is minimum.
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Figure 9. Best fit (filled circles) of the data for the samples from the Mugirtepe fault scarp with a
single seismic event model and beginning of 3**Cl accumulation ca. 27 ka. Dots with 20 uncertainties
are measured %°Cl concentrations. The arrow marks the colluvium positions before the modeled
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5.1. Plausibility of Earthquake Modeling

The modeling of seismic events associated with the Mugirtepe and Manastir faults
indicates that both faults slipped during the Holocene. As mentioned above, these faults are
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elements of the MFZ, therefore they must have moved in response to slip on this fault zone
at6.5 +1.6,3.5 £ 0.9 and 2.0 & 0.5 ka. The modeled seismic event at 6.5 & 1.6 ka is close to
that of the youngest earthquake modeled by Akcar et al. [24]. Based on the assumption that
the Manastir fault is the principal slip surface of the fault zone, we suggest that this event
(and probably the older one(s)) was recorded in the upper 5 m of the Manastir fault scarp.
We support this argument by comparing measured the cosmogenic °Cl concentrations
and timing of modeled seismic events of Manastir and Mugirtepe faults. The chemical
compositions of Mugirtepe and Manastir samples, especially “’Ca concentrations as the
main target of cosmogenic 3°Cl production, are very similar (Tables 2 and 3) and the longer
is the fault surface exposed, the more concentration of cosmogenic %Cl is expected. We
assume that the accumulation pattern of the measured cosmogenic *Cl concentrations on
the Manastir fault (Figure 7) is similar to the accumulation pattern on the Mugirtepe fault
(Figure 9). Therefore, we expect that the cosmogenic *Cl concentrations on the higher
unsampled surface of the Manastir fault (>6.5 m), if it was possible to measure, should
increase upscarp surface and be relatively close to those on the Mugirtepe fault scarp.
However, no chronology can be attributed to this unsampled section with a high degree of
certainty, owing poor surface preservation for sampling.

Here, we discuss the fault parameters that arise from our modeling by applying em-
pirical relationships (Table 6) that link the modeled earthquake magnitudes to the surface
rupture lengths and displacements [50,81,82]. Theoretically, the instantaneous rupture
of the entire 35-km-long MFZ would have required an earthquake with a magnitude of
approximately 6.9 and an average slip amount of 1-1.7 m regardless of modeling [50,81,82]
(Table 6). By considering Equation (6) in Table 6, the maximum slip of 3.1 m for MFZ was
calculated, which fits to the lower bound of modeled slip, though is the most appropriate
approach in this case. Therefore, our modeled slips of over 3 m can probably be explained
by at least two large-magnitude earthquakes (>6) occurring over a short time span within
the uncertainty of modeled ages. However, such concurrent earthquakes cannot be dif-
ferentiated by the FSDT or any other code or recognized as separate events (cf. [22,37]).
We assert the occurrence of clustered earthquake in a close time, because in addition to
theoretical calculations above, basically the amount of displacement close to tips of the
normal faults is smaller than that around the fault’s center (e.g., [83-85]). We propose that
the earthquakes that occurred in the MFZ triggered the synchronous displacement of all or
some of the main segments of the fault zone, including the Manastir master fault, which in
turn resulted in the exposure of secondary fault scarps such as the Mugirtepe.

Table 6. Regression of SRL (surface rupture length), magnitude (Ms/M) and vertical displacement
(MVD/MD) values calculated for the Manastir and Mugrtepe faults and the Manisa Fault Zone.

SRL/FL 35 km
Sin (6) = Maximum Vertical Displacement/Slip Manisa Fault Zone (avg. 0 = 60°)
Ms =0.9 x Log (SRL) + 5.48 6.9
501 Log (MVD) =1.14 x Ms — 7.82 MVD = 1.0; Slip ~ 1.3
M =4.86 + 1.32 x log (SRL) 6.9
(811 Log (MD) = —5.90 + 0.89 x M MD (Slip) = 1.7
Mw = 6.12 + 0.47 x log (SRL) 6.9
[82] Maximum Slip = 0.09 x SRL Maximum slip = 3.1
Average slip = 0.03 x SRL Average slip = 1.0

Note: The unit of slip, MVD and MD is in meters. MVD (maximum vertical displacement) is converted to slip or
MD (maximum displacement) by applying fault surface dip (sin (6) = Maximum vertical displacement/slip).

The time span of the modeled seismic events covers a part of the activity of the MFZ
during the Holocene, extending the seismic archives significantly beyond the historical
records. Indeed, the youngest modeled seismic event at 2.0 £ 0.5 ka temporarily coincides
with the most devastating historical earthquake in this region. Many ancient cities within
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the Manisa Basin and its environs were damaged or completely destroyed in 17 AD by an
earthquake with an intensity of IX [3] and a reconstructed Mw of 7.4 (e.g., [57]). Shortly after,
in 44 AD, another event with an intensity of VIII damaged the ancient cities of Magnesia
and Ephesus [66]. Considering the rough magnitude value of an earthquake possibly
sourced by the 35-km-long MFZ (Mw 6.9) and slip (1-3.1 m), we argue that the 17 AD
earthquake is a reliable candidate for the event at 2.0 &= 0.5 ka. The earthquake of 44 AD is
mainly attributed to rupture the southern faults close to Izmir and Kemalpasa (Figure 2);
Thus, the 3.6 £ 0.5 m rupture of the Manastir fault scarp is triggered by earthquake of the
17 AD event and probably a smaller unrecorded earthquake.

Our modeling did not yield any seismic event younger than 2.0 £ 0.5 ka. At least three
additional historical destructive earthquakes, which caused damages in the region, have
been reported: the 926 AD, 1595/1664 AD, and 1845 AD events (Figure 2). The epicenter
location of the earthquake of 926 AD similar to that of 44 AD appears to be associated with
the faults in the south. Moreover, the reconstructed epicenters of the 1595/1664 AD events
are located on the eastern part of the southern main boundary of the Gediz Graben and the
Izmir fault, respectively (Figure 2) [3,48,58]. In addition, the 1845 AD earthquake, with an
epicenter to the east of Manisa is not a definitive earthquake and considered as extreme
exaggeration of June 5, 1845 AD Izmir earthquake. The evidence of this event is missing
in the Church Missonary Society archives for 1845-46 AD damages of the Izmir-Manisa
region [1]. Ambraseys [1] states that this earthquake is only reported by Perrey [86], which
claims several weeks before July 23, Manisa was completely destroyed by an earthquake,
and this was accordingly reported in modern earthquake catalogues. The abovementioned
earthquakes must have initiated significant rupturing of nearby faults but, most likely,
negligible or zero rupturing of more distal faults, such as MFZ. However, these events left
evidence of liquefaction and lateral spreading in the colluvium in front of the Mugirtepe
fault; but their impact in terms of surface rupture or dip-slip displacement of the fault
is unclear owing to a lack of field data [59]. These findings could be directly related to
availability of organic material, however further discussion regarding the possibilities is
beyond the scope of this study.

5.2. Evolution of the Western Manisa Fault Zone

There is a dearth of information about the timing of the initiation of surface rupture
of the Manastir fault, which is the main and longest fault in the western MFZ. According
to radiocarbon dating of charcoal samples in palaeosol and bulk sediment samples from
the Emlakdere Formation, the progressive accumulation and tilting of the Emlakdere
Formation in front of the Manastir fault in the hanging-wall began ca. 19 cal kyr BP [59],
which can be considered as the lower bound for the initial surface rupture of the Manastir
fault (Figure 11). Deposition and progressive tilting of hanging-wall deposits are indicated
by diverse dip of bedding planes of the Emlakdere Formation. This syn-sedimentary
faulting continued until ca. 9 cal kyr BP based on the C age of a palaeosol sample
collected from the uppermost part of the Emlakdere Formation within the hanging-wall
of F1, where the dip-slip offset of Emlakdere block is a minimum of 12 m (Figure 11) [59].
The time span of sedimentation (from ca. 19 to 9 ka) in this area correlates with the timing
of Last Glacial Maximum (LGM) and Termination-I in the northern hemisphere [87-89],
when the rate of sedimentation is assumed to be rapid. This implies that the rupture of
the secondary faults in the Manisa basin (F1 to F4 including the Mugirtepe Fault) should
have initiated after ca. 9 ka. Based on these lines of evidence, we argue that activity of
F1, similarly to all the other secondary faults, are younger than surface rupture of the
Manastir fault.
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Radiocarbon ages are taken from study of Ozkaymak et al. [59], as ca. 19 and 9 cal kyr BP, representing the lowermost and

uppermost paleosols within the Emlakdere formation, respectively.

Back-tilting of bedding planes in the hangingwall of the faults, in general decreases
towards the basin. Accordingly, we plead that the closest faults to the Manastir fault
experienced most likely more earthquakes and higher subsequent slip than those close to
the basin. Among those, hangingwall of F2 accommodates the highest backtilting, while
the MUG and F4 are characterized by sub-horizontal bedding planes in their hangingwalls.
This reveals that most likely not all secondary faults are affected by seismic event simultane-
ously. Although F4 was not dated in this study, there is field evidence that a Late Holocene
alluvial fan is displaced by F4 (Figures 3 and 4). Though, we interpret that F4 was broken
by a younger activity than that of responsible for Mugirtepe fault rupture, presumably
synchronized with Manastir fault activity either at ca. 3.5 or 2 ka. The deformation of the
alluvial fan by F4, which overlies the Mugirtepe fault, assures that F4 ruptured later than
the Mugirtepe fault. This sequence of events might be a hint for the basinward migration
of the faulting. However, the evolution of the faulting in the Manisa Fault Zone remains
obscure and needs to be explored by additional dating studies.

Nevertheless, we propose that the Manastir and Mugirtepe faults could underwent
number of earthquakes between ca. 9 cal kyr BP and 6.5 & 1.6 ka. These should have
resulted in associated slips, which are obscured today in the poorly preserved upper 5 m
and 1.3 m of these faults. The seismic event at 6.5 £ 1.6 ka displaced the Mugirtepe
secondary fault by 2.7 4= 0.4 m, as revealed by our modeling (Figure 11). This event might
have occurred as two clustered earthquakes in the Manastir master fault that caused the
simultaneous displacement of the Mugirtepe fault, if this is true, these ruptures should
presumably be recorded in the current upper 5 m of the Manastir fault. At 3.5 &+ 0.9 ka,
the Manastir fault moved by 3.3 £ 0.5 m as a result of several subsequent earthquakes,
which appear not to cause any movement of the Mugirtepe fault. The Manastir fault
experienced another seismic event at 2.0 + 0.5 ka with a significant displacement of
3.6 £ 0.5 m (Figure 11), which we attribute to the destructive earthquakes of 17 AD and a
probable smaller event missing in historical records (Figure 11).
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5.3. Timing of Seismically Active Periods in Western Anatolia

Using fault scarp dating, we reconstructed the oldest discovered seismic event in MFZ
at 6.5 £ 0.5 ka followed by the subsequent event at 3.5 + 0.9 ka. The subsequent modeled
earthquake at 2.0 £ 0.5 ka temporally coincides with the 17 destructive earthquakes
recorded in the historic records.

We showed that MFZ was active during Holocene similar to other faults in the region
(cf. [33,34]). The 2.0 & 0.5 ka earthquake is highly concordant with the timing of the
youngest earthquakes discovered using fault scarp dating on the Yavansu, Priene-Sazli, and
Oren faults (Figure 1). In addition to the Rahmiye fault, all of these faults are considered to
have been activated in a close time by the modeled Manastir fault earthquake at 3.5 £ 0.9 ka.
Similarly, the timing of the reconstructed earthquake at 6.5 + 1.6 ka for the Mugirtepe
fault is compatible with the age of the reconstructed earthquakes of the Priene-Sazli
and Oren faults. Overall, our fault scarp dating shows that regional seismic activity
in Western Anatolia has a rhythmic pattern and is broadly characterized by clusters of
surface rupturing earthquakes with phases of high seismic activities with a recurrence
interval of ca. 2000 yr.

6. Conclusions

Fault scarp dating in the western MFZ has been observed to be a means of exploring
major earthquake events. We documented the occurrence of two and one seismic events,
respectively, for the Manastir and Mugirtepe faults as a component of the MFZ during
the Holocene. Each of these events is considered to result from clustered earthquakes
with the modeled displacements representing the cumulative slip due to these events. The
youngest of these events coincides with earthquakes documented in the historic record at
17. The reconstructed earthquakes associated with the Mugirtepe fault are interpreted to
have occurred as a consequence of activity on the Manastir fault. While both the Manastir
and Mugirtepe faults are tectonic, the former is considered to be seismogenic and the
latter non-seismogenic. Our results together with the geological and paleoseismological
investigations [59] demonstrate that in the western MFZ, the hangingwall of the master
Manastir fault experienced syn-depositional rotation during the Late Pleistocene-early
Holocene. Thereafter, secondary faults developed during the Early-late Holocene as a
consequence of repeated earthquakes. Our results can unfortunately not solve the growth
of the secondary faults. Whether they display a migration pattern or irregular rupture
pattern remains to be explored. Our findings are consistent with previous fault scarp dating
results from western Turkey [33-35]. This demonstrates the significant potential of this
method for deriving the critical parameters required for precise evaluations of seismic risk.
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Abstract: The Santis nappe is a complex fold-and-thrust structure in eastern Switzerland, consisting
of numerous tectonic discontinuities and a range of hillslopes prone to landsliding and large slope
failures that modify the topography irreversibly. A slope failure, namely the Sennwald rock avalanche,
occurred in the southeast wall of this fold-and-thrust structure due to the rock failure of Lower
Cretaceous Helvetic limestones along the Rhine River valley. In this research, this palaeolandslide is
examined in a multidisciplinary approach for the first time with detection and mapping of avalanche
deposits, dynamic run-out modelling and cosmogenic nuclide dating. During the rock failure,
the avalanche deposits were transported down the hillslope in a spreading-deck fashion, roughly
preserving the original stratigraphic sequence. The distribution of landslide deposits and surface
exposure age of the rock failure support the hypothesis that the landslide was a single catastrophic
event. The 3°Cl surface exposure age of avalanche deposits indicates an age of 4.3 + 0.5 ka. This
time coincides with a notably wet climate period, noted as a conditioning factor for landslides across
the Alps in the mid-Holocene. The contemporaneity of our event at its location in the Eastern Alps
provide additional support for the contention of increased regional seismic activity in mid-Holocene.

Keywords: Sennwald rock avalanche; cosmogenic nuclide dating; run-out modelling

1. Introduction

The Sennwald landslide is a rock avalanche associated with the Lower Cretaceous
Helvetic limestones in the southeast wall of the Sintis nappe along the Rhine River valley.
Similar catastrophic events constantly reshape the topography and permanently change
landscapes, constituting a threat for human life in mountainous terrains such as the Euro-
pean Alps [1-4]. Understanding the patterns, triggering factors and failure mechanisms of
landslides is a challenge, particularly for palaeolandslides as they exhibit insufficient topo-
graphic evidence to detect the fingerprints of landsliding [5]. It is well-known today that
several factors can provide favourable conditions for slope failures and increase in landslide
activity regionally, yet the final trigger is often strong ground shaking [2,6], or lengthy wet
periods associated with heavy rainfall or storm events [7]. Although individual research on
several landslides indicates both climate and seismic triggers, conditioning and triggering
factors for landsliding at an Alpine scale are still under debate [7-13]. To address this
problem and understand the landslide patterns, more palaeolandslide sites in the Alps
such as the Sennwald landslide should be examined with field mapping, geochronological
dating techniques and numerical modelling.

In the past decades, various types of landslides with different triggers have been
examined with the recent development of age determination techniques [11]. The first
dated catastrophic landslide using cosmogenic nuclides was the Koefels landslide in Aus-
tria [14,15], and it was followed by the Flims, Switzerland [16], and Fernpass, Austria [17],
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landslides. The investigation of landforms with dating techniques has contributed key
aspects in our understanding of spatio-temporal landslide distribution patterns and their
interaction with climate change in the Alps [9,11]. In particular, dating of mass move-
ments with volumes larger than one million cubic meters using one or a combination of
geochronological dating techniques brought a new dimension to the examination of past
occurrences and allowed us to forecast future trigger events with respect to their frequency
and size [5,11].

Earlier research showed that the inherited rock structure also plays an important
role in rock slope stability and occurrence of landslides in various tectonic scales [18,19].
The position and geometry of the hillslope, rock type, orientation of bedding and sliding
planes with respect to topographic surface and faults also influence the slope failure type
and behaviour [20]. Regarding the rock type, high water supply due to heavy rainfall
may result in fluid infiltration through faults and fractures [21] particularly in karstic
rocks. In rocks affected by karstification, the maximum fluid pressure on the clay and
mud permeability barrier on the sliding plane might generate gravitational catastrophic
failures [7]. Understanding the structural complexity and geology of slope failure therefore
is of great importance for modelling such occurrences with better accuracy. The modelling
of such rock failures should be supported with meticulous reporting of field mapping data
of both release and deposition areas. Mapping of landslide-related morphological features
such as toma hills or the distribution pattern of landslide deposits in the deposition area
is another key aspect in landslide research. A toma (i.e., cone-shaped hill) is a typical hill
structure at various sizes made of landslide deposits and commonly seen in rock avalanche
related events in the Alps [22]. Identifying such geomorphological features provides useful
information in establishing landsliding patterns on a regional scale.

In landslides, both the release and deposition areas, and hillslope morphology are
irreversibly affected in different ways depending on whether the landslide is triggered
by storm and rainfall events, or earthquakes [23]. The permanent change in the topog-
raphy can be identified for bedrock landslides triggered by different events at an orogen
scale [2,13,23]. Earlier studies established that the topographic fingerprints of storm- and
earthquake-related landslides can be distinguished with respect to the distribution of the
landsliding in the hillslope at the time of the failure, whether sliding material clusters
at ridge crests, toes of the hillslope or is uniformly distributed in the entire hillslope.
Most Alpine landslides have not been investigated in terms of the topographic fingerprint
identification for landslides with different triggers including the Sennwald landslide.

The Sennwald landslide area has been a site of curiosity for engineers and geologists
over the last few decades. This site has been studied by geological companies previously,
and they provided a good understanding of the subsurface of the landslide deposition
area by borehole data. However, the timing and run-out behaviour of this palaeolandslide
were not entirely investigated previously and there is a lack of a comprehensive field
mapping. To address some of these open questions, we introduce a multidisciplinary
examination of the Sennwald landslide with mapping of the landslide deposits, dynamic
run-out modelling using DAN3D and surface exposure dating using cosmogenic 3°Cl as
well as an analysis of potential triggers and causes of the landslide. We also present the
estimated landslide volume and role of the stratigraphic position in slope failure. We
believe that including this palaeolandslide in the inventory of Alpine landslides and rock
avalanches with volumes larger than one million cubic meters is quite essential, especially
with detailed field reporting and age control (i.e., cosmogenic nuclide dating). Additionally,
the landscape change in the hillslope and Rhine River valley with respect to erosional
processes and landsliding are explained in this work.

Tectonic Setting and Geology

The Sennwald landslide occurred in the Séntis nappe at the eastern end of the Helvetic
nappes, which formed as a result of collision between the European and Adriatic plates [24]
(Figure 1). The Helvetic nappe consists of allochthonous sediments on top that were
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overthrust in a northerly direction [25]. The entire nappe system was cut into two nappe
systems by a major thrust, namely the Glarus thrust; the upper Glarus known as the Santis
nappe and the lower Glarus nappe [26,27]. The Santis nappe is a complex fold-and-thrust
(i.e., anticline-syncline folding) structure with axial planes dipping dominantly NW-SE in
eastern Switzerland (Figure 1). It consists of numerous tectonic discontinuities [26,28,29]
that form a range of hillslopes prone to large slope failures. The parallel-striking thrust
and detachment faults of this complex structure caused propagation and folding mostly
following the same parallel trend as the mountain chain [28]. The internal variety of the
nappe structure is also due to the influence of numerous strike-slip faults and thrusts [28].

[ ] Molasse

[ | Penninics
Ultrahelveti

[ | Helvetics

—a Thrusts
— Major faults

Vit ey

Figure 1. Tectonic map of the Santis nappe including major tectonic structures and the landslide
release and deposition area. Location bar is shown in the top left corner with the Helvetic nappes
indicated with blue. Shaded relief image superimposed by a color-coded DEM (swissALTI3D) repro-
duced with the authorisation of swisstopo (JA100120). The tectonic map is modified following [28].

The release area of the landslide is within the Lower Cretaceous Helvetic limestones.
The simplified stratigraphic unit from bottom to top is Vitznau Marl, Betliskalk, Hel-
vetischer Kieselkalk, Drusberg Formation, Schrattenkalk, and Helvetischer Gault. The
stratigraphic description of each rock unit in the landslide area is given below.

e Vitznau Marl (Valanginian) [29] consists of mainly marly limestones and is a fossilifer-
ous and clay-rich unit at the base.

e  Betliskalk (formerly Valanginienkalk) [29] is mostly bio-pelsparites and biomicrites
with fine grain, brownish to greyish and weathered sand with chert nodules. The
weathering colour is grey. Betliskalk is stratigraphically on top of Ohrlikalk and
Vitznau-Mergel.

o  Helvetischer Kieselkalk (Valanginian-Hauterivian) [30,31] consists of siliceous limestone
from dark grey to bluish grey colour and is known to be rich in glauconite and pyrite.
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It shows a mixture of calcareous particles, calcified sponge spicules and detrital quartz
in a matrix of micritic to microsparitic calcite.

e Drusberg Formation (Barremian) consists of dark blue-grey calcareous shales regularly
alternating with thin-bedded light-brownish limestones. Drusberg layers represent
autochthonous fauna that consists of sponge spicules, echinoderm fragments and
some radiolarians [32]. Oysters and other bivalves, ammonites and nautilids are also
noted [33].

e Schrattenkalk (Early Barremian-Early Aptian) [34] is a grey to light grey marine lime-
stone with bioclastic wackestone-packstone, and well-sorted grainstones. Coral, rud-
ist, Nerinea, brachiopod, Porifera, Orbitolinid, echinoid, bivalve and brachiopod are
noted in Schrattenkalk [33]. In some parts, detrital quartz and sometimes brecciated
lithoclasts are seen in this formation.

e Helvetischer Gault (Late Aptian-Middle Cenomanian), Reference [29], also known as
Garschella Formation, consists of greenish to greyish glauconitic sandstones, marls
and nodular and sparitic carbonates. Ammonoids, bivalve, belemnite, nautilids,
brachiopods and planktonic foraminifera are identified.

2. The Sennwald Landslide
2.1. The Release and Deposition Areas

The examination of the release and deposition areas in the landslide site was conducted
with field mapping supported by the GIS analysis using high resolution (2 m 4 0.5 resolution)
swissALTI3D digital elevation models, local geological map of the Sintis sheet of the Swiss
Geological Atlas Nr. 78 with explanatory notes [35,36] and literature [26,28]. The analysis
of the stratigraphy and rock structure was also made available to provide an insight to
demonstrate the failure type of the landslide [37-40].

The cross section of the inherited rock structure shows that the dip angle of the
bedding plane of limestone units in the release area varies between 50-65° SE, and each
unit is parallel to each other (Figure 2). The dip angle of the sliding plane is also 50° SE,
which is almost parallel to the bedding plane. The parallel position of the bedding and
sliding planes to the surface topography is a major component that works for the favour of
slope failure as shown in Figure 2.

The landslide material covers an area of about 6 km? on the alluvial plain along the
Rhine River valley (Figure 3). Landslide boulders and blocks of different rock units from
the Lower Cretaceous Helvetic limestone are identified at various dimensions at different
locations in the landslide deposition site (Figure 4); 2 x 2 x 1 m? being the smallest and
9 x 8 x 7 m? the largest boulder. Most of them are covered with lichen and vegetation
(Figure 4). As mentioned in the introduction, several hill-like structures, namely toma,
are also observed in several locations in the alluvial terrace [41-43] (Figure 4). Tomas
are thought to have formed due to the interaction of the spreading moving mass with
the substrate in Alpine rock avalanche events. A wet alluvial substrate, as here in the
Rhine River plain, is especially conducive to the formation of such extensional surface
features [22].

Sediments of the post-failure ongoing erosional activity on the hillslope cover most of
the deposition area today. Soft sediments and loose material were continuously transported
from the mountain slope since the failure event forming alluvial fans and gullies at the toe
of the hillslope. Forestation and vegetation dominate the general landscape in the entire
landslide deposition area as well as swamps in places. Fourteen samples from limestone
boulders in the deposition area were collected during the field mapping for lithological
analysis and 3°Cl surface exposure dating (Figure 5). Further explanation on sampling and
sample processing is given in “surface exposure dating using cosmogenic nuclide 36Cl” section.
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Figure 2. Cross section across the southern wall of the Sintis nappe showing the sliding plane of the
Sennwald landslide (modified from [28]). Cross section line (A-A’) is shown in the Surface Map.
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Figure 3. (a) Deposition area of the Sennwald landslide (green-brown) shown in detail on a shaded black and white relief
image of Sennwald. (b) Transverse (blue lines) and linear (white lines) ridges indicate flow patterns. Shaded relief image
superimposed by a color-coded DEM 15 (swissALTI3D) reproduced with the authorisation of swisstopo (JA100120).
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Figure 4. Field photos showing landslide boulders of various size and surface features in the landslide deposition area.
(a) Left: 47°15'29 N-9°29'03 E, 559 m a.s.l., photo direction: 241°. Left top: Sample SW-13: 47°14/39.02 N-9°29'30.02 E,
442 m a.s.1., photo direction: 210°, boulder dimension: 2 x 3 x 1 m. Left bottom: Sample SW-1: 47° 15'05.72 N-9°29'54.74 E,
443 m a.s.l, Boulder dimension: 2 x 7 x 3 m. (b) Tomas located on the southwestern side of the landslide deposition area.
47°14/63.38 N-30 9°29'10.33 E, 447 m a.s.1,, photo direction: 210°.
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Figure 5. Surface map showing landslide deposits (grey), the dominant boulder lithologies in each sector (blue, yellow,
red, green and pink) in the deposition area and the sampling locations (black asterisks indicated with sample numbers).
Moderate earthquake epicentres (red asterisks) are also indicated. Altitude is given by colour code. Shaded relief image of
the Sennwald region superimposed by a color-coded DEM (swissALTI3D) reproduced by the permission of Swisstopo.
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2.2. Distribution of the Landslide Material in the Deposition Area

A comprehensive lithological identification of limestone units was necessary to under-
stand the post-failure distribution pattern of these units in the landslide deposition area.
The identification of different limestone units was made based on the textural properties of
each limestone unit with hand specimens in the field and thin sections under the micro-
scope (Figure 6). The textural and lithological properties are correlated with the published
data in the literature for cross validation (also see “tectonic setting and geology” section).
The examination of thin sections and hand specimens shows that five limestone units
were involved in the rock failure, namely (stratigraphically from bottom to top), Betliskalk,
Kieselkalk, Drusberg, Schrattenkalk and Helvetischer Gault (Figures 2 and 5).

Figure 6. Selection of thin sections from landslide deposits (A) Drusberg, sample no: SW-1. (B) Drusberg, SW-2. (C) Schrat-
tenkalk, SW-3. (D) Schrattenkalk, SW-4. (E) Helvetischer Kieselkalk, SW-7. (F) Schrattenkalk, SW-9. See also text.

Based on field observations, landslide deposits form radial and linear hills (i.e., lon-
gitudinal ridges) in plan view in the deposition area (Figure 3) (also see [12,44]). The
linear hills are orientated radial and transverse to the direction of the flow. Hills range
up to 5-10 m in height above the general ground surface. Further, the landslide material
deposited in a spreading-deck fashion, preserving the original stratigraphic positions be-
tween strata [45]. Blocks from stratigraphically the top layer (i.e., Schrattenkalk) in the
rock formation travelled the farthest, and blocks derived from stratigraphically the lowest
layer (i.e., Betliskalk) travelled the least during the landslide. This release pattern results
from shearing along boundaries between geological units (e.g., zones of weakness). This
information provides a good understanding for the slope failure pattern and distribution
of the landslide material.

The spreading-deck distribution of the landslide deposits might also indicate a single
and rapid failure. If the failure would have occurred in multiple events, limestones of
various lithological units would form an irregularly distributed mass of lithologies in
the deposition area rather than forming a pattern preserving the original stratigraphic
position after the failure. Some irregularly distributed smaller rock bodies of different
limestone lithologies are found in the landslide deposition site, which might contradict the
spreading-deck distribution style hypothesis of the landslide material. However, this might
be due to the rapid movement of the rock mass which entangled and dragged relatively
smaller limestone blocks of different lithologies.
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2.3. Cross Profiles for the Release and Deposition Areas

Previously produced cross section of the landslide deposition area based on bore-
hole data [46] shows earlier depositional environments in the landslide deposition area
(Figure 7). These data provide useful information for our understanding of the past land-
scape and sediment transport dynamics from the hillslope to the valley as well as the
impact of landsliding on reshaping the topography.
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Figure 7. Cross section of the landslide deposition area. Cross section line (B-B’) and boreholes are shown in Figure 5.
Modified after [46].

After slope failure, the rapid mass movement in Sennwald changed the morphology
of the Rhine River valley as landslide deposits ploughed into the existing pre-landslide
Rhine gravels and fluvial /lacustrine sediments. Similar events, where landslide deposits
block river valleys and change fluvial regimes, are addressed with case studies in the
literature [47,48]. Consequently, the river channel shifted towards E-SE, which enabled
post-landslide Rhine gravels to be deposited along the present-day riverbank and the
channel (Figure 7).

As shown in the cross section, the debris spreads over fluvial and lacustrine sedi-
ments during the landslide event. Afterwards, younger fluvial sediments continuously
accumulated on landslide deposits around the present-day valley channel. These marked
fluvial fluctuations below and above the landslide deposits indicate an ongoing sediment
discharge and load levels of the Rhine River for that time. The slope material (i.e., al-
luvial fan and debris flow) both below and above the landslide deposits indicates pre-
and post-failure ongoing erosional processes (i.e., annual sediment transfer via mountain
creeks). The borehole data indicates some sediments with unknown thickness of lacustrine
environment below the fluvial and lacustrine sediments, possibly indicating that the valley
floor used to be lacustrine environment with transitions to delta and fluvial environments
before the landslide event. This information is also consistent with suggested palaeo-lake
and -river levels of Quaternary valleys in northern and eastern Switzerland [49].

Extensive work to reconstruct the shape of the overdeepened valleys in the Swiss Alps,
formed during the course of glacial/interglacial cycles, provides a good overview of solid
rock surface-Quaternary cover boundaries [50,51]. Despite the lack of seismic reflection data
in the Sennwald area [52,53], the bedrock surface-Quaternary cover boundary (i.e., depth
of the rock surface) for the Sennwald area along the Rhine valley is fairly well-known
based on both the reconstructions mentioned above (Figure 8). The geological cross section,
which shows the complexity of the rock structure, was made available based on the local
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geological map, the Séntis sheet of the Swiss Geological Atlas No. 78 [35,36]. As shown
in the geological cross section and indicated in those overdeepening reconstructions, the
bedrock in the region of the landslide is 10-50 m below the ground surface.
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Figure 8. Séntis geological cross section—bedrock surface and Quaternary deposits boundary. Cross section line C-C’ is
shown in Figure 1. Modified after [36].

3. Surface Exposure Dating Using Cosmogenic 3¢Cl

Sampling locations for cosmogenic nuclide dating (Figure 5) were chosen uniformly in
the deposition area to evaluate the surface exposure age distribution of landslide boulders.
Following the sampling with criterion given by Ivy-Ochs and Kober (2008) [54], samples
were prepared as suggested by Ivy-Ochs et al. (2004) [55]. Total Cl and 3°Cl were deter-
mined at ETH AMS facility with isotope dilution methods as suggested in the literature [56].
The ETH internal standard K381 /4N with a value of 17.36 x 10712 is used to normalise
36C1/35Cl ratios, and the stable 37Cl1/3°Cl ratios are standardised to the natural 3Cl/35Cl
ratio 31.98% [57,58]. Surface exposure ages are calculated with a numerical code [59]. The
production rate of 54 + 3.5 36Cl atoms g(c,) ~'yr~! defined for limestones, with a muon
contribution of 9.6%, is used for exposure age calculations [60,61]. We used a surface
erosion rate for karstified limestones of 0.5 cm/ka for all samples [62—64].

Cl concentrations vary between 4.45 ppm and 19.56 ppm as shown in Table 1. These
are rather low total Cl concentration values, which means that the production of 3Cl was
dominantly from Ca. Thus, the low energy neutron capture 3°Cl production pathway was
negligible. The elemental analysis (XRF) is performed to reveal the trace and major element
concentrations, and thus the influence of major and trace elements to 36C1 production. The
results of XRF analysis also show that trace element concentrations are not significant in
36Cl production in our samples (see Appendix A Table A1). Samples SW-5, 6, 7 and 8
(i.e., rocks of Helvetischer Kieselkalk) showed no reaction with the 2M nitric acid (HNO3).
Therefore, these four samples were not considered for further procedure.

191



Geosciences 2021, 11, 331

Table 1. AMS-measured %*Cl concentrations and exposure ages with error margins for the Sennwald landslide.

S(a:r(r)lgele Ele(‘:lt)ion Latitude Longitude Shielding At:;(s:}gl[l):ock Cl(ipr;i(;d( Exp(()\s{z::;;&ges
SW-1 443 47.2516 9.4985 0.992 0.112 £ 0.015 45401 3850 =+ 520
SW-2 446 47.2530 9.4970 0.991 0.065 = 0.005 19.6 £0.2 2340 + 120
SW-4 439 47.2484 9.5017 0.985 0.151 = 0.008 9.7+02 5030 =+ 310
SW-9 445 47.2415 9.4900 0.990 0.197 £ 0.012 13.6 £0.3 6480 =+ 440
SW-10 503 47.2582 9.4910 0.980 0.140 £ 0.007 13.1+£0.2 4360 =+ 260
SW-12 446 47.2458 9.4858 0.990 0.114 + 0.006 11.5+£0.2 3770 £ 220
SW-13 442 47.2442 9.4917 0.990 0.130 + 0.007 16.0 £0.2 4210 + 260
SW-14 443 47.2439 9.4952 0.990 0.142 £ 0.007 15.5 £0.2 4440 £ 250

The mean °Cl surface exposure age is 4.3 ka with a mean error margin +0.5 ka. Cal-
culated ages show a uniform distribution in the deposition area with similar ages ranging
from 3.7 ka to 5.0 ka except for two samples. Sample SW-2 reveals a relatively shorter
exposure age, 2.3 & 0.1 ka, whereas sample SW-9 reveals a longer exposure age, 6.5 & 0.4 ka.
SW-9, Helvetischer Gault stratigraphically the top layer, was possibly exposed to cosmic
rays previously due to its position on the hillslope before the rock failure. The surface
exposure age of sample SW-10, Betliskalk (stratigraphically bottom layer), is 4.4 & 0.3 ka.
This indicates that samples (except for SW-2 and 9) show similar surface exposure ages
regardless of their (i) distribution in the deposition area and (ii) original stratigraphic posi-
tion on the hillslope. The similarity of exposure ages provides support for the hypothesis
that the Sennwald landslide was a single rock failure.

The mean surface exposure age is also in agreement with the C age, 4150 4 80 #C yr [65],
which we calibrated using OxCal online v4.2.4 [66,67]. Our calibration of *C ages from
previously dated wood pieces taken from the 21-21.5 m depth of borehole VI-21 (for
borehole location see Figures 5-7) reveal 48524442 cal BP with 95.4% probability. The
consistency of surface exposure ages and radiocarbon age also supports the single rock
failure hypothesis.

4. Dynamic Run-Out Modelling
4.1. Pre-Failure Topography and Volume Estimation

Reconstruction of the pre-failure topography is a key step for volume estimation and
dynamic run-out modelling. Our reconstruction of the pre-failure surface is based on
the modern topography in the release and deposition areas with fieldwork observations,
thickness estimates from the borehole data and GIS examination. The borehole data and
our field measurements show that present-day maximum elevation in the deposition area
is 460 m a.s.l.,, and the average thickness of the landslide deposits is ca. 35 m a.s.l., whereas
the maximum thickness is ca. 85 m a.s.l. This shows that the maximum elevation of the pre-
failure topography in the deposition area in the Rhine Valley was 425 m a.s.l. Furthermore,
using the borehole data, reconstruction of pre-failure elevations and boundaries of the
deposition area was made with transitional steps as we adjusted each chosen point based
on each neighbouring point accordingly.

For the reconstruction of the pre-failure topography, we estimated the volume of
the landslide material by subtracting the reconstructed pre-failure topography from the
post-failure (present) topography using the borehole data. The subtraction between the
pre- and post-failure topographies reveals the height difference (i.e., deposit thickness).
The estimated volume of landslide material in the deposition area is 123 million m® and
92 million m? in the release area. About 25% of fragmentation bulking factor was calculated
following the volume estimates for the deposition and release areas. The bulking factor
describes the volume increase due to material dispersion or incorporated material during
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the run-out on a rock failure and is often suggested to be between 25-30% for similar rock
movements [68-70].

4.2. Run-Out Simulation

The numerical run-out modelling is performed for the Sennwald landslide using a
dynamic simulation modelling software, namely DAN3D, which is generated for mass
movements such as landslides and debris flows [71]. DANS3D is a well-tested tool used
for constructing landslide events by simulating the landslide material like a flowing rock
avalanche [70,72-76]. The software works on the basis of certain inputs such as the elevation
and rheology of rock [71]. The purpose of dynamic modelling is to understand the run-out
behaviour, acquire and compare landslide deposit thickness with our estimates and confirm
our single rock failure hypothesis.

Parameters used for the landslide simulation following criteria in the literature (Refer-
ences therein [70]) have been listed alongside the modelling results in Table 2. We assumed
a unit weight of 24 kN m~3 for limestone to perform the modelling in DAN3D. Rheology
parameters such as the internal friction angle (which affects the degree of the spreading
material) and the friction angle (which represents the basal flow resistance) have been
adjusted by trial-and-error to find the best fit for the total run-out distance and lateral
spreading of the landslide material in the deposition area [77]. We set the basal friction
angle to 16° and internal friction angle 30° after numerous trial runs. The basal friction
angle that we applied is within the range of commonly used values for rock avalanches on
the basis of earlier research [73,77] (also see [70]).

Table 2. Parameters used for run-out simulation and results.

Parameter Value
Release volume 92 x 106 (m°)
Deposition area 6 (km?)

Unit weight for limestone 24.0 (kN/m?)
Internal friction angle 35(°)
Coefficient of friction 0.25

Mean velocity 50 (m/s)

Max-min thickness 60-20 (m)

Plan travel distance 1611 (m)
Total emplacement time 150 (s)

Figure 9 shows the visual run-out modelling results of selected time-steps with simu-
lated deposit thicknesses and landslide deposition area. The landslide run-out direction is
to the southeast. The duration of the simulated run-out is 150 s. The maximum velocity is
93 m/s, and mean velocity is approximately 50 m/s. From the top of the hillslope to the
farthest point that landslide deposits reached is 4500 m.

The mean deposit thickness retrieved from the simulation, 24 m a.s.l,, is within the
expected range of present-day mean thickness in the deposition area measured from
the borehole data. Although, the observed mean deposit thickness spatially varies in
the deposition area and is slightly greater than the simulated deposit thickness. The
thickness variation in observed deposits could be explained by inherited pre-existing
morphological features of the pre-landslide topography and estimated bulking factor
(i-e., 25%). Additionally, simulated deposits show a more evenly distributed pattern, since
DANS3D simulates landslide deposits like a whole flowing material. To partially justify
these differences, simulated and estimated velocities have been compared. The minimum
velocity (v,,;,) required to reach the observed runup height (/1) has been estimated following
the equation below [78]:
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Umin = \/ (zgh)

where g is gravitational acceleration, and / is the observed maximum deposits thickness
(h =85m). Our estimated v,,;, is 41 m/s, which agrees well with the simulated model
velocity of 50 m/s. This shows that the simulated velocity and deposit thickness are
consistent with our predicted model and observed thickness.

Figure 9. Dynamic run-out modelling showing the thickness of landslide deposits with selected time steps. The dotted

area indicated the landslide deposition area determined using DEM in support of field observations. DAN3D numerical
modelling code after [71,73].

The lateral spreading of simulated landslide deposits does not entirely resemble the
field observations in given time-steps in Figure 9. This difference between the simulated
and observed extents is partly due to the bulking factor. DAN3D does not take the bulking
factor into account for simulation. Therefore, the spread in the present-day topography is
greater than the simulated results. Additionally, there were artefact deposits that move
independently from the defined run-out path in the simulation particularly after 90 s (also
see [76]). Therefore, only representative visual results have been shown in Figure 9. These
artefacts are due to the adjustable parameters (e.g., stiffness coefficient, margin cut-off
thickness) within the code to provide flexibility to modify the simulation until the best fit
is found, and they, in fact, do not indicate any change in the volume. Overall, the results
of our run-out simulation support the hypothesis of a catastrophic single failure for the
Sennwald rock avalanche.

5. Discussion: Potential Triggers

Examining the spatio-temporal clustering of landslides of similar size is a key aspect
for a better understanding of potential enhancing causes of landslides in the context of
Alpine (palaeo)landsliding, such as the Sennwald landslide. Most palaeolandslides in the
Alpine setting had previously been associated with the after effects of the last deglaciation
(i.e., after around 18,000 years ago) before geochronological dating techniques have been
widely used [79]. However, examination of around 40 landslides with dating techniques
in the Alps showed that they in fact occurred within two periods; around 11—9 ka year
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(i.e., within the Preboreal period) and around 5—3 ka year (i.e., within the Subboreal period)
(Figure 10) [7,12]. In addition, two major climate fluctuations are identified at a European
scale: (i) the mostly dry period at 8.2 ka and (ii) the period of long-lasting heavy rainfall
at 4.2 ka [80]. Based on 3°Cl and 1#C data in our work, the Sennwald landslide occurred
at 4.3 £ 0.5 ka, which shows a link with this suggested heavy rainfall period. Although
there is a debate for the 4.2 ka period as a trigger for mass movements (see [7]), the remote
spatial distribution of similar landslide events in various geographical locations in the Alps
around this time [12] indicates a climate change influence possibly as a conditioning factor.
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Figure 10. Spatio-temporal distribution of Alpine palaeolandslides shown with instrumental and historical earthquakes
epicentres indicated with red circles [81,82]. Circle size indicates the magnitude of the earthquake. Landslides are listed from
the oldest to the youngest as follows: around 11-9 ka (blue star): Prattigau 11.5-10.3 ka [83], La Clapiere 10.7-7.1 ka [84,85],
Klein Rinderhorn and Daubensee 9.8 ka [70], Koefels 9.5 ka [86], Flims 9.4 ka [87], Tamins 9.4 ka [12], Hochmais 9.3-8.2 [88],
Rognier 8.8 ka [89], Obernberg 8.6 ka [90]; around 5-3 ka (green rectangular), Haiming and Vig Vigaun (after [91]),
Sechilienne 6.4-0 ka [92], Marocca Principale 5.3 ka [12], Multiple landslides 5.1-3.3 ka [7], Malbosc 5.0-3.0 ka (Braucher,
unpublished; from [7]), Lauvitel 4.7 ka [93], Eibsee 4.1 ka [94], Fernpass 4.1 ka [17], Hintersee 3.8 ka [95], Tumpen 3.6 ka [88],
Kandertal 3.2 ka [96], Tschirgant 3.0 ka [97], Molveno 4.8 ka [98], Lavini di Marco 3.0-0.8 ka [58], Oeschinensee 2.3 ka [99];
historic landslides (yellow triangle), Matrei, Disentis, Castelpietra, San Giovanni, Masiere di Vedana and Val Pola (after [91]),
Fadalto 365 CE [100], Varini 565-970 CE [101], Kas 1100 CE [12], Dobratsch 1348 CE [102], Diableret 1714, 1749 CE, Borta
1692 [103], Goldau 1806 CE, Elm 1881 CE, Vajont 1963 CE, Randa 1991. Multiple events are also shown: Obersee 13.4-5.1,
7.7-3.6 ka [76], Le Pra 12-11, 9-7, 5.0-2.5 ka [104], Les Arcs 11-8.5, 5.5-3.2 ka [105], Cortina and Corvara 10.7-8.4, 8.2-6.9,
5.8-4.5, 4.0-2.1 ka [10], Falli-Holli 10-9, 5.5-3.2 ka [93]; and landslides with unknown ages (light blue hexagon), Sierre,
Engelberg, Klontal. Hillshade map based on Swisstopo (JA100120).
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In Sennwald, landslide deposits were stratigraphically on top of the Vitznau Marl
(i.e., the sliding plane of the landslide), a Valanginian clay-rich limestone-marl alterna-
tion [29], on pre-failure state (as indicated in the “tectonic setting and geology” section). Clays
are the weakest and most unstable material on slopes at >10° angle due to the parallel
internal realignment of the clay particles which reduces the internal friction over time. The
contact between this unstable barrier and weakened (i.e., karstified) limestone package
might have prepared the conditions for a slope failure with the presence of water possibly
with heavy rainfall influence. It should be noted that heavy rainfall periods should occur
over a long period of time to be considered as a trigger or enhancing factor for such large
landslides [10,106]. As pointed out, mid-Holocene climate changes have had significant
effects on hydrological processes in Europe [107,108], influencing the European Alps as a
trigger or enhancing factor for large landslides [7].

Although spatio-temporal clustering of landslides is well-identified at an Alpine scale,
especially with the research on the past few decades, seismic triggers leading to large-scale
slope failures remain not fully understood. Earthquakes may influence the slope stability
reportedly in a number of ways based on field research in various landslide sites since
the 18th century [6]. Earlier research suggested a link between landsliding and periods of
increased neotectonic activity in Eastern Alps in the mid-Holocene [9,13]. Moreover, it is
not impossible to associate palaeolandslides with earthquakes using historical earthquake
data or seismic interpretation and core analysis on specific layers in lake sediments (see
Figure 10) [109,110]. In a recent study, a spatial correlation between large rock avalanches
(i.e., Eibsee and Fernpass) and the largest palaeoearthquake imprints recorded in the lakes
was made in the Eastern Alps corresponding to 4.1 + 0.1 ka BP [13]. This site is about
100 km away from Sennwald. In fact, moderate earthquakes occur around Sennwald
even today (Figure 5) [111,112]. The earthquake catalogue [81,82] shows several moderate
earthquakes (My, = 4-5) with 5-10 km depth associated with the Santis Thrust in Sennwald
(Figures 5 and 10). The spatio-temporal contemporaneity of the Sennwald landslide with
other palaeolandslides in the Eastern Alps support our hypothesis for an earthquake-
triggered landslide.

The inherited rock structure plays an important role in rock slope stability and oc-
currence of rock slides as shown in earlier research [18,19]. The position of the hillslope,
orientation of bedding and sliding planes and lithological differences may also contribute
to the rock failure in various mountainous settings. The vulnerability to fragmentation
has mostly been observed in large earthquake-related areas with thrusting, and it espe-
cially increases in slopes located on the hanging wall of fault systems [113]. The landslide
material in Sennwald similarly originated from the hanging wall (Figure 2) of the Séantis
thrust during the rock failure. The seismic shaking most likely caused the reduction of the
frictional strength along the southeast dipping sliding plane (i.e., almost parallel to the
southeast dipping hillslope) in the hanging wall. Therefore, it was crucial to examine the
rock structure and geology with meticulous field mapping for a better understanding of
our landslide event.

Furthermore, examining the topographic fingerprints of landslides is of importance
to understand landsliding patterns and map palaeolandslides with far greater accuracy
and in far greater numbers by using topographic as well as image data. Previous studies
statistically examined topographic fingerprints of various landslides associated with cli-
mate and earthquake triggers on hillslopes, and they identified different patterns for storm
and seismic shaking related events [2]. For example, as mentioned in the introduction, it is
suggested that slope failures related to permafrost degradation would have high elevation
release areas [114,115], whereas earthquake-triggered landslides may have their bedrock
niche along ridge crests (seismic amplification) rather than down in the slope [23]. Heavy
precipitation related landslides are expected to originate lower down in the slope [23],
and rainfall-induced landslides may originate from the entire slope [2]. These landslide-
trigger patterns provide useful insights to distinguish earthquake-triggered landslides from
climate-triggered landslides. Our observation on present day topography and analysis
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on the position of rocks in the pre-failure state with respect to surface topography in the
hillslope shows that the landsliding was originated in the ridge crest on the entire slope
where the susceptibility to slope failure was greatest. This might support our hypothesis
that the Sennwald landslide was possibly linked to heavy rainfall as an enhancing factor in
a period of increased earthquake activity.

6. Conclusions

This research is a multidisciplinary examination of a palaeolandslide-related surface
change in the southeast slope of the Siantis nappe in eastern Switzerland. The detailed
investigation of the time, failure and run-out behaviour of the Sennwald palaeolandslide
in this overdeepened Alpine valley are presented for the first time in this work.

Our analysis indicates that the orientation of the bedding and sliding planes worked in
the favour of rock failure in Sennwald. Surface exposure ages, performed using cosmogenic
nuclide 3°Cl from eight samples in the landslide deposition area, reveal that the rock failure
occurred in the mid-Holocene with the calculated mean age of 4.3 £ 0.5 ka. The radiocarbon
dating age, ca. 4.9—4.4 ka cal BP, supports the surface exposure age of the rock failure. The
numerical 3D simulation of the landslide, made based on estimated volume, slope angle
and friction angle, shows that 92 x 10° m® of material moved down the slope in 150 s. The
landslide material travelled ca. 2000 m with a maximum velocity of 93 m/s and currently
covers an area of about 6 km? in the deposition area.

The spreading-deck-like release mechanism of the landslide material with almost
preserved stratigraphy, results of the DAN3D simulation and the uniform distribution
of surface exposure ages in the deposition area support the single-failure hypothesis.
The topographic fingerprint of the Sennwald landslide points out earthquake and heavy
rainfall influence. Coincidentally, the time of the rock failure corresponds to the increased
neotectonic activity in Eastern Alps, which increases our confidence for the hypothesis
that the Sennwald landslide was associated with earthquake activity during a heavy
rainfall period.
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Appendix A

Table Al. XRF results for chemical compounds with LOI corrected values and trace elements with LOI corrected values
used in the age calculations.

Sample SW-1 SW-2 SW-4 SW-9 SW-10 SW-12 SW-13 SW-14
SiO, 1.32419 11.614 0.69853 0.86071 0.8894 0.71356 1.1239 1.36607
TiO, 0.00909 0.02581 0.01176 0.00905 0.00905 0.00846 0.0085 0.0161
Al,O3 0.09483 0.58497 0.09747 0.09896 0.09505 0.10379 0.08502 0.24805
Fe, O3 0.75522 0.35147 0.10195 0.1295 0.14201 0.16358 0.13262 0.1437
MnO 0.01249 0.00983 0.0028 0.00509 0.00679 0.00395 0.00397 0.00477
MgO 0.26518 0.46577 0.29073 0.55647 0.47695 0.38245 0.47098 0.4973
CaO 54.896 48.0414 55.3741 55.383 55.4178 55.5288 55.3443 57.7568
Na,O 0.09767 0.02458 0.01008 0.02092 0.03621 0.01072 0.05214 0.01491
KO 0.02385 0.14624 0.01568 0.02036 0.02207 0.01861 0.02154 0.05188
P,0s5 0.00738 0.02581 0.01008 0.01357 0.01075 0.01015 0.017 0.00716

Cry,O3 0 0 0 0 0 0 0 0.00012
NiO 0.00137 0.00127 0.00113 0.00096 0.0011 0.00133 0.00125 0.00122
LOI 43.7522 38.4559 44.4527 43.8691 43.8288 44.0069 43.77 40.6972
Total 101.239 99.7471 101.067 100.968 100.936 100.952 101.031 100.805

B 0.00000 0.00000 0.00000 0.00000 0.00030 0.00030 0.00030 0.00030
Sm 0.00000 0.00000 0.00000 0.00000 0.00006 0.00006 0.00004 0.00004
Gd 0.00000 0.00000 0.00000 0.00000 0.00006 0.00006 0.00005 0.00005

18] 0.00000 0.00000 0.00000 0.00000 0.00040 0.00040 0.00050 0.00050
Th 0.003210 0.003310 0.003940 0.003490 0.000020 0.000020 0.000050 0.000050
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Abstract: We applied a multi-method approach to reconstruct the Gorte rock avalanche (85-95 Mm®)
located at the northeastern end of Lake Garda. The combination of field mapping, characterization
of bedrock discontinuities, Dan3D-Flex runout modeling and dating of boulders with cosmogenic
36Cl supports the conclusion that the deposits stem from a single rock avalanche at 6.1 4 0.8 ka. The
Gorte event may have triggered the Spiaz de Navesele-Salto della Capra landslide (3.2 Mm?), whose
deposits cover the southern end of the Gorte deposits. First-order controls on detachment were the
NNE-SSW- and WNW-ESE-oriented fractures in the limestone bedrock, related to the Giudicarie
and Schio-Vicenza fault systems, respectively. Dan3D-Flex runout modeling sufficiently reproduced
the Gorte rock avalanche, which involved detachment and sliding of a quasi-intact block, likely along
marly interbeds, followed by rapid disintegration. The frictional rheology in the source area and
the turbulent frictional rheology (Voellmy) in the remaining part best replicate the observed deposit
extent and thickness. Heavy precipitation that occurred at that time may have contributed to failure at
Gorte. Nonetheless, its timing overlaps with the nearby (<15 km) Dosso Gardene (6630-6290 cal BP)
and Marocca Principale (5.3 + 0.9 ka) landslides, making a seismic trigger plausible.

Keywords: European Alps; rock avalanche; cosmogenic 3°Cl; Dan3D-Flex runout modeling

1. Introduction

Large-scale gravitational events are relevant processes for understanding landscape
evolution in mountainous regions and can pose a serious risk to people and infras-
tructure [1-3]. In the Alps, landslides, including rock avalanches, are responsible for
a tragic number of casualties and economic losses. In recent decades, a growing inter-
est in these phenomena has developed, and they are increasingly studied in all of their
aspects. In particular, if landslides can runout or fall into natural lakes [4,5], or into
artificially dammed lakes as in the case of Vajont (NE Italy) [6] or hydroelectric basins
(Tibet, Yarlung Tsangpo Tibet 22 March 2021, https:/ /sandrp.in/2021/03/30/massive-
landslide-on-yarlung-tsangpo-on-march-22-2021/), they can produce hazard cascades,
such as landslide-generated tsunamis.

Back-analysis and modeling of past rock slope failures [7,8], combined with studies
on landforms, sedimentology and internal structures of landslide deposits [9-11], allow
insight into movement processes and emplacement sequences [12-14]. Reconstructing the
processes that occur during release and emplacement provides fundamental data on the
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reasons for past and possible future slope failures, and on the extent of possibly impacted
areas [7].

Rock avalanches have also been studied as phenomena occurring in specific areas or
time periods, moving the focus from a single event to a regional analysis. Clustering of
some major rock slope failures in space and time has been recognized in the Alps [15-20],
suggesting factors acting over vast areas and over relatively long timespans. Detailed
studies on volume, release area and runout characteristics of pre-historic and historic
landslides contribute to our understanding of post-glacial slope dynamics and landscape
evolution [4,13,16,21-25]. Inaccurate interpretations of these features can lead to misleading
conclusions regarding rock avalanche hazards and mechanisms.

In our study, we focused on two closely related rock avalanche deposits located in
the Nago-Torbole region in the far northeastern corner of Lake Garda (Trentino Province,
Italy) (Figure 1). These deposits belong to a group of landslides that are located along the
shores of Lake Garda, the plain of the town of Nago and the Loppio area and are genetically
related to landslides within the Sarca Valley up to the Brenta Dolomite group (Figure 2).
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Figure 1. Geographical overview of the Alpine sector where the study area is. The major cities, peaks,
rivers and lakes are shown, together with the location of Figure 4. The background was obtained
from the Italian SRTM derived digital elevation model (25 m cells).
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Figure 2. Simplified geological map of the Sarca and Adige Valleys (data from the Geological Survey of Trento, CARG
project database) with the locations of the major landslides that have occurred in the area. Circle sizes are proportional to
landslide volume (modified from [26]; Elsevier used with permission). The Tovel deposits are grouped in a single circle,
despite the fact they are due to many events, with an estimated total volume of 300 Mm? [27]. The Gorte rock avalanche is

marked in black. The gray square corresponds to the location of Figure 4.

Our study is focused on the largest deposit, the Gorte rock avalanche that detached
from the Paternoster bedrock niche, and the deposit located at the foot of the Spiaz de
Navesele-Salto della Capra release area (Figure 3). The aim of our study was to clarify
whether the Gorte deposits were formed during a single event or during several events, as
proposed by [28,29]. We used a multi-method approach combining field surveys supported
by remote imagery, cosmogenic **Cl exposure dating and numerical runout modeling
to reconstruct the large slope failures and the emplacement dynamics. Our new data
can be compared with nearby isotopically dated deposits, for example, the Marocche di
Dro [16], Lavini di Marco [30], Varini [31] and Molveno [12] rock avalanches (Figure 2),
which allows an assessment of the most important preconditioning factors and possible
triggers in a regional context. The numerical model provides insights into the dynamics
of the rock avalanche, the characteristics of the path material and the runout behavior.
Thus, this multi-method approach can provide a more complete picture about the landslide
forcing factors in this part of the Alps and the possible resulting hazard.
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Figure 3. Overview of the landslides of Gorte (on the left) and Marocche (on the right). The latter is due to the visible sliding
planes of the Spiaz de Navesele and Salto della Capra. Mouth of the Sarca River seen on the far left of the image. Photo
taken from the western side of Lake Garda (photo courtesy of Dr. Matteo Visintainer).

2. Setting and Previous Work
2.1. Geographical Setting

The study site is located within the NNE-SSW-oriented Lake Garda valley. This valley
is linked to the tectonic evolution of the Giudicarie fault [32,33], while its depth is related to
the Messinian sea level drop [34-36]. Lake Garda and the lower Sarca Valley are affected by
present-day tectonic deformation [19,37,38], and earthquakes with an equivalent magnitude
of Me = 5 are common in the region [39]. These events are correlated with earthquake-
triggered landslides on the lake shores and in the lake, as indicated by two seismoturbidite-
homogenite beds (undated) that may be related to historic earthquakes [40].

Lake Garda is hosted within an asymmetric syncline. The eastern flanks are W-dipping
parallel to the bedding and prone to sliding, while the western ones are steep and cut across
the bedding orientation, giving origin to rockfalls [28]. The high topographic gradients of
the eastern monoclinal shores and the western rocky cliff ranging in altitude from 100 to
>2000 m a.s.l. favor slope failure [41] (Figure 1). The presence of numerous landslide scarps
within the Mesozoic limestones around Lake Garda demonstrates that the surrounding
slopes and lake shore must have suffered dangerous events in the past, including tsunamis,
and could be sensitive to new events of the same type. The vulnerability of the slopes
to failure is shown by the recent event (2 January 2021) at the locality of Tempesta on
the eastern lake shore (http:/ /www.protezionecivile.tn.it/ territorio/ primop_territorio/
pagina211.html (accessed on 17 September 2021)).

North of the study area, the valley of Loppio connects the Adige Valley to the east
and the Sarca Valley that opens to Lake Garda. The terminal tract of the Loppio Valley
coincides with the Nago plain (~230 m a.s.l.) and is separated from the Sarca Valley by the
rocky ridges of Santa Lucia and Doss Penede (Figures 3 and 4). The area of the present
Nago alluvial plain is a basin receiving sediment from the adjacent slopes and from the
Passo San Giovanni area drainages to the east. Minor gravitational events likely blocked
the outlets to the north and west, allowing the accumulation of alluvial and lacustrine
sediments. Geophysical surveys in the Passo San Giovanni area suggest a fill composed of
120 m of fine-grained sediments [42].
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Figure 4. Shaded relief map of the study area with the most important toponyms, i.e., names, of
the different areas mentioned in the text. B: Busatte, D: Daine, G: Gorte, M: Marocche, MA: Mala, O:
Oltrezengol Valley, PT: Paternoster, S: Segron, SC: Salto della Capra, SN: Spiaz de Navesele, T: Tiro a Volo.

Several distinctive rock avalanche deposits are present at the junction between the
paleovalley connecting the Loppio area with Lake Garda (Figure 4). According to [28],
these include the following:

e The Gorte deposits, studied herein, with a release area along the western Doss dei
Frassini slope (Paternoster);

e “Marocche” (this term is described more in detail below) deposits from the Spiaz de
Navesele-Salto della Capra release areas which are also studied in the present work
and will be referred to as Spiaz de Navesele;

e  Tomas (conical hillocks) around the town of Nago interpreted to relate to the Segron
release area;

e Deposits known as Mala located at Passo San Giovanni and interpreted to be sourced
from the northern slope of Doss dei Frassini.

These deposits rest, at least partially, upon alluvial and/or lacustrine sediments
accumulated inside the paleovalley of the Nago area and are, in turn, covered, to some
extent, by the alluvial sediments forming the present-day Nago plain.

The prominent release areas in the surrounding bedrock slopes, for example, at Paternos-
ter, and the blocky deposits in the Nago-Torbole region have been recognized and mapped for
more than a century. In his Rovereto-Riva map (scale 1:75,000), Vacek [43] did not represent
any landslide in the area. On the contrary, in his map, Habbe [44] drew three landslide
deposits coming from Doss dei Frassini, by adding the deposit named here as Marocche
located to the south of the Gorte deposits. In the Nago-Torbole area, Perna [28] mapped
eight different landslide deposits, five of which correspond to the Daine, Tiro a Volo, Gorte,
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Busatte and Marocche deposits as shown in Figure 4. Note that we use the term “Gorte” to
refer to the whole of these deposits, excluding Marocche to the south.

Several names have been used to indicate the landslide deposits from the Doss dei
Frassini western slope by previous authors. In Trentino, the word “Marocca” is used to
indicate a chaotic mass of loose blocks. The word derives from the Paleo-European word
mar (or kar), which means rock [28]. A “Marocca” is therefore a blocky landslide deposit.
Based on observations of karst structures and the geomorphology of the deposits, [28,29]
estimated that the main landslide event from the Doss dei Frassini western slope (Paternos-
ter release area) occurred 10,000-5000 years ago, perhaps as three different events. In these
estimations, the first event led to the formation of the Gorte and Busatte deposits (Figure 4),
while the second led to the formation of the Daine and Tiro a Volo deposits. The third
event involved only the walls delimiting the Paternoster release area, and the Daine and
Oltrezengol Valley area. The volume of the total Gorte landslide release area (Paternoster)
was estimated by [28] to be about 76 Mm?, while for the deposits, he estimated a volume of
98 Mm?. The landslide of Spiaz de Navesele-Salto della Capra is more recent as the blocky
deposits overlie the deposit of Gorte. A volume of the bedrock released in the Spiaz de
Navesele landslide was estimated at 2.5 Mm?, while the deposit volume (“Marocche” in
the topographic map, Figure 4) was estimated at around 3.2 Mm? [28].

2.2. Stratigraphic and Tectonic Setting

The Nago-Torbole landslide area is located 5-10 km to the east of the Ballino fault, which
itself is connected with the Giudicarie fault (Figure 2). This fault divides the Lombardian
basin, located to the west formed by deep-water Jurassic sediments, from the Trento carbonate
platform, located to the east of the Ballino fault formed by shallow-water sediments. The area
of Nago-Torbole is therefore located inside the Trento carbonate platform, which consists of
limestones deposited during the Early and Middle Jurassic (Figure 5) [41,45].

At the base of the stratigraphy, there is the Rotzo Formation (RTZ), followed by the
Massone Oolite Formation (OOM), which closes the Calcari Grigi Group (“Gray Lime-
stones”). Above the Calcari Grigi, there are the Tofino Formation (TOF), particularly the
member of Bocchetta Slavazi, and the San Vigilio Oolite Formation (OSV) on the southern
boundary [41]. On the basis of field observations and thin sections, the RTZ Formation
is a bioclastic peloidal gray micritic limestone (mudstone, in the samples identified as
packstone) with mollusca fragments (e.g., bivalves, gastropods) and foraminifera in layers
varying from some decimeters up to decameters, with dark marl interlayers rich in coal or
black shales and oolitic calcarenites. The OOM Formation is a light gray to white oolitic
limestone in thick layers (30-60 cm), locally cross-laminated, classified as grainstone includ-
ing bioclasts such as calcispondes, bivalves, crinoids and echinoderm fragments. The TOF
Formation is a micritic dark gray limestone (packstone to grainstone) with sponge spicules
and radiolaria in medium-thin beds, brachiopods, crinoids and pelagic lamellibranchia.
The OSV Formation is a yellowish crinoid oolitic limestone, in thick layers that are poorly
stratified, sometimes cross-bedded. The OSV can be distinguished from the OOM because
of the smaller oolites.

The tectonic setting of the Nago-Torbole area can be traced back to the post-collisional
evolution of the Alps characterized by compression events of the Neogene [41]. However,
some N-S-oriented morphological lineaments or fractures related to the Liassic faults,
i.e., the Ballino line, are still well recognizable. The Valsugana event, which took place
in the Serravalian-Tortonian (13-8 Ma), led to the formation of the NNE-SSW (NE-SW)-
trending Giudicarie fault system [46]. The second fault system present in this area is
the Schio-Vicenza, composed of subvertical NW-SE faults, linked to the Schio-Vicenza
event which occurred during the Messinian-Pliocene (7-3 Ma) [46]. The Giudicarie and
Schio-Vicenza have determined the tectonic setting of the area between Lake Loppio and
the Sarca Valley, creating a system of lineaments, fractures and discontinuities that, in part,
border and, in part, cross-cut the Nago-Torbole landslide area (Figure 2).
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Figure 5. Geomorphological map of the study area. Boulders dated with 3°Cl and the calculated
exposure ages are shown (Table 1). Samples NA4 (bedrock) and NA3 are from the Spiaz de Navesele
event, and all others are boulders in the Gorte landslide deposits. B: Busatte, D: Daine, G: Gorte, M:
Marocche, MA: Mala, O: Oltrezengol Valley, PT: Paternoster, S: Segron, SC: Salto della Capra, SN:
Spiaz de Navesele, T: Tiro a Volo.

3. Methods
3.1. Field Survey and Remote Sensing

The field survey was completed using printed maps, supported by tablets with GIS
Pro and Fieldmove apps. A project was created with ArcGIS Pro (ESRI) and integrated
with LiDAR, a digital terrain model (DTM) and a digital surface model (DSM), with
a resolution of 1 x 1 m [47], and high-resolution orthophotos acquired over different
years. The data were analyzed in ArcGIS Pro to create maps such as slope, aspect and
multidirectional hillshades (Raster Functions toolbox). In addition, topographic maps [47],
the geological map [41] and the natural hazard map [48] were georeferenced and integrated.
Furthermore, a bathymetric survey of Lake Garda (Torbole area) carried out in 2019 by the
Italian Navy in collaboration with Cattolica University was integrated into the available
maps. The hillshade map was created with the DTMs provided by Trento Province and
the Ttalian Navy.

During fieldwork, we collected samples from the deposits and the release areas to
investigate the stratigraphic characteristics and to confirm the provenance of the landslide
boulders. We used the GIS Pro application to record points, lines and polygons, which we
then exported in different formats (e.g., shapefile, or KML/GPX) and opened with software
such as ArcGIS and Google Earth. Discontinuities (i.e., bedding, joint sets, faults, cleavage)
were measured in the field and similarly located on the DEM. These data were analyzed
using the cluster analysis tool of the Dips software using Fischer’s density distribution.
The position of the entered data was recorded through the GPS integrated in the device;
the accuracy is on the order of a few meters.

We integrated all these data and further field observations to create a geomorphologi-
cal map. This provided the basis for the analysis and interpretation of landforms and for
the runout analysis. The DEM was further processed by drawing identified lineaments,
which were further processed using the “Linear Directional Mean” tool in ArcGIS Pro
to calculate the strike direction. These data were displayed as structural plots using the
software Dips. Geomechanical measurements on Jurassic limestones conducted by the
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Province of Trento laboratory were taken into consideration for analyzing the friction
coefficient of the lithologies involved in the landslides to determine the predisposition to
downward movement [42].

3.2. Cosmogenic 36Cl Exposure Dating

Sixteen samples were taken for 3Cl dating from sites all across the Gorte and Spiaz
de Navesele landslide deposits. Ten boulders and six bedrock detachment surfaces were
sampled with a battery-operated saw and hammer and chisel (locations shown in Figure 5).
Boulders were sampled following the guidelines described in [49]: selected boulders
were large in size (>2 m in height) to avoid displacement after the landslide, as massive
as possible, and sampled from a surface not parallel to the bedding, in order to avoid
pre-exposure (cf. [30]). The lithologies of all the samples are shown in Figure S1 of the
Supplementary Material. Samples GO5-GO8 and GO10 were composed of OOM, while the
GO9 and NA3-NA6 samples were composed of TOE.

Ten samples, nine from boulders in the deposits and one from the bedrock at the
Spiaz de Navesele sliding plane (NA4), were prepared and measured with accelerator mass
spectrometry (AMS) at the Laboratory of Ion Beam Physics, ETH Zurich (Table 1). Rock
samples were crushed and sieved to <0.4 mm. After preliminary treatment with water and
weak HNOj, rock samples were dissolved with HNOj after addition of 3°Cl carrier following
the procedures for the isotope dilution methodology presented in [50]. 3Cl/Cl ratios were
measured with the Ion Beam Physics ETH 6 MV TANDEM AMS system relative to the
internal K382/4N 3°Cl1/Cl standard (17.36 x 10*12) and corrected for a procedural laboratory
blank of (1.94 = 0.34) x 1015 (Table 1) [51-53]. Major and trace elements were measured on
aliquots of sample material with ICP-MS at Actlabs (Ontario, Canada) (Table 2).

Table 1. Sample name, AMS-measured **Cl concentrations and calculated apparent exposure ages (Figure 5).

Sample Latitude Longitude Elevation Thickness  Topographic  3¢Cl Concentration ! Apparent
North (°) East (°) (m a.s.l.) (cm) Shielding (10 atoms/gram,) Exposure Age (ka)
GO5 45.8662 10.8903 370 2 0.956 0.168 + 0009 605 £ 0.37
GO6 45.8672 10.8914 368 2 0.992 0.173 + 0009 610 =+ 0.37
GO7 45.8670 10.8942 387 1 0.989 0.208 + 0011 717 £ 0.46
GO8 45.8636 10.8903 355 1 0.967 0.157 + 0010 566 =+ 0.40
GO9 45.8670 10.8863 277 2 0.933 0.171 + 0.008  6.96 + 0.41
GO10 45.8696 10.8856 274 2 0.958 0.122 + 0.007 4.73 + 0.32
NA3 45.8613 10.8796 196 25 0.969 0.057 + 0.005 242 + 0.24
NA4 45.8613 10.8812 205 2 0.968 0.144 + 0.008 593 £ 0.37
NAS5 45.8648 10.8805 172 2 0.978 0.131 + 0.011 5.65 + 0.49
NA6 45.8657 10.8815 165 2 0.968 0.146 + 0.008 629 £ 0.40

! Measured against standard K382/4N (17.36 + 0.35) x 10712 [51,52].

We used an in-house MATLAB code to calculate 3°Cl exposure ages. The code is based
on the constants and equations presented in [54] (and references therein) and includes
production through all pathways. Production rates were calculated individually for each
sample based on the measured elemental concentrations (Table 2). We used the spallation
production rate of 48.8 & 3.4 36C] atoms (gCa)*1 a~1 [55]. Treatment of muon production
is described in detail in [54] and [56] and amounted to 9.6% at the rock surface. The
contribution of neutron capture to ¥Cl-to-3¢Cl production was calculated based on a value
of 760 + 150 neutrons (gair)’l a~1 [54]. These values are in excellent agreement with
the recently published production rates of [57]. Topographic shielding correction was
calculated with the MATLAB skyline function (http://stoneage.ice-d.org/math/skyline/
skyline_in.html (accessed on 17 September 2021) (Balco 2018)). Production rates were
scaled to the sample locations using the time-dependent scaling model (Lm) [58]. No
correction was conducted for karst weathering of the boulder surfaces. Implementing
a rate of 5 mm ka~! ([59] and references therein) resulted in ~2% older ages. Final age
uncertainties (Table 1 and Figure 5) included both analytical (one sigma) and production
rate uncertainties.
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Table 2. Elemental composition of leached samples. Cl values are from AMS measurements.

Sample Al,0;3 CaO Fe;03 KO MgO MnO Na,O P05 SiO, TiO; Sm Gd U Th Cl

) (%) (R (k) (%) (k) (%) (%) (%) (%) (ppm) (ppm) (ppm) (ppm) (ppm)
GO5 01 5494 005 003 039 0006 003 002 028 0003 01 01 06 <01 135 =+ 01
GO6 0.07 54.32 0.05 0.01 0.39 0.007 0.03 0.01 0.22 0.001 <0.1 0.1 0.7 <0.1 11.1 + 0.1
GO7 0.08 54.44 0.04 0.02 0.37 0.006 0.03 <0.01 021 0.001 0.1 0.1 0.6 <0.1 12.0 + 0.1
GOS8 0.11 54.62 0.06 0.03 0.41 0.006 0.03 0.02 0.28 0.003 0.1 0.2 0.6 <0.1 134 + 0.1
GO9 0.18 53.78 0.17 0.05 0.65 0.018 0.03 0.01 0.66 0.008 1.3 1.6 1.5 0.3 14.2 + 0.1
GO10 0.11 54.74 0.05 0.03 0.48 0.005 0.03 0.02 0.37 0.003 0.1 0.2 0.5 <0.1 154 + 0.1
NA3 0.51 52.59 0.29 0.12 1.27 0.020 0.04 0.04 1.87 0.028 1.2 1.5 0.3 0.6 13.8 + 0.1
NA4 0.09 54.66 0.06 0.02 0.42 0.008 0.03 <0.01 0.32 0.002 0.2 0.2 0.6 <0.1 13.9 + 0.1
NA5 0.26 52.48 0.14 0.08 1.51 0.023 0.03 0.02 0.76 0.013 0.9 1.1 0.1 0.3 16.5 + 0.1
NA6 0.18 54.04 0.16 0.05 0.42 0.015 0.03 0.03 0.76 0.008 1 1.3 0.2 0.3 15.2 + 0.1

3.3. Reconstruction of Pre-Failure Topography and Volume Estimation

The topography of the valley prior to failure and the volume of the rock avalanche
are key elements in analyzing the dynamic behavior of a landslide, and they are also an
input for magnitude frequency analysis [60,61]. Both the initial volume of failed material
(hereinafter referred to as “source” volume) and the deposit volume were estimated by
reconstructing the pre-failure topography, and then differencing it from the present-day
topography, accounting for any deposits that remain on the source zone rupture surface. It
should be noted that the volume of deposits is expected to be approximately 25% higher
than the source volume, as fragmentation and bulking lead to a volume increase [62].
The reconstruction was based on a newly created, present-day contour map obtained
by combining a bathymetric survey of Lake Garda with the available LiDAR data [47].
We then integrated information from the geomorphological analysis and cosmogenic
dating to interpret the pre-failure valley morphology, as further described in the Results
section below.

3.4. Runout Modeling

We back-analyzed the dynamics of the Gorte rock avalanche using the semi-empirical
runout model Dan3D-Flex [63]. This allowed us to test the plausibility of our reconstructed
topography and our proposed failure scenario. Additionally, the back-analyzed basal shear
strengths can be compared to values obtained at other rock avalanches, allowing us to
contextualize the mobility of the Gorte rock avalanche.

Dan3D-Flex initially treats the failed mass as a “flexible block”, which translates and
rotates over the reconstructed topography. At a user-specified time, the mass fluidizes
and is simulated as a frictional fluid whose behavior is governed by internal and basal
rheologies [63,64]. In this study, the frictional rheology was used in the source area, where
the rock avalanche moves over the rupture plane, and the Voellmy rheology was used for
the path, consistent with the approach of [7]. These two rheologies are described in detail
in [65] and will only be briefly descried here. The frictional rheology is a one-parameter
rheology, and basal resistance is the product of bed-normal effective stress and the tangent
of the friction angle, which is the calibrated parameter. The two-parameter Voellmy
rheology combines a frictional term, proportional to a calibrated friction coefficient (f), with
a velocity-dependent term, which is governed by a calibrated turbulence coefficient ().
The reconstructed pre-failure topographic surface is also a key input for runout modeling,
and in the present work, we smoothed the DEM three times using a Gaussian low-pass
filter, in order to aid the numerical stability.

To calibrate the model, we first performed a trial-and-error analysis to constrain
the best-fit source zone friction angle and time spent as a flexible block. For this initial
calibration step, the deposit volume in the source zone was the primary constraint used
to assess the accuracy of simulations. Following this initial calibration, these values were
held constant, and a posterior analysis, described in detail in [66], was used to constrain
the two Voellmy parameters. Briefly, a posterior analysis computes the simulated results
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for a wide variety of parameter combinations and quantitatively compares the results
to observations of the impact area and deposit volume. The algorithm then assigns the
parameters which result in the closest match to field observations as more probable than
those that result in a worse fit. In the present work, friction coefficients between 0.17 and
0.45, with steps of 0.1, and turbulence coefficients between 100 and 2000 m/ s2, with steps
of 100, were used.

4. Results
4.1. Geomorphology and Age of the Gorte and the Spiaz de Navesele Landslides

The geomorphological analysis and deposit dating provide the basis for understanding
the failure sequence of the two studied landslides and allow us to place these events in
a regional context. Based on field relationships, we subdivided the deposits released from
the western slope of Doss dei Frassini into the Gorte and the Spiaz de Navesele-Salto della
Capra landslides, with the deposits of the latter overlying the former. Deposits of the Gorte
landslide stem from the Paternoster release area, while the “Marocche” deposits relate to
the Spiaz de Navesele-Salto della Capra source.

We mapped 730 morphological lineaments all over the study area (Figure 6). Discon-
tinuities in the bedrock of the Paternoster and the Spiaz de Navesele-Salto della Capra
release areas can be grouped into four different sets.

LEGEND

Discontinuity set
—s0
s1
— 82
—s3

Figure 6. Structural lineaments identified in the study area. The measured discontinuities are
grouped into four sets, identified by different colors. Colors of sets correspond to those of Figure 7.

The bedding (Sp) has an average orientation of 313°/27° (dip direction/dip angle),
with dip angles varying from 20°-25° in the upper part to 25°-28° in the central sector.
The other main discontinuities (S1-S3) are subvertical (dip angles > 70°). The S; set strikes
NNW-SSE (072°/71°), with an average dip angle of 71°; S, strikes NNE-SSW (112°/74°),
with an average dip angle of 74°; S3 constitutes the fracture cleavage, is vertical and strikes
WNW-ESE (019°/87°) (Figure 7).
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Figure 7. Stereonet of the structural measurements taken in the study area and shown in Figure 6. Colors of sets correspond

to those of Figure 6.

4.1.1. The Gorte Rock Avalanche

The blocky deposits of the Gorte landslide detached from the Paternoster OOM
bedrock (Figure 4). The Paternoster release zone extends from 380 to 700 m a.s.l. and
covers an area of ~0.45 km?. The release area niche is a semi-circular amphitheater that
opens to the west. Impressive vertical scarps that are tens of meters high encircle the niche
on the northern, eastern and southern sides (Figures 3 and 5). The northern scarp in the
Paternoster release area is ~800 m long, 20 to 50 m high, WNW-ENE-aligned and mainly
made of OOM, with a small patch of TOF cropping out in the northernmost part, at the top
of the scarp (Figure 8A). The eastern scarp, which corresponds to the backscarp of the rock
avalanche, is ~770 m long and 20-30 m high. The rock wall is made of RTZ in the northern
side and of OOM in the southern side, the boundary between the two formations occurring
at an elevation of ~650 m a.s.l. The southern scarp is ~1200 m long, 10 to 100 m high and
WNW-ENE-aligned. Here, OOM and RTZ are both present, their boundary occurring at
an elevation of ~520 m a.s.l. In the Paternoster release area, the majority of lineaments
are oriented SE-NW or NE-SW, whereas a few E-W lineaments, but no N-S lineaments,
are observed. The rocky walls show S; and S; joint sets and a pervasive fracture cleavage
foliation. The spacing of the joints (about 50 cm) is greater than the spacing of the cleavage
(about 5-10 cm).

The sliding plane of the rock avalanche is almost completely covered by a layer of
debris up to 5 m thick, but some patches of bedrock are visible, especially on the southern
side (Figure 5). The sliding plane is parallel to the bedding and is made of OOM in the
upper part, whilst further west, some scarps cut the stratigraphy, and RTZ is exposed.
There are no substantial differences in the orientation of the plane, being 290°/25° on
average (Sp). Some undulations in the stratigraphy are present, and these form bedrock
ridges that interrupt the flatness of the sliding plane. Two major bedrock ridges have been
identified in the Paternoster sector: the easternmost (NNW-SSW-aligned) is located at
~500 m a.s.l. and is made of OOM, and the other is ENE-WSW-aligned and crosses the
sliding plane from an elevation of ~500 to ~400 m a.s.L.
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Figure 8. Photos from the study area. (A) The northern flank of the Paternoster release area, taken
from the Tiro a Volo area. The wall in the upper left is 80 m high. Several rock spires are visible in the
background. (B) View of the Navesele-Salto della Capra release area. The power line tower is about
30 m tall. The photos in the second and third lines are of samples from the Gorte rock avalanche
deposit. (C) Boulder GO5 (6.1 + 0.4 ka). The sample for 3°Cl dating was taken from the top surface.
(D) Karren on the top sampled surface of boulder GO7 (7.2 £ 0.5 ka). (E) Boulder GOS8 (5.7 & 0.4 ka),
where the top slightly sloping surface was sampled. (F) Boulder NA6 (6.3 £ 0.4 ka) is 6 m high. The
bottom two photos are samples of the Navesele rock avalanche. (G) Sampled surface of boulder NA3
(2.4 £ 0.2 ka). (H) Sampled Navesele bedrock detachment surface of NA4 (5.9 4 0.4 ka).
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The Gorte rock avalanche deposit extends from 380 m a.s.l. in the eastern part to
65 m a.s.l. in the western sector and covers an area of ~0.53 km?. It is bounded to the east
by the Paternoster sliding plane, to the north by the Nago alluvial plain, to the west by
the Santa Lucia bedrock ridge and Lake Garda and to the south by the Marocche deposit
sourced at Spiaz de Navesele-Salto della Capra. The Santa Lucia ridge and the Doss Penede
ridge (Figure 4) are ~150 m high and have an asymmetrical profile with gently sloping west-
facing dip slopes and subvertical east-facing slopes. Based on location, debris lithology
and morphological features, four sectors of the Gorte deposit can be distinguished: Daine,
Tiro a Volo, Gorte and Busatte (Figure 4). The obtained 36C] exposure ages for Gorte rock
avalanche boulders range from 4.7 + 0.3 to 7.2 & 0.5 ka (Table 1, Figures 5 and 8). These
are discussed in more detail below within each specific site context.

The Daine blocky deposits comprise the northernmost sector of the rock avalanche,
located next to the right scarp of the Paternoster release area. Here, the largest boulders
(5-18 m in diameter) cluster next to the rocky wall, where the carapace is also particularly
visible and pronounced. Moving away from the rock wall, the boulders are rarer and
smaller (1-5 m diameter), but a few isolated boulders and pinnacles up to 15 m high are
still present (Figure 8B). The internal structure of the deposit is clast-supported, mostly
formed by angular pebbles and cobbles of about 5-10 cm, with a small amount of matrix
that becomes even scarcer moving eastwards. All boulders show clear karst structures.
Two hummocks are present (15-20 m high, 200-250 m long). They are NE-SW-aligned and
thus perpendicular to the direction of the rock avalanche flow. The northernmost hummock
shows a double ridge, but the overall orientation remains the same. An OOM boulder
(GO7—Figure 8D) atop the easternmost hummock yielded an exposure age of 7.2 + 0.5 ka.
At the northernmost limit of the Daine area, near the Nago plain, a smooth scarp is present
within the deposit, possibly marking a secondary (internal) collapse. However, the area
is covered by dense vegetation, and the scarp may have been smoothed over the years,
making it difficult to identify it unequivocally. The eventual deposit of this secondary
failure is not visible, possibly covered by the Nago plain lacustrine sediments.

The Tiro a Volo sector is located south of Daine, from which it is separated by
a ~40-50 m-wide and 15-30 m-deep depression (Figures 4 and 5). This depression is
SE-NW-aligned and thus roughly parallel to the side walls of the niche. The Tiro a Volo
area hosts the largest hummock of the whole deposit, being ~400 m long. It does not have
a well-defined crest but has a rather flat surface, its west flank being the steepest, with
an angle of ~30°—40°. The upper part of the hummock, as well as the part facing upstream,
is characterized by the presence of many large boulders (1-2 m in diameter). There are
fewer of the really huge blocks (>5 m) compared to the Daine area, even though there are
some rare boulders up to 10 m in size. Two dates were obtained for boulders of OOM
atop the described largest hummock. Two notably coherent ages of 6.1 + 0.4 (GO5 and
GO6—Figure 8C) were obtained. The northernmost part of the hummock and the side
facing westwards are characterized by an almost total absence of clasts larger than 50 cm.
Here, the deposit can be classified as sandy silty gravel with cobbles and isolated boulders.
From this area, OOM boulder GOS8 (Figure 8E) returned an age of 5.7 & 0.4 ka. These
characteristics are the same for the southeastern hummock, even if this one is much smaller
(~200 m long). The southern limit of the Tiro a Volo sector coincides with the large (~200 m)
and deep (~30-50 m) Oltrezengol Valley (Figures 4 and 5), which is reported to convey
significant subsurface water flow [67]. At the head of this valley, a small (~100 m long)
E-W-aligned hummock with a rather smooth surface is present, just below the Paternoster
sliding plane. The head of the valley itself has an amphitheater shape, whilst the lower part
of the Oltrezengol Valley is narrower (Figure 4). At the height of this narrowing, at the foot
of the biggest Tiro a Volo hummock, there are several very large boulders with diameters
of up to 20 m. The amphitheater shape, even in the absence of a marked backscarp that
could have been smoothed over time, could have also formed during a secondary failure
of the deposit in the immediate aftermath of the Gorte rock avalanche. However, a deposit
of this collapse is not clearly visible.
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The Gorte sector has a NE-SW elongated shape and extends to the north from the
Nago alluvial plain to the south at the Busatte deposit sector. It is bounded to the west
by the bedrock ridge of Santa Lucia. This sector is characterized by the extremely rare
presence of large (5-10 m in diameter) boulders, also caused by the extensive reworking
of the area by anthropogenic activities. No outcrops were located to evaluate the internal
structure of the deposit. Next to the Santa Lucia ridge, a NE-SW-aligned hummock is
present (~500 m long). Three other smaller hummocks are present in the Gorte area. The
two biggest hummocks are NE-SW-aligned, ~350 m long, have an elliptical shape and
a flat top and are less than 10 m high. The smallest hummock, ~250 m long, is located in the
northern sector of Gorte and has a rough N-S alignment. The Gorte deposit is transversally
cut by an incision (~30 m deep, ~200 m wide) that connects the Nago plain and the Busatte
area. In the Gorte sector, two samples (GO9—TOF, GO10—OOM) were dated, returning
ages of 7.0 &= 0.4 and 4.7 + 0.3 ka, respectively (Figure 4). The GO10 age is the youngest of
the rock avalanche deposit.

The Busatte area comprises the most distal sector of the Gorte rock avalanche deposit.
It extends from ~160 to 65 m a.s.l., where it reaches Lake Garda. This deposit can be
subdivided into two sectors: the upper one, rather flat, and the lower one, showing a mean
slope of about 15°-20°. The latter has undergone marked anthropogenic modifications;
various boulders up to 2 m in size are still visible, but no larger ones have been found,
and no open sections are present to evaluate the internal structure of the deposit. The
former is rather flat and shows small semi-circular hummocks, 5 m high. They are slightly
ESE-WNW-aligned and almost parallel to the rock avalanche flow. They show a carapace,
with boulders on top up to 5 m large. In the eastern side of the Busatte area, a plain sector
~0.1 km? wide is present. Here, fine sediments deposited over the rock avalanche thanks to
the running waters conveyed by the Oltrezengol Valley that nowadays creates a swampy
area. There, sands dominate, whilst boulders and rock fragments are almost absent. In the
Busatte sector, exposure ages were obtained from two boulders, both of TOF. NA5 has been
exposed since 5.7 £ 0.5 ka, and NA6 since 6.3 £ 0.4 ka.

4.1.2. Spiaz de Navesele Rock Avalanche

The deposit of the Spiaz de Navesele-Salto della Capra event is located between the
base of these sliding planes and Lake Garda, in the southernmost sector of the study area.
It is named “Marocche” and extends from 220 to 65 m a.s.l. The deposits cover an area of
~0.23 km?.

The Spiaz de Navesele-Salto della Capra release area is located south of the Paternoster
area (Figures 4 and 5). Despite having different names, these two sectors are adjacent and
are separated only by a subvertical scarp (several meters high) that is roughly E-W-oriented.
As a whole, the area is semi-circular in shape, with vertical scarps on the northern, eastern
and southern sides (Figure 5). It extends over ~0.45 km?, at an elevation ranging from
590 to 200 m a.s.l. The sliding plane, as well as the southern and eastern scarps, is made
of TOF. The former is parallel to the bedding and has a dip direction of ~300-320, with
a dip angle varying from 25° in the upper part to 35° in the lower sector. The sliding plane
is crossed by several bedrock steps up to 10 m high that are roughly ENE-WSW-aligned
(Figure 6). Lineaments striking E-W are common in this sector. An age of 5.9 + 0.4 ka
(NA4) was determined for a sample from the westernmost part of the TOF bedrock sliding
plane (Figures 4 and 8H).

The deposits (Marocche) related to the Spiaz de Navesele-Salto della Capra dips-
lope sliding plane are completely made of TOF debris and show distinct morphologies:
a relatively flat (5°~10°) eastern part, and a steeper (30°-35°) western sector. The former is
made of rock debris ranging from cobbles to pebbles, with a small amount of fine matrix.
Several boulders ~1 m in diameter are present, with larger ones (up to 8 m high) clustered
near the sliding plane. To the west, there is an NNE-SSW-oriented hummock that is several
meters high. It is characterized by a clast-supported deposit, with boulders > 5 m. To the
west of the hummock, a smooth scarp is present, possible due to a post-event (secondary)
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collapse of the Marocche deposit. The related deposit can be recognized under the lake
in the bathymetric relief (Figures 4 and 5). The orientation and elevation of the hummock
suggest that Marocche deposits overlie deposits of the Gorte landslide. This would be
consistent with the exposure age of sample NA3 (TOF) collected from the flat top of a large
boulder (Figure 8G), returning the age of 2.4 + 0.2 ka. Nevertheless, the age from the
sliding surface suggests a much older age for the Navesele event (see below).

4.2. Topographic Reconstruction and Volume Analysis

We used the procedure detailed in Section 3.3 to reconstruct the pre-failure topogra-
phy and to estimate the source and deposit volumes. Starting with the source zone, we
estimated that a volume of 70-75 Mm?® was released from the Paternoster niche. Given
the well-defined shape of the release area, the uncertainties mainly concern the location
of the base of the landslide, as scree deposits, as well as rock avalanche deposits in the
lower section, obscure the depth of the sliding surface. Between 680 m a.s.l. (the highest
part of the Paternoster release area) and 380 m a.s.l., we removed a small volume of scree
that was deposited after the landslide. Between 380 m a.s.l. and the bottom of the release
area (labeled Tiro a Volo and Daine on Figure 4), thick deposits of rock avalanche material
obscure the rupture surface. We therefore interpreted the sliding plane to have a lower
slope (15°) with respect to the slope in the upper release area (25°).

For the deposit, we estimated a volume of 85-95 Mm?, which leads to a bulking of
~26%, similar to the typical value of 25% estimated by [62]. We subdivided the deposit into
three main areas (Figure 4): (1) a part remaining in the detachment niche that forms the
hummocks of Daine and Tiro a Volo (Figure 5), (2) a part not visible today that is buried
below the Nago plain and (3) a large part of the deposit that extends from the Nago plain
to Lake Garda, in the locality of Gorte and Busatte (Figure 5).

The reconstruction of the surface below the Daine and Tiro a Volo is described above,
and the other two deposit zones were reconstructed based on the following considerations.
Core logs and geophysical data in the Passo San Giovanni area indicate that the transition
from alluvial to lacustrine sediments is at an approximate elevation of 180 m a.s.l. [42].
Furthermore, the level of Lake Garda after the Last Glacial Maximum has not changed
significantly in the last 10,000 years, reaching a maximum of 70 m a.s.l. and a minimum of
62 m a.s.l. (present level 65 m a.s.l.) [68]. Therefore, an alluvial plain extending from the
Passo San Giovanni to Lake Garda was reconstructed. The slope of this alluvial plain was
assumed constant between the two points whose elevations are known. The east side of the
paleovalley was reconstructed with a slope similar to the mountainside, which increases to
35°—40° towards the lake. The west side of the paleovalley was reconstructed with near-
vertical slopes, based on the bedrock outcrop visible just north of Busatte (Figure 4). This
reconstructed morphology resembles the nearby ridges of Santa Lucia and Doss Penede.

4.3. Runout Analysis

Following the reconstruction of the pre-failure topography, we performed numerical
runout modeling based on the methodology described in Section 3.4. The initial calibration
step resulted in a best-fit bulk friction angle of 14° and a flexible block time of 10 s. As
described above, the reconstructed rupture surface is compound, and thus movement over
this surface requires internal deformation of the failed mass. We expect that fluidization of
the initial failure occurred when the center of mass moved from the upper part, where the
sliding plane is steeper, to the lower part with the less steep plane. A friction coefficient
of 0.38 and turbulence coefficient of 700 m/s? were found to provide the best-fit Voellmy
parameters between the simulated and observed runout. Interestingly, these values are
comparable to back-analyses of case histories that overran the bedrock [7,24,69,70].

Figure 9 shows the simulation results obtained at different times using the best-fit
parameter combination. At20s, the rigid sliding phase is already finished, and the landslide
follows a frictional rheology inside the release area, while the landslide foreground part
in the paleovalley of Gorte follows a Voellmy-type rheology. It can be seen that after
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20 s, the toe of the landslide has already reached the bottom of the paleo valley, and at
this moment, the landslide divides into two lobes deflected by the ridge of Santa Lucia,
spreading in the SW direction towards Lake Garda and in the NE direction towards the
current Nago plain. After 40 s, the landslide reaches the top of the ridge of Santa Lucia,
and the Gorte paleovalley is already filled, with the depth of the deposit exceeding 100 m.
A considerable part of the deposit is still inside the release area, with a significant thickness
in the area of Daine. After 60 s, the landslide deposit begins to assume its final shape, and
the two lobes achieve their maximum extensions, just reaching the shoreline of Lake Garda
in the southern lobe. The Paternoster area is still partially covered by several tens of meters
of debris. After 120 s, the movement of the rock avalanche can be considered complete,
with the deposit taking its final outline.
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Figure 9. 3D overview of Dan3D-Flex modeling results for runout distance and thickness over time
(for details, see text). The rock avalanche impacts and is deflected by the Santa Lucia ridge. For
reference, the approximate length of this ridge is 1 km.

The modeled deposit extent is similar to the actual extent (Figure 10). The extent
under the Nago plain is not known due to the lack of subsurface data. In our model, the
western lobe in the direction of Lake Garda is larger than the eastern lobe. This is because
the interpreted paleovalley descends steeply in the direction of the lake, while to the east
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towards Nago, the paleovalley rises gently. In the model results, the landslide deposit is
thickest (114 m) in the paleovalley just to the east of the Santa Lucia ridge. The thickness of
the modeled deposit decreases in the direction of the two lobes to the east and west.
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Figure 10. Map showing difference between the best-fit Voellmy parameter simulation of the land-
slide topography and the actual present-day topography. Negative values indicate that the simulated
elevation is below the present topography. Extreme values around cliffs, as well as the part below the
lake sediments, have been removed. In blue are the locations of the cross-sections shown in Figure 11.
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Figure 11. Cross-sections through the landslide deposit with the best-fit parameters of the Voellmy
rheology. The topography based on modeling (red line), the present-day topography (green line) and
the reconstructed pre-failure topography used for modeling are shown. The scale is the same for
every segment. The location of the cross-sections is visible in Figure 10.
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Figure 10 shows the elevation differences between the modeled landslide topography
and the actual topography, and Figure 11 compares various cross-sections of the measured
and estimated deposit depths. In Figure 10, the white colors show the area where the
elevations of the modeled and actual landslide deposits are similar. In contrast, the red
areas indicate where the modeled deposit is thinner than the actual one, while the blue
areas indicate where it is thicker. Extreme values shown at the cliffs, particularly at the
northern flank and in the southernmost corner of the Santa Lucia ridge, are not to be
considered real differences but artifacts due to the presence of steep cliffs in these areas.
The deposit below the lake sediments of the Nago plain has been removed, as, there, it
is not possible to precisely define the real thickness of the lacustrine sediments. Overall,
Figures 10 and 11 show that there is good agreement between the actual and modeled
deposit thicknesses, which only differ where the large hummocks are present, especially in
the Daine, Tiro a Volo and Gorte sectors. A similar observation has been noted in runout
modeling results for the nearby Molveno rock avalanche [12].

5. Discussion
5.1. Release and Emplacement of the Two Studied Landslides
5.1.1. The Gorte Rock Avalanche

The eight determined 3°Cl boulder exposure ages for the Gorte deposit yield an aver-
age of 6.1 & 0.8 ka (Figure 12), including all eight ages (GO5, GO6, GO7, GO8, GO9, GO10,
NAS5, NA6). Approximately 6100 years ago, an 800 x 1000 x 100 m block of OOM, TOF
and RTZ limestones detached along the head scarp and side walls and began sliding down
bedding planes. This was likely promoted and facilitated by interbedded thin marl layers
in RTZ. Detachment was controlled by three recognized lineaments; the backscarp follows
an S surface with an NNE-SSW orientation and a 74° dip, and the two lateral scarps follow
discontinuity set Sz which is nearly vertical and is oriented WNW-ESE. Furthermore, our
modeling supports the hypothesis that downslope movement was initially translational as
a rock slide. After about 10 s, likely related to a kink in the bedrock plane, the mass began
to break up but continued its movement in a northwest direction (Figure 9).

GO5: 6050 + 370 yr
GO6: 6100 % 37

GO7: 7170 + 460 yr
GO8: 5660 + 400 yr

GO9

IS

w

NA6

Probability (e-4)

[N)
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Figure 12. Camel plot for the eight 3Cl exposure ages for boulders from the Gorte rock avalanche
deposits. Colored lines show individual exposure ages and the Gaussian distribution of the uncer-
tainties. The black line indicates the summed probability distribution for the dataset. The mean of
the ages is 6.1 & 0.8 ka.

Several hummocks dominate the topography of the Gorte deposits, providing addi-
tional information on the emplacement dynamics [11,13,71]. The largest are those of Daine
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and Tiro a Volo, which are aligned in an NE-SW direction and thus transverse to the flow
direction of the landslide. In contrast, in the lower part of the deposit, hummocks are
smaller in size, and are oriented longitudinally with respect to the flow direction (Figure 5).
The former imply formation due to compressional forces connected to slowing during
emplacement, perhaps related to steps in the underlying bedrock. The latter formed due to
extensional processes related to spreading and differential velocities within the moving
mass [71].

The morphology of the deposit (Figure 5) and the runout modeling results (Figure 9)
indicate that the paleovalley located east of the Santa Lucia ridge (Figure 4) filled with
blocky debris as the moving mass slowed due to impact with the steep eastern wall of that
ridge. This impact deflected part of the moving debris to the west and part to the east.
Neither field evidence nor modeling results indicate overtopping of the Santa Lucia ridge
by the rock avalanche. The Gorte hummock, located right against the Santa Lucia ridge, is
oriented parallel to both the bedrock ridge and the large transverse hummaocks in the Daine
and Tiro a Volo areas. We interpret that the elongated and narrow shape of this hummock is
related to the blockage of the rock avalanche flow by the rocky ridge of Santa Lucia, which
hindered its spreading to the west. Debris from the Gorte rock avalanche may have made
it all the way into Lake Garda. Nevertheless, looking at the bathymetric data (Figure 5), no
structures linked to deposits within the lake below the Busatte sector are evident. Some
large (up to 18 m in diameter) isolated boulders are visible on a fan-delta-like morphology.
However, given the absence of a direct connection with the other deposits described herein,
their origin cannot be attributed with certainty.

The Gorte deposit blocked the westward-directed drainage of the paleovalley connect-
ing the Passo San Giovanni area and Lake Garda (Figure 4). As a result, a lake formed. It
filled up to the level of the outlet to the north, forming the Nago plain. Nevertheless, the
age of infillings beneath the Nago plain and the possible occurrence of previous blockages
related to earlier gravitational events cannot be discerned with the presently available data
on the basin infill.

5.1.2. The Spiaz de Navesele Rock Avalanche

The blocky Marocche deposits of the Spiaz de Navesele event overlie and thus strati-
graphically postdate the Gorte deposits. At present, chronological data do not allow us to
fully decipher the timing of the Spiaz de Navesele event in comparison to the Gorte event.
A single boulder was dated in the Marocche deposit at the foot of the Spiaz de Navesele
sliding plane. It was located in an area that is strongly disturbed by anthropogenic activity,
including numerous stone cairns. This single age (2.4 & 0.2 ka) is difficult to interpret, and
further dating would be necessary to determine if the Navesele event is several thousand
years younger than the Gorte event or if the age of the bedrock sliding surface (5.9 + 0.4 ka)
provides a more realistic age. In that framework, the Gorte and Navesele events would
have occurred almost simultaneously. Note that the right-hand boundary of the Spiaz de
Navesele detachment surface stands as the left-hand steep side wall of the Gorte detach-
ment niche. This is in line with the hypothesis that the Gorte event triggered the Spiaz de
Navesele event.

The structural setting in Spiaz de Navesele-Salto della Capra is controlled by ENE-WSW
lineaments (Figures 2 and 6). This allowed the landslide to flow and to spread in several
directions, thus reducing the thickness of the deposit at Marocche (Figures 4 and 5) and
explaining the lower slope in the Gorte southern area, which represents the transition zone
between the lower paleovalley and the wide plain present at the time in the Busatte area.
The large hummock in the Marocche deposit is oriented NE-SW and thus lies transverse to
the direction of motion, implying limited mobility of the Spiaz de Navesele event.

5.1.3. Other Deposits in the Study Area

Our results from the Gorte and Spiaz de Navesele landslides provide an initial insight
into the spatial and temporal relationships of the several landslide deposits in the Torbole-
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Nago-Passo San Giovanni region. Yet, further study is required to understand the toma
on the Nago plain and the blocky and hummocky deposits known as Mala located at
Passo San Giovanni (Figure 4). Previous authors have suggested that the toma hills on the
Nago plain (Figures 4 and 5) are related to a detachment from the Segron release area [28].
The toma hills appear to be buried along the base by the alluvial/lacustrine sediments of
the Nago plain. This suggests that they are older than the timing of the lake formation
but would also require that the lake was rather shallow. On the other hand, the tomas
themselves may have formed during the Gorte event. Excessive runout of tomas (several
kilometers) has been observed at the Flims [72] and Fernpass landslides [73]. Many of the
tomas on the Nago plain are barely recognizable, having been strongly reshaped by human
activity. No blocks suitable for exposure dating could be located.

To the east of these tomas are the Mala deposits, which are located near the hummocky
terrain further to the east (Figure 4). The release area related to the Mala deposits is the
north slope of Doss dei Frassini [28], and possibly the slopes to the north of Loppio Valley
as well. The Mala deposits are not covered by Nago plain sediments; therefore, the Mala
event is younger. The Mala deposits blocked the Loppio Valley, isolating the Nago plain
from the eastern sector of the valley, where Lake Loppio formed and is still present as
a very shallow lake. Finally, [74] reported that a minor detachment occurred in 1457 AD,
whose deposit ended up on top of the larger Mala deposit at Passo San Giovanni.

5.2. Causes, Triggers and Relationship with Other Large Landslides in the Region

The reporting of a relatively large event near Passo San Giovanni only a few centuries
ago and the recent (January 2021) event along the Lake Garda slope underline the im-
portance of understanding the contributing causes and triggers for slope failures in this
region. In the recent event, 800-900 m® of RTZ slid towards the lake on the dip slope and
blocked the main road for several weeks. The bedrock slopes along both sides of Lake
Garda have been undercut and oversteepened during repeated glaciations [75], which
can predispose them to failure [24]. During the Last Glacial Maximum, the Nago-Torbole
area was completely covered by the combined Sarca-Adige glacier lobe that flowed down
the Sarca Valley. The frontal position, located just south of Lake Garda, was maintained
between ~24.7 and ~17.5 ka cal BP [75,76]. In the region of our study site, the elevation of
the glacier reached 750 m a.s.l. [41], completely submerging the Gorte release area beneath
the glacier.

Faults and fractures in the rock related to the main regional fault systems, the Giu-
dicarie and the Schio-Vicenza, have been shown to have played a decisive role in slope
failures of the region [19]. In the Gorte release area, the identified S, and S3 sets are linked
to the regional tectonics of the Lake Garda and Sarca catchment. The S, set (NNE-SSW) is
related the Giudicarie fault system. The Schio-Vicenza fault system, normally with a sub-
vertical NW-SE orientation, is represented here by S3 lineaments. The landslide backscarp
is characterized by a cliff (about 60 m high) along an imposing NNE-SSW fault plane
located northwest of Doss dei Frassini. This fault plane is likely connected to the Giudicarie
fault system (Figures 2, 5 and 6). The northern and southern flanks, instead, are connected
to the Schio-Vicenza NW-SE fault system. Two ridges in the Paternoster release area, which
contributed to shaping the topography of the rupture plane, are oriented NNE-SSW and
ENE-WSW. The S; set (bedding) shows inclinations between 25° and 35° and is one of the
predisposing factors for the landslide (Figure 6).

The lithology played an important role because the rupture plane likely developed
within the RTZ marly interlayers that are rich in coal or include black shales [41]. These
interlayers were not observed in the Paternoster release area, having likely been eroded
over the millennia after the collapse. Given the smaller friction angle of the marly RTZ
interlayers, sliding was possible with bedding at an inclination of 25°, as it is seen in the
Paternoster area. The marly interlayers have also been detected in the release areas of other
landslides including the nearby Marocche of Dro and Molveno rock avalanches [12,16]
and the well-known Vajont landslide [77]. Another predisposing factor of the landslide
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can be the presence of caves in the release area. As already discussed, several large caves
(several decameters) are present in the Doss dei Frassini side walls [78]. These types of
caves represent a further weakening factor of the rock mass [79-81], as in the case of the
Masiere di Vedana rock avalanche, where several caves have been identified in the same
lithological formation [17].

Connected to the caves, a karstic aquifer system is present along the relief, whose base
level is represented by Lake Garda [45] with ephemeral springs inside the Busatte area
(“Romani spring”), whereas the release areas and the sliding planes have neither springs
nor surface runoff [67]. Underneath the Paternoster release area and the sliding planes of
Spiaz de Navesele-Salto della Capra, the Adige-Garda tunnel was excavated to avoid the
danger of flooding of the Adige Valley and to discharge part of the Adige River into Lake
Garda [45].

The combination of the predisposition factors listed above requires a trigger to cause
the rock slope failure. The first hypothesis is that the trigger was of a seismic origin. Seismic
activity in the area has been extensively documented over the years, with earthquakes in the
region of Lake Garda reaching, in historical times, a level on the Mercalli-Cancani-Sieberg
intensity scale (MCS) of IX such as the earthquakes of Verona in 1117 AD and Brescia in
1222 AD [39]. More than one earthquake with an equivalent magnitude of around 5 with
its epicenter in the area of Monte Baldo, about 15 km south of Nago-Torbole, has been
recorded in the last two centuries [39]. The hypocenters of several recent earthquakes
were located both along the Giudicarie belt and the Schio-Vicenza and other nearby minor
faults [38,82]. Several historical landslides in the area such as Castelpietra, Kas, Pra da
Lago and Varini (Lavini di Marco) [16,30], all within 15 km from the Nago-Torbole, were
attributed to seismic crises, such as the “Middle Adige Earthquake” of 1046 AD, believed
to be the cause of the Castelpietra landslide [26]. Recently, the hypo thesis of a common
seismic trigger during the Middle Holocene has also been raised for the Marocche di Dro
(Marocca Principale), 5.3 & 0.9 ka, and the Marocca di Molveno, 4.8 4 0.5 ka [12,83], located
13 and 25 km to the north, respectively.

The second trigger to be taken into consideration is the climate, particularly a humid
climate with periods of heavy, persistent rainfall characterizing part of the Holocene. In the
Holocene, three periods with a marked concentration of landslides were identified in the
time intervals 10-9 ka, 5-3 ka and 2-1 ka, the last one especially for south of the Alps [15,16].
For the period 5-3 ka, an increased frequency of landslides can be traced back to a shift to
a wetter climate, but also colder climatic conditions, whose extreme was reached around
4.2 ka, representing the transition from the Middle to the Late Holocene [15]. This period
is characterized by both a general trend and the occurrence of individual extreme weather
events, both locally and all over Europe [84,85]. The increase in landslides corresponding to
extreme weather events and, in general, of humid periods is due to an increase in pore water
pressure, which causes a reduction in the effective stress, thus inducing collapse [86,87].
The cyclicity of these events could then induce fatigue in the rock mass [86] that would
lead to eventual failure. Our dating of the Gorte rock avalanche places it in the Middle
Holocene period 7-5 ka, where Europe was characterized by warmer temperatures in
summer and winter [88], and suggests a marked reduction in precipitation at the Alpine
scale [89]. However, embedded in this period was an interval of frequent flooding on the
northeastern Po Plain (Venetian plain) at 6900-6200 years ago [84], located just to the east
of our study site.

Looking at the landslides already dated in the surroundings of the Gorte landslide
(Figure 2), a very similar age has been calculated for the Dosso Gardene landslide, located
adjacent to Lavini di Marco, about 11 km east of the study area. In this case, the buried
soil below the landslide deposit was dated 6630—-6290 cal BP [31], in agreement with the
error of the Gorte rock avalanche (6.1 + 0.8 ka), and at the limit of the landslide of Spiaz
de Navesele (5.9 & 0.4 ka). Additionally, the Marocca Principale of the Marocche di Dro
(5.3 & 0.9 ka) falls within the error range of the Gorte and the Spiaz de Navesele-Salto
della Capra landslides. Nonetheless, the Marocca Principale has an age more similar to the
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Molveno landslide (4.8 =+ 0.5 ka; [12]), which, for the enormous volume of both, suggests
a common trigger. The distance between the Molveno and Marocca Principale, visible in
Figure 2, is about 13 km and is the same in the opposite direction to the Nago-Torbole area.
Considering the increasingly evident correlation of several landslides in the area linked
to seismic events, it is possible that the Gorte and Spiaz de Navesele-Salto della Capra
landslides were triggered by an earthquake, which may have also been responsible for the
landslides of Dosso Gardene or Marocca Principale.

6. Conclusions

The region of Nago-Torbole at the northeast end of Lake Garda is the site of numerous
landslides. We applied geomorphological field mapping, dating with cosmogenic %Cl,
topography reconstruction, volume estimation and runout modeling to study the landslides
and deposits of Gorte and Spiaz de Navesele-Salto della Capra, for which we can present
the following results:

e Despite the various uncertainties linked to the topographical reconstruction, the Gorte
rock avalanche has a bedrock volume in the release area of about 70-75 Mm?, with
a deposit volume of about 85-95 Mm?3. The lithologies involved in the Gorte landslide
are the Massone Oolite, the Rotzo and the Tofino Formations.

e The release area (Paternoster) is strongly affected by fractures related to regional-scale
fault systems. The structural setting controls the bedding inclination to the west
(25°-35°). The Schio-Vicenza fault system controls the WNW-ESE-oriented flanks
of the landslide, whereas the backscarp is formed by an important NNE-SSW fault
belonging to the Giudicarie fault system. The flow was initially a translational rock
slide with associated toppling from the surrounding steep scarps.

e The Gorte rock avalanche deposit is characterized by large hummocks, both longitu-
dinal and transversal to the rock mass flow. Within the deposit, secondary failures
occurred. The blocky carapace is not homogeneously distributed, but there are zones
with abundant large blocks, while other areas are completely boulder-free.

e Our3°Clboulder exposure dates underpin the hypothesis that the Gorte rock avalanche
happened in a single event. The age obtained is 6.1 + 0.8 ka.

e The Gorte rock avalanche dates to a relatively warm and dry period of the Middle
Holocene. Nevertheless, a period of frequent flooding at 6900-6200 was recognized for
the region and overlaps the timing of the Gorte rock avalanche. The age is comparable
to the age of the Dosso Gardene landslide (6630-6290 cal BP), as well as the Marocca
Principale (5.3 & 0.9 ka), both within 15 km. The important seismic activity still
ongoing nowadays makes it likely that the trigger of the landslide may have been
seismic activity.

e  The Gorte landslide was characterized by initial rock sliding followed by disintegration
and spreading. To simulate the flow of the rock avalanche, using Dan3D-Flex, two
different rheologies were tested. The model that reproduced the best results used
a frictional rheology in the source area with a friction angle of 14°, and a turbulent
frictional rheology (Voellmy) in the rest of the area, with a friction coefficient of 0.38
and a turbulence coefficient of 700 m/s?.

e  Thesliding of Spiaz de Navesele-Salto della Capra took place south of Gorte, involving
the Tofino Formation. The related deposit, named Marocche, formed a hummock over
the Busatte area.

e  The sliding of Spiaz de Navesele-Salto della Capra took place at the same time or
immediately after the Gorte rock avalanche: it was dated to 5.9 £ 0.4 ka, but by means
of a single bedrock sample. It is not to be excluded that the sliding took place in
several phases, with more or less regular detachments over the millennia. A second
sample, a boulder in the deposit, indicates an age of 2.4 £ 0.2 ka, but anthropogenic
influence cannot be excluded.
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Supplementary Materials: The descriptions of the thin sections obtained from sampled boulders
are available online at https://www.mdpi.com/article/10.3390/ geosciences11100404/s1, Figure S1:
Thin sections from sampled boulders.
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Abstract: We assess if variations in the in situ cosmogenic 2°Al/1°Be production ratio expected from
nuclear physics are consistent with empirical data, knowledge critical for two-isotope studies. We
do this using 313 samples from glacially transported boulders or scoured bedrock with presumed
simple exposure histories in the Informal Cosmogenic-nuclide Exposure-age Database (ICE-D) from
latitudes between 53°S to 70°N and altitudes up to 5000 m above sea level. Although there were
small systematic differences in Al/Be ratios measured in different laboratories, these were not
significant and are in part explained by differences in elevation distribution of samples analyzed
by each laboratory. We observe a negative correlation between the 2 Al/1%Be production ratio and
elevation (p = 0.0005), consistent with predictions based on the measured energy dependence of
nuclear reaction cross-sections and the spatial variability in cosmic-ray energy spectra. We detect
an increase in the production ratio with increasing latitude, but this correlation is significant only
in a single variate model, and we attribute at least some of the correlation to sample elevation bias
because lower latitude samples are typically from higher elevations (and vice versa). Using 6.75 as
the 26 Al/19Be production ratio globally will bias two-isotope results at higher elevations and perhaps
higher latitudes. Data reported here support using production rate scaling that incorporates such
ratio changes, such as the LSDn scheme, to minimize such biases.

Keywords: cosmogenic nuclides; nuclide production; burial dating

1. Introduction

Paired-nuclide, in situ cosmogenic nuclide analyses are valuable tools for investigat-
ing complex landscape histories, including burial after and/or during exposure. In situ
cosmogenic nuclides are formed in minerals at the Earth’s surface when exposed to the
high-energy particle cascade produced during interactions between cosmic radiation and
atmospheric gasses [1]. Differences in production and decay ratios between multiple in
situ cosmogenic radionuclides are used to estimate burial/exposure durations and erosion
histories—with applications ranging from non-erosive glacier histories [2—4], to long-term
fluvial incision [5,6] and archaeological investigations [7-9].

An essential component of this methodology is knowing with certainty the produc-
tion ratio between measured in situ cosmogenic radionuclides. While the decay rates of
cosmogenic radionuclides have been empirically constrained [10-12], the production rates
of cosmogenic nuclides, and thus their production ratios, are estimated using models of
the relevant physics [13] and validated with calibration studies that rely on independent
age constraints of landscape features [14,15].

Two of the most-used in situ cosmogenic radionuclides in dual-nuclide studies are
26 Al and “Be. Both are produced in quartz, and their ratio has been measured since the
1980s [16]. The near-ubiquity of quartz across the world and the improved analytical
precision for 1°Be—and more recently 2°Al [17]—measurements make these nuclides
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the “go to” for dual-nuclide studies. The improvement in measurement precision will
allow for more useful interpretation of the data, but only if the production ratio is well
constrained [18].

Physics-based nuclide production models suggest that the 2°Al/1°Be surface produc-
tion ratio should decrease with elevation and increase with latitude [19,20]; however, most
analyses of 2°Al/19Be data assume a globally constant surface production ratio. Empirical
evidence from high-latitude sites [21] suggest that this assumption may not be valid. A
surface production ratio that changes with latitude and/or elevation would mean that
many of the studies using this dual-nuclide methodology contain systematic biases in
their results because the assumed surface production ratio may differ from the actual ratio
at the sampling site. As cosmogenic nuclide measurements become more precise, better
constraining of the production ratio becomes more important.

Here, we assess if changes in the 26A1/10Be production ratio with latitude and/or
elevation are detectable in empirical data using a compilation of 313 previously published
in situ 2°Al/1Be ratios from samples spanning a wide range of latitudes and elevations.
We applied selection criteria to increase the chances that these glacially related samples
have experienced simple exposure histories—that is, only one short (<25 kyr) period of
exposure and no burial, so that the measured ratio (2°Al1/10Be) represents the surface
production ratio. We apply deductive statistical analyses to this compilation to determine
if 2A1/19Be ratio variations with altitude, latitude, and sample processing laboratory are
present at a statistically significant level. This analysis allows us to test whether there
are detectable production ratio variations, thus necessitating application of physics-based
nuclide production models in dual-nuclide studies, or if the nominal ratio of 6.75 is suitable
at all latitudes and elevations.

2. Background
2.1. In Situ Cosmogenic 26 Al and 1°Be

In this study, we focus on the production of in situ cosmogenic 2°Al and '°Be in quartz.
26 Al and 1°Be are produced primarily through spallation reactions in quartz (>95% at sea
level and high latitude) with minor production from muon interactions [1,11,12]. The ratio
of muonic to spallation production increases with depth below Earth’s surface [1] and
decreases at higher elevations. 2°Al has a half-life of 0.705 million years [10] and 1°Be has a
half-life of 1.39 Ma [11,12].

The accuracy of measured 2°Al/1Be ratios as a proxy for the 26A1/1%Be ratio at
production is controlled by both laboratory procedures and the geologic history of sample
sites. Nuclides inherited from prior periods of exposure both at the surface and at depth
influence the concentration of 2°Al and '°Be in surface samples and thus the measured
26 Al/19Be ratio. Muon-induced production produces relatively few nuclides but does so at
a ratio higher than surface production, which is dominated by neutrons [22]. Storage of
previously exposed material at depths below the penetration depth of most neutrons can
lower measured ratios as 2°Al decays more quickly than Be [10].

Laboratory concerns include the measurement of cosmogenically produced isotopes
(%Al and 1°Be) by Accelerator Mass Spectrometry (AMS), which often sets the limit on
precision, and quantification of stable isotopes (*” Al and ?Be), which is critical for accuracy.
Low-energy AMS machines may be unable to completely reject isobaric interferences
encountered in 2°Al analyses, thus artificially increasing calculated 2° Al concentrations and
the 26A1/10Be ratio [23]. When complexed with fluoride during HF digestion, Al can be
difficult to get back into solution, thus leading to underestimation of 2 Al and consequently
low 26 Al/19Be ratios [24]. Stable beryllium is added as a carrier (isotope dilution) but stable
aluminum is native to the quartz being digested, meaning that full retention and recovery
of that aluminum is critical to accurately quantifying the concentration of 26Al. Stable
aluminum quantification errors can arise from chemical processing steps, including aliquot
measurements after, rather than before, drying dissolved samples, adding sulfuric acid to
digestion solutions, and systematic offsets in calibration of inductively coupled plasma
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optical emission spectrometers for measuring 2’ Al concentrations [25]. Low recovery of
27 Al will result in lower than actual 2°Al/1°Be ratios [24]. Significant variation in measured
26 Al between chemistry labs has been observed during inter-lab comparisons, and much of
this variation is attributed to differences in methodology for quantifying %7 Al [26-28]. A
small number of quartz mineral separates contain significant amounts of stable 9Be, which,
if unaccounted for, would result in spuriously low 1°Be concentrations and high 26A1/1%Be
ratios, and few laboratories routinely measure beryllium in quartz [29].

2.2. Applications

Paired in situ cosmogenic 2°Al and “Be are used in a wide variety of studies seeking
to understand burial and erosion histories. Early applications included the history of
enigmatic Libyan desert glass [16], the age of ancient glacial deposits in the Sierra Nevada
mountains [30], and the glacial history of Antarctica [31]. Bierman et al. [2] demonstrated
the utility of the paired-nuclide approach for calculating minimum total durations of
exposure and burial for complex glacial histories in temperate regions—those involv-
ing multiple periods of advance and retreat. Investigations of complex glacial histories
continue to be a common application of 26 A1/1%Be [32,33], including cases with minimal
glacial erosion due to cold-based ice cover [4,34] and glacial histories inferred from marine
sediment records [35,36]. 2°A1/19Be has also been used to evaluate long-term erosion
rates in arid regions [37], histories of tectonic uplift [38], river incision [5,6], and paleosol
burial [39,40]. 2°Al1/1%Be is also used for age control in archaeological investigations of
hominin evolution [7-9,41], providing burial ages of bones and artifacts.

2.3. Previous Constraints on 26 Al/'°Be Production Ratio

The production ratio of 2A1/1%Be at Earth’s surface has been constrained in two ways:
experimental measurements—sampling surfaces with ‘known’ exposure histories—and
physics-based models that simulate interactions between cosmic radiation, atmospheric
atoms, and terrestrial atoms in target minerals. See Corbett et al. ([21] and Table S1 therein)
for a summary of these studies and the production ratios they calculated and measured.

Studies published prior to 1991 estimated an 26 Al/19Be production ratio of ~6.1 [30,42],
which was updated to 6.75 following updates to accelerator standards and refinements of
the 10Be half-life [11,12,43]. Early models of 2° Al and 'Be production indicated a spallation
production ratio of 6.05 that did not change with elevation (latitude changes in in situ 26 Al
production were not modelled [44]). Without robust empirical evidence to support the use
of more complex numerical models for nuclide production, an 2°Al/“Be production ratio
of 6.75 is typically assumed to be constant over all latitudes and elevations in many scaling
schemes used for cosmogenic nuclide data interpretation [45].

2.4. Indication of Spatial Variability in the *° Al/'°Be Production Ratio

Cross-sections for nuclide production from spallation reactions suggest changes in the
26A1/10Be production ratio with latitude and elevation [19,20,46—48]. Although 26 Al and
19Be are both produced in quartz at Earth’s surface primarily through spallation reactions,
the cross section—or likelihood of reaction—for spallation production is different for each
nuclide. 2°Al has a lower energy threshold for production than 1°Be, so neutron fluxes with
different energy spectra produce 2°Al and '°Be at different ratios [47,48]. Earth’s geomag-
netic field deflects lower-energy components of the primary cosmic ray flux more readily
at lower latitudes [46]. The energy spectrum of the secondary neutron flux that reaches
Earth’s surface therefore differs with latitude, implying a lower 26 Al/1%Be production ratio
at low latitudes, where the more energetic neutron flux favors 10Be production, and a
higher production ratio at high latitudes, where the less energetic neutron flux favors 2°Al
production [19].

A similar dynamic is expected with changes in elevation due to changes in the neutron
flux energy spectrum with depth in the atmosphere. The cosmogenically derived neutron
flux loses energy with increasing atmospheric depth due to interactions with atmospheric
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gas atoms [1,42]. Thus, the 26A1/10Be production ratio should be lower at high elevations,
where the neutron flux has higher energy and favors °Be production, and highest at low
elevations, where the lower energy neutron flux favors 2° Al production [46].

3. Materials and Methods
3.1. Data Sources and Sample Selection

To determine if the assumption of a constant 2°Al/1%Be production ratio is an over-
simplification, we test for spatial heterogeneity in the 26A1/10Be production ratio using
previously published samples in the Informal Cosmogenic-nuclide Exposure-age Database
(ICE-D; ice-d.org, n = 313; ref. [49]). Within the ICE-D database, we extracted data from
ICE-D: Alpine, data from alpine glacial landforms (n = 243), and ICE-D: Calib, samples
used to calibrate cosmogenic-nuclide production rates by assuming exposure ages based
on other geologic constraints (n = 70). 2°Al and °Be concentration measurements for all
samples were normalized to the KNSTD and 07KNSTD standards, respectively [10,43]. In
both sub-databases, we targeted samples that likely experienced simple exposure histories,
such that all Al and '°Be are from a single exposure extending to the present day with
no nuclides remaining from periods of prior exposures. In other words, we presume that
the measured 2°Al/1"Be concentration ratios equal the 2°Al/!Be production ratios for the
samples we selected.

We applied the following criteria: 1. We selected samples in ICE-D: Alpine with
reported 2°Al and '°Be concentration measurements and with exposure ages under 25 ka.
Querying for ages under 25 ka ensures that measured concentrations are from a single, short
period of near-surface exposure. We do not include samples from Antarctica, where pro-
longed burial that alters measured 2°Al/!%Be ratios is evident in many samples (e.g., [50]).
2. We extracted all sample data from ICE-D: Calib and calculated exposure ages using
the reported 10Be concentrations, LSDn scaling, and the default exposure age calculator
settings in version three of the online exposure age calculator described by Balco et al. [45]
(i.e., without the reference production rate from the calibration site). We kept samples in
our analysis if their calculated ages using these exposure age calculator settings matched
the expected ages from nearby geologic calibration sites, indicating little inherited '°Be
(and by association 2°Al) was present in these samples.

To avoid samples affected by geologic and/or laboratory processes that can skew
ratios, we discarded samples from our initial query with physically unreasonable 26A1/10Be
ratios. To account for the inevitable scatter in ratios due to analytical uncertainty of 2 Al and
10Be measurements, we first fit a normal distribution to the 2°Al/1%Be ratio uncertainties in
our compilation (Figures S2 and S3) and calculate the ratio uncertainty mean and standard
deviation. We use the uncertainty mean (10.1%) plus one standard deviation (9.0%) as a
threshold, beyond which we deemed the ratios physically unreasonable. Applying this
19% analytical uncertainty threshold to the canonical 2°Al/1%Be production ratio value of
6.75 gives a range of 5.47 to 8.03 for accepted 2°Al/10Be ratios (details in Supplement). We
assume that outlier samples were affected by geologic and/or laboratory processes that
skew measured 2°Al/9Be concentration ratios such that they do not reflect the surface
production ratio. Our final tally of samples used in statistical analyses (n = 313) does not
include outliers (n = 48) removed from the original ICE:D query (Figure S1).

3.2. Statistical Analyses

We use single and bi-variate linear models, Monte Carlo simulations, and analysis of
variance (ANOVA) tests to determine if variations in the measured 20 Al/1°Be concentration
ratios in our compilation are correlated with elevation and/or latitude. We first divide
the sample population into three latitude transects and five elevation transects to isolate
latitude and elevation as variables and create sample groups for ANOVA testing. Each
elevation transect is a bin of samples from similar latitudes but spanning a range of
elevations, while each latitude transect is a bin of samples with similar elevations but
varying latitudes (Figure 1).
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Figure 1. Sample locations and study design.

We use single and bi-variate linear models to determine if there are statistically
significant correlations between the 26 A1/10Be production ratio, latitude, and elevation.
We run single regression linear models for elevation and latitude (as absolute latitude)
vs. measured 2°Al/1Be ratios first with the entire compilation and then with samples
separated into transects, calculating 95% confidence intervals, correlation coefficients (r),
and p-values against a null model (no variation in production ratio) for each iteration. We
assume no uncertainty on latitude or elevation measurements. The bi-variate regression
model includes elevation and latitude variables and is run for the entire compilation
of samples.

We run Monte Carlo analyses to assess the influence of 26 A1/19Be concentration ratio
uncertainties on linear regressions. In each Monte Carlo analysis, we run 1000 iterations of
linear regression with samples randomly adopting an 2°Al/1°Be concentration ratio value
from within their uncertainty bounds (assuming a Gaussian uncertainty distribution) in
each iteration. Monte Carlo analyses allow us to constrain a population of regressions
using the uncertainties on each data point, producing another type of confidence interval
that incorporates data uncertainty.

To assess if 22A1/19Be concentration ratios differ between transects, we perform
ANOVA testing with transects as groups. If ANOVA testing indicates that one or more
transect 20 Al/19Be concentration ratio means are different at a 5% significance level, we
perform multiple pairwise comparison of the concentration ratio means [51] to determine
which transects differ and the statistical significance of differences. To assess if different
cosmogenic nuclide sample preparation labs have an influence on measured 2°Al/!°Be
concentration ratios, we also perform ANOVA testing with the five labs that processed
the greatest number of samples in this compilation. The five labs are located at Lawrence
Livermore National Laboratory (LLNL), the University of Washington (UW), the Swiss
Federal Institute of Technology in Ziirich (ETH), the Australian Nuclear Science and Tech-
nology Organization (ANSTO), and the Purdue Rare Isotopes Measurement Laboratory
(PRIME). Together, these labs are responsible for the 1°Be and 26 Al extraction of 70% of the
samples in our compilation.
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4. Results
4.1. Compilation Statistics

26A1/1%Be concentration ratios in our sample compilation approximate a normal
distribution with u = 6.57 and o = 0.52 (Figure 2). However, our compilation has spatial bias.
While samples are present at most elevations between sea level and 5000 m asl (Figure 3B),
they are biased towards the mid-latitudes in both hemispheres, with particular density
around the northern mid-latitudes (Figure 3B). There are no samples from low latitude /low
elevation or high latitude /high elevation locations (Figure 1). Sample processing year does
not have an observable impact on the measured 2°Al/10Be ratio (Figure S10).

70
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26N/"%Be Concentration Ratio Residuals (*®Al/'%Be)

Figure 2. (A) Histogram and normal distribution approximation of 20A1/1%Be concentration ratios in the compilation
analyzed here. Dashed vertical line shows the currently accepted production ratio value of 6.75. (B) Residuals of bi-variate
regression model predicting 2°Al/!%Be variations due to elevation and latitude.
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Figure 3. Measured 2°Al/19Be concentration ratios plotted against elevation (A) and latitude (B). Dashed horizontal line
shows the currently accepted production ratio value of 6.75. Samples from the ICE:D—Alpine database are colored blue,
samples from ICE:D—Calib are red.
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4.2. Regression Statistics

A simple linear regression of measured 2°Al/1Be ratios vs elevation is consistent with
lowering of the 26 A1/1%Be production ratio with elevation. The elevation regression shows
a statistically significant (p = 0.000028) negative correlation (r = —0.23) between elevation
and measured 2°Al/10Be ratios (Figure 4A). Although large, the residuals from the eleva-
tion/ratio regression are normally distributed; there is no evidence of heteroscedasticity.
The regression exhibits good fit to the data, as indicated by a reduced chi-squared test,
which accounts for scatter caused by uncertainty in the data (x% =1.25). The Monte Carlo re-
gressions support a negative correlation, with every regression exhibiting a negative slope
and with the 95% confidence interval (95% of regressions) overlapping the ratio change
expected with elevation in nuclide production models (change in ratio = —0.083 per km
elevation, calculated from [20]).

r=-023 B ] r=0.17
p = 0.000028 | p = 0.0025

1000

2000 3000 4000 5000 10 20 30 40 50 60 70
Elevation (m) Absolute Latitude

Figure 4. Linear regressions correlating measured 26 A1/10Be concentration ratios to elevation (A) and latitude (B). Gray

data points are the same as Figure 3. Central, solid black line in each figure is the most likely regression. Thin, blue lines
are individual Monte Carlo regressions. Gray horizontal line shows a ratio of 6.75. Dashed yellow line in (A) shows the
expected change in ratio with elevation from LSDn scaling at 5° latitude. Solid red line in (A) is the same but at 60° latitude.

A linear model with measured 20A1/19Be ratios and latitude (as absolute latitude)
supports an increase in the production ratio with increasing latitude. The latitude/ratio
regression shows a statistically significant (p = 0.0025) positive correlation (r = 0.17) between
latitude and 2°Al/'%Be ratios (Figure 4B). This latitude/ratio regression has normally
distributed residuals with no evidence of heteroscedasticity and exhibits good fit to the
data (x2 = 1.27). The 95% confidence interval of the change in ratio with latitude as provided
by Monte Carlo regressions overlaps the change expected from nuclide production models
(change in ratio = 0.0053 per degree latitude, calculated from [20]).

Our bi-variate linear model with elevation and latitude as variables (Table 1) is a
statistically significant improvement over a null model (p = 0.00016) and supports a negative
correlation between elevation and 2°Al/!°Be production ratio but does not support a
positive correlation between latitude and 2°Al/1°Be production ratio (Table 1). The bi-
variate model has normally distributed residuals (Figures 2B and S5), no evidence of
heteroscedasticity (Figure S7), and fits the data well oG =1.24), offering a marginal
improvement over the elevation-only regression. The change in 2Al/!9Be ratio with
elevation in the bi-variate model is within the 95% Monte Carlo confidence range of the
elevation-only model, close to the change predicted by a nuclide production model [20],
and is statistically significant (p = 0.004). The change in 2°Al/1%Be ratio with latitude in
the bi-variate model is not statistically significant (p = 0.947). This model indicates that
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there is variation in measured 26 Al/19Be concentration ratios over space, and that elevation
differences appear to have the strongest correlation to these changes.

Table 1. Bivariate regression statistics table with elevation and latitude as variables (y = xq + xp X elev
+x3 X lat).

Estimate SE tStat p Value
Intercept 6.86 0.24 28.26 8.74 x 10788
Elevation —8.97 x 1075 3.09 x 105 -291 0.004
Latitude —-3.02 x 107* 0.005 —-0.07 0.947

F-statistic vs. constant model: 9, p-value = 0.00016.

Linear regressions in elevation and latitude transects support 2Al/1%Be ratio varia-
tions in only one transect. Measured 2°Al/1%Be ratios in elevation transect 1 (spanning
latitudes 40°-50°S; Figure 1) exhibit a statistically significant (p = 0.011) negative correlation
(r = —0.34) with elevation. Correlations in every other transect are not significant at the 5%
level and exhibit wide 95% confidence intervals (Figure S54).

4.3. ANOVA

ANOVA tests indicate that there is a statistically significant difference in measured
26 A1/10Be ratios between samples from the highest and lowest elevations. Both the mean
and median 2°A1/0Be concentration ratio from latitude transects 1 (200 to 600 m asl) and
3 (4000 to 5000 m asl) are significantly different (p = 4.96 x 10~>; Figure 5). Moreover, the
ratio differences are as predicted by nuclear physics models, with the lower elevations
having a higher 2°A1/1%Be ratio (mean + SE = 6.80 + 0.12, median = 6.95) than higher
elevations (mean = 6.49 & 0.11, median = 6.48, Figure 5). The mean and median 26A1/10Be
concentration ratio from latitude transect 2, covering the 1400 to 1800 m asl elevation band,
is different than latitude transect 1 at the 5%, but not 1%, significance level (p = 0.025) and
is not significantly different than latitude transect 3 (Figure 5).

Elevation Bands (m asl)
200-600 1400-1800 4000-5000

L

200-600
n =64

1400-1800 4000-5000 6.4 6.5 6.6 6.7 6.8 6.9 7
n=29 n=72

26,10 . _
Elevation Bands (m asl; latitude transects 1, 2, and 3) Mean ““Al/""Be Concentration Ratio

Figure 5. (A) Boxplots from ANOVA testing of latitude transects. Each boxplot shows the median (central red line), 25th and
75th percentile values (bottom and top edges of box), and max/min values that are not considered outliers (whiskers). The
notches in each box represent median comparison intervals; two boxes with notches that do not overlap have medians that

are different at the 5% significance level. For more information see [52]. (B) Multiple comparison of means from ANOVA

testing. Each circle is the mean 20 Al/10Be concentration ratio from the latitude transects. The line extending horizontally out

from this point is the standard error of the mean. Vertical line is superimposed to illustrate the difference between groups.
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Mean 2°A1/19Be concentration ratios from elevation transects 1 (6.76 =+ 0.14) and
3 (6.45 £ 0.12), which cover 40° to 50°S and 36° to 39°N, respectively, are significantly
different (p = 0.008; Figure 6). Every other elevation transect is statistically similar. Aside
from transect 3, all elevation transects also have mean 20 Al/19Be concentration ratios that
overlap the canonical value of 6.75 within the envelope of mean standard errors (Figure 6B).
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Figure 6. ANOVA boxplots (A) and multiple comparison of means (B) for elevation transects. See Figure 5 for explanation

of each figure. Red cross in (A) is an outlier.

Mean 26Al/'°Be Concentration Ratio

7.2

Sample preparation lab ANOVA testing revealed that samples from the University
of Washington Cosmogenic Nuclide Laboratory (UW) have higher mean and median
26 A1/19Be concentration ratios than other labs (Figure 7A). Sample ratios from UW were
different than samples processed at Lawrence Livermore National Laboratories (LLNL),
but not other labs, at a statistically significant level (p = 0.006).
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Figure 7. (A) ANOVA boxplots for sample preparation labs, see Figure 5 for explanation. Note that the PRIME box appears
distorted because the upper limit of the median comparison interval exceeds the 75th percentile value. (B) Elevations of

samples processed by five different sample preparation laboratories.
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5. Discussion

The 2°Al/1"Be production ratio changes with elevation as numerical models of the
underlying nuclear physics predict. Our analysis of 313 glacially eroded and exposed
samples from around the world, for which we assume simple exposure histories, supports
the calculations and conclusions of Lifton et al. [20] and Argento et al. [19]. These numerical
models predict a decrease in the 26 Al/!°Be production ratio from sea level to 5000 m asl
of ~4% and 2.5%, respectively (see Figure 8 in [20]), and our ANOVA results agree well
with the model predictions (4.6 + 0.7% difference between latitude transects 1 and 3). Our
bi-variate regression produces a good fit to measured 2°Al/1Be ratios (x2 = 1.24), and the
negative correlation between elevation and ratio is highly significant (Table 1).

The positive correlation between the 2°Al/1%Be ratio and latitude is less robust in our
data than the negative correlation with elevation. The statistically significant correlation
observed in the latitude/ratio regression (Figure 4B) is not replicated in the bi-variate
model (Table 1) and ANOVA tests are inconclusive, with only two latitude bands of the five
elevation transects exhibiting a statistically significant difference in 26 Al/19Be (Figure 6).
These two elevation transects are not substantially different in terms of absolute latitude,
with transect 1 covering 40°-50°S and transect 3 covering 36°-39°N (Figure 1), and we
attribute at least some of the difference in ratios to sample elevation differences between the
transects. Despite the intention for transects to isolate latitude and elevation as variables,
these two transects contain samples from different elevations. Samples in elevation transect
1 range from sea level to ~1500 m asl; samples in elevation transect 3 range from ~1500 to
5000 m asl. Numerical model predictions and the statistically significant elevation/ratio
correlation in our analyses suggest that 2°Al/19Be ratios in elevation transect 1 should be
several percent higher than ratios in elevation transect 3 just due to elevation differences.
Thus, the 1 to 5% difference in mean 20 Al/10Be ratios observed between these transects in
ANOVA results is at least partially due to elevation-related differences in production.

The higher ratios observed in samples processed at UW do not skew our interpretation
of elevation and latitude influences on the 26Al/1Be production ratio, and we attribute
the higher ratios partially to differences in the elevation of samples processed in these
two labs. To assess the leverage of the higher-ratio UW samples, we created a bi-variate
regression model with these samples removed and found no significant difference in our
results. Both the elevation/ratio correlation and the model itself were still statistically
significant, although the elevation/ratio correlation was not as robust as when the UW
samples are included (p = 0.02 vs. p = 0.004; Table S1). Samples processed at UW are from
low elevations, with more than 50% from below 500 m asl, while the only lab with signifi-
cantly different ratios, LLNL, has samples from predominantly high elevation locations
(Figure 7B). The negative correlation between elevation and 2°Al/1%Be ratios demonstrated
here and predicted by Lifton et al. [20] could thus be partially responsible for the observed
difference between UW and LLNL results.

Differences in sample processing techniques may also explain some of the difference in
measured ratios between labs. Data from our initial query (i.e., before setting cutoff values
to constrain “reasonable” ratios) show that UW has less variance in measured 26 A1/10Be
ratios than any other chemical processing lab (relative standard deviation, RSD = 9.6%
compared to RSD > 11% at other labs and 17.7% at LLNL), and all but two UW samples
were within the cutoff ratio bounds. LLNL ratios from the initial query are skewed low,
indicating perhaps an underestimation of native 2’ Al in samples and thus the calculated
26 Al concentrations. We fit our bi-variate model to the measured ratios from each of the
major chemical processing labs to assess this hypothesis and indeed found a more left-
skewed residuals distribution from LLNL and a tighter fit (smaller residuals) from UW
(Figure 8). Thus, we attribute the difference in measured 26 A1/19Be ratios between LLNL
and UW to both elevation differences between samples and more variable and low-skewed
26 A1/19Be measurements from LLNL.

238



Geosciences 2021, 11, 402

LLNL

Count
= N w S ()} D
o o o o o o o
c
=

ANSTO

ETH
8
6
4
2
0

0
-6 -4 -2 0 2 4 6
- 26 51,10 .
Residuals (“"Al/ ~Be Ratio)

Count
(=) N B (o] [o<] 5

Count

Figure 8. Residual histograms demonstrating the fit of our bi-variate model to samples from each of
the major chemical processing labs.
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6. Implications

Our analysis suggests that dual-nuclide studies that assume a spatially invariant
26 A1/19Be production ratio of 6.75 contain small but systemic biases in their data inter-
pretations. The change in the 2 Al/19Be production ratio (5-6% between the equator and
the poles and between sea level and mountain landscapes) is similar to the current ana-
lytical uncertainty of well-measured 2°Al/'9Be ratios. Using the nominal ratio (6.75) at
high latitudes and low elevations will underestimate burial times at higher latitudes and
lower elevations.

Using a nuclide-specific production rate spatial scaling model (such as the LSDn scal-
ing scheme from Lifton et al. [20]) will improve the accuracy of dual-nuclide studies. The
LSDn scaling scheme fits the 2°Al/19Be ratio data in this compilation nearly as well as the
bi-variate regression (x% = 1.46; Figures 9, 56, S8 and S9) and predicts ratio variations with
elevation that are consistent with the empirical data (Figure 4A). The LSDn scaling scheme
also predicts an increase in the 20Al/1%Be production ratio with latitude, which agrees with
our single variate latitude/ratio regression but is not observed in our bi-variate regression.

80— ; ; T . .

70

45 -1 05 0 05 1 15
Residuals (*°Al/'%Be)

Figure 9. Residuals histogram showing differences between production ratios predicted by the LSDn
scaling scheme for samples in the ICE:D compilation and measured 2°Al/1°Be concentration ratios.
The similarity in residuals distribution seen here compared to Figure 2B, the residuals from our
bi-variate model based solely on measured ratios, demonstrates the good fit of LSDn scaling to
empirical data.

Our analysis is limited by spatial gaps in the data, particularly at low latitude/low
altitude and high latitude/high altitude locations and thus may be biased by elevation-
dependence of sites from different latitudes. Filling these gaps is essential to improving our
understanding of 2Al/19Be production ratio variations, but will be challenging. Glaciers
did not occupy low latitude/low altitude sites, but other episodically exposed surfaces,
such as those from rock falls, could be useful. Sampling high latitude/high altitude sites is
logistically difficult, and many of these sites which have been sampled show evidence for
significant concentrations of nuclides inherited from prior periods of exposure.

Analysis of these compiled data indicate the need for improving the precision and
accuracy of 2Al/1°Be measurements and thus their application to geochronology and
understanding landscape dynamics. Of particular concern are measurements of stable
27 Al Use of internal laboratory standards for quality control can help assure the quality of
both 2°Al and '°Be data. These are available as liquid standards [53], homogenized glass
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sand powder [25], and as purified quartz [26,28]. Improved precision of 2°Al concentration
measurements will also be critical to constraining 2°Al/1%Be ratios [17].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ geosciences11100402/s1, Extended methods and results, Figures S1-S10 and Table S1. Figure
S1: Distribution of 20Al/19Be concentration ratios from the initial ICE:D query. Vertical dashed line
marks a ratio of 6.75. Figure S2: Distribution of concentration ratio uncertainties (%) from the initial
ICE:D query. Figure S3: Standard boxplot of concentration ratio uncertainties from the initial ICE:D
query. Box limits are the 25th and 75th percentile values, center red line is the median, whiskers
are the high and low values not considered outliers, red crosses show outliers. Figure S4: Linear
regressions (central lines) and 95% confidence intervals (upper and lower lines) for elevation and
latitude transects. Note: 95% confidence interval lines for latitude band 2 are outside the y-axis
bounds. Figure S5: Model check for normality in bi-variate linear regression correlating the measured
26 A1/19Be concentration ratios to elevation and latitude. X-axis shows fitted values (ratios) from
this model, while y-axis shows the measured ratios. Blue line is the 1:1 reference line. Figure Sé:
Model check for homoscedasticity in the bi-variate regression model. X-axis is fitted ratio values
from the model, y-axis is residuals of the model compared to the data. No clear pattern in residuals is
observed, indicating homoscedasticity. Figure S7: Model check for normality in LSDn scaling model
against the measured 2°Al/1%Be concentration ratios. Axes are same as in Figure S4, but x-axis now
shows fitted ratio values from LSDn scaling. Figure S8: Model check for homoscedasticity in the
LSDn scaling model compared to concentration ratio data. Axes are same as in Figure S5, but x-axis
shows fitted values from the LSDn scaling model. Figure S9: Comparison of the bi-variate linear
model from this study (bottom, gray) and the LSDn scaling model (top, multi-colored) against the
data in this compilation (blue dots). The decrease in concentration ratio with increasing elevation is
nearly identical between the two models, but the LSDn model shows a more pronounced increase in
ratio with latitude. Figure 510: Exploration of the influence of sample collection year on measured
ratios and ratio uncertainties. Table S1: the statistics table for the bivariate regression run without
UW samples.
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Abstract: Cosmogenic nuclides are widely used to constrain the landscape history of glaciated areas.
At nunataks in continental polar regions with extremely arid conditions, cosmogenic nuclides are
often the only method available to date the ice thinning history of the glacier. However, the amount
of cosmogenic isotopes accumulated at the surface of nunataks depends not only on the length of
time that rock has been exposed since the last deglaciation but also on the full history of the surface,
including muon production under ice, exposure during previous interglacials, subaerial weathering
rate, glacial erosion rate, and uplift rate of the nunatak. The NUNAtak Ice Thinning model (NUNAIT)
simulates the cosmonuclide accumulation on vertical profiles, fitting the aforementioned parameters
to a set of multi-isotope apparent ages from samples taken at different elevations over the ice-sheet
surface. The NUNAIT calculator is an easy-to-use tool that constrains parameters that describe the
geological history of a nunatak from a set of surface exposure ages.

Keywords: nunatak; cosmonuclides; 10Be; 26 A1; 21Ne; 3He; 36Cl; 14C; MATLAB; Octave

1. Introduction

Quantifying the changes in the thickness of the Greenland and Antarctic ice sheets is
key to understanding future sea-level rise [1]. Cosmogenic nuclides are widely used for the
quantification of glacial chronologies. However, the climatic interpretation of the existing
cosmonuclide data sets requires accounting for geologic processes that cause apparent
exposure ages on glacial landforms to differ from the age of deglaciation [2].

Nunataks, the mountains emerging from polar ice sheets, have been used as vertical
dipsticks that record past changes in the thickness of the polar ice sheets (e.g., [3]). Cosmo-
genic signatures at the surface of nunataks are the result of the intermittent exposure of the
surfaces to cosmic radiation through the glacial cycles (e.g., [4]), glacial erosion (e.g., [5,6]),
and the subaerial weathering of these surfaces (e.g., [7]). Therefore, the abundance of one
or more cosmonuclides in one of these surfaces can be explained by the combination of
multiple possible scenarios [8].

Stroeven et al. [4] modelled the accumulation of 1°Be and 26 Al in tors. The model they
used is based on complex exposure-burial histories forced along the ice-free/ice-covered
conditions provided by a marine oxygen isotope 680 proxy glacial record. In this model,
a given 6180 cutoff value defines when the surface of the tor is exposed or shielded from
cosmic radiation. Li et al. [9] developed a method to solve the cutoff value in the marine
oxygen isotope record that satisfies a set of 1°Be and 2°Al concentrations considering fixed
values of glacial erosion and subaerial weathering. Knudsen et al. [10] described a method
to solve not only the 6180 cutoff value but also the glacial and interglacial erosion rates
from a set of multiple cosmonuclide concentrations that can include °Be, 2°Al, *C, and/or
2INe data.

The models described by Stroeven et al. [4], Li et al. [9], and Knudsen et al. [10] are
designed to be applied on a single site, and therefore one cutoff 5180 value can be solved
at a time. To solve the elevation of the ice surface during the glaciations, several samples
should be used to obtain an elevation profile of 5180 cutoff values, which would allow
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the reconstruction of the ice sheet thickness with time. If the elevation of the ice surface
is known, a second iteration of modelling would allow calculating how cosmonuclides
accumulate during glacial times by reconstructing the muonic production cross-section
under the ice sheet for any time.

In summary, the interpretation of cosmonuclide concentrations from nunataks often
requires accounting for the effects of surface and subglacial erosion, glacial dynamics,
and tectonic activity. The models described in the literature are focused on solving one
or two of the parameters that emulate these processes, usually using data from a single
sample. Here, I describe an easy-to-use method to solve up to five parameters that emulate
the glacial history, surface erosion, and tectonic uplift using a set of surface exposure ages.

The NUNAtak Ice Thinning (NUNAIT) calculator presented here solves (1) the eleva-
tion history of the ice surface, (2) the glacial erosion rate, (3) the subaerial weathering rate,
and (4) the nunatak uplift rate from a multi-sample (elevation profile) and multi-isotope
(10Be, 26 A1, 21Ne, He, 3°Cl, and/or 14C) data set. The calculator does not require the
input of production rates, as the default inputs are not cosmogenic concentrations but
apparent surface exposure ages, and approximate muon cross sections are calculated using
the latitude and elevation of the sampling sites.

2. Method Details

Here, I present a set of MATLAB®/GNU Octave® scripts that form the NUNAIT
calculator and their mathematical descriptions. All scripts needed to run the NUNAIT
calculator (Supplementary Materials) are freely accessible at https://github.com/angelro
des/NUNAIT (accessed on 19 August 2021).

When running the script START .m, the user is asked to run the calculator or select
previous data to display the text and output.

If the first option is selected (Run simulation), two types of files can be selected:

e A .csv file containing basic input data;

e A .mat file containing full input data, including apparent concentrations and apparent
production rates. A *_sampledata.mat is generated every time a .csv is processed.
This allows, for example, changing the distribution of the production rates before
running the simulations by editing the *_sampledata.mat file.

If the second option is selected (Display results), a .mat file containing previously
calculated data is required. This type of file is generated at the end of each fitting session
with the same name as the input file and _model .mat.

2.1. Input Data

Site data have to be inputted in individual comma separated files (. csv) for each mea-
surement. Some examples of input files are included in the folder “Examples”. The input
file contains the following headers (first line) that we recommend are not changed:

1. name: Sample name without spaces or symbols.

2 lat: Latitude used to calculate the muon contributions (decimal degrees).

3.  site_elv: Elevation of the sample above sea level (m).

4. isotope: Mass of the cosmogenic isotope. Currently accepting 3, 10, 14, 21, 26, and 36
for 3He, 19Be, 14C, 21Ne, 2°Al, and 3¢Cl, respectively.

5. base_level: Current elevation of the glacier surface above sea level at the sampling
site (m). This is used to calculate the ice position through time.

6. apparent_years: Apparent surface exposure age calculated with any cosmogenic
calculator, any scaling scheme, and any production rate reference.

7. dapparent_years: External uncertainty of the previous age.

Apparent concentrations (C) are calculated from apparent surface exposure (T) ages
following Lal [11]:

c= % : (1 - e*”) )
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where A is the decay constant of the isotope considered. The values of A are stored in constants.m.

Note that the concentrations described in Equation (1) are scaled to site production
rates. Therefore, they should be expressed in time units (years).

To reduce computing time, conditional statements are avoided in the code by con-
sidering all cosmonuclides radioactive. To do this, stable isotopes are assigned values
of A corresponding to 100 times the age of the Earth. As T << 1/A for stable isotopes,
Equation (1) results in C ~ T.

The calculated concentrations, together with the muon relative contributions described
in Sections 2.3 and 2.4, are stored in a .mat file with the same name as the original . csv file
and the suffix _sampledata. If the user needs to change the calculated concentrations or
relative production rates, this file can be modified and used as an input file.

2.2. Climate Curves

The scripts make_climatecurves.mand make_climatecurves_ant.m generate a time
series of 6180 values that will be used to calculate the vertical position of the glacial surface
over the samples.

The curves from Lisiecki and Raymo [12] and Zachos [13] are combined and scaled
with NGRIP data [14] or Five-core data [15] in Antarctica.

All records are arbitrarily scaled to the LR04 stack data [12]. As the 5'30 values gen-
erated will finally be transformed into elevations by the model described in Section 2.6,
the choice of one data set as reference is irrelevant.

To reduce the number of calculations and the computing time while representing the
ice changes relevant to the cosmogenic accumulation, the data are interpolated for ages
every 10 years for the last century, every 100 years until 20 ka, every 200 years until 50 ka,
every 500 years until 100 ka, and every 1% increase for ages older than 100 ka. The resulting
simplified curve is shown in Figure 1.

A
6 ;

[©]
© 2+ Zachos+Hansen
S LR04

ol NGRIP |

NGRIP+v.1.3
-2 I I I I I
108 107 10° 10° 10* 10° 10%
Age (a)
B

Zachos+Hansen
LR04
FIVE-CORE
FIVE-CORE+ v.1.3

580
V)
‘

-2 L L L
10% 107 10° 10° 10* 10° 10%
Age (a)

Figure 1. 6'80 glacial proxies. Combination of scaled 6’80 curves from Lisiecki and Raymo [12],
Zachos [13], NGRIP [14], and Buizert et al. [15], depicted with colours. Black lines show the simplified
curves used by NUNAIT for latitudes north (A) and south (B) of latitude 55° S.

2.3. Muon Contributions

The function muon_contribution.m generates the muon contribution and its uncer-
tainty based on latitude (/at) and elevation (elv) for a given nuclide. If either latitude or
elevation is not a number, a global average is given. A single value of latitude and elevation
is used to calculate the contribution of muons to the total surface production of °Be. All
other productions are scaled accordingly.
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The contribution of muons to the total surface 1°Be production (Ry (19Be)) is calcu-
lated as

Py("Be) 1 lat
Ptotal(loBe) 100

1ot s e (857 e
129+ 5o +1.056 - (5 (0.1 109 ezooo) )

This approximation is based on the 1°Be production at 1678 sites equally distributed on land
areas according to ETOPO1_Bed_g_geotiff.tif [16]and calculated using P_mu_total_alphal.m
and stone2000.m from Balco [17] and Balco et al. [18], respectively. The fitting of this approxi-
mation is shown in Figure 2. This formula fits the original data within a 5% standard deviation.
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Figure 2. 1'Be and 2° Al surface muon contributions. (A) Percentage of '’Be muon production rates
with respect to the total muon production rate generated using P_mu_total_alphal.m[17] for 1678
land sites, and the approximation calculated using Equation (2) for the same sites. (B,C) Share of 1°Be
and 2°Al fast muon production with respect to the total muon production at the surface. (D) Ratio
between the 2°Al and the '’Be muon shares.

Considering that P_mu_total_alphal.m fits the empirical data available within a ~5%
and a ~13% for the 1°Be and 26 Al muon production rates, respectively [17], the uncertainty
of the calculated muon contributions based on Equation (2) should be at least a 7% for 10Be
and 14% for 2°Al.

The calculation of the muon contributions for other nuclides are based on the following ratios:

e Ryu(*Al)/R,(1°Be) = 1.4587. See Figure 2.

e Ryu(%CI)/Ry(1°Be) = 3.2720, according to Heisinger and Nolte [19].
* Ry (*'Ne) /Ry (19Be) = 4.086, according to Balco and Shuster [20].

* Ry (®He) /R,,(lOBe) =1, consistent with Blard et al. [21].

e R,u(*C)/Ry(*Be) = 8.2767, according to Heisinger and Nolte [19].

As the uncertainties of these ratios are unknown, this script assigns a conservative
20% uncertainty for muon contributions calculated using Equation (2) to cover both the
uncertainties at the surface and the subsurface extrapolations described in Section 2.4.

All these data can be changed in the files constants.m and muon_contribution.m.
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2.4. Muon Cross Sections

To simulate production under ice and rock surfaces, muon production was approx-
imated as three exponential functions of depth [22]. A total of 1678 1°Be and 26 Al muon
production rates generated using P_mu_total_alphal.m [17] were analysed to fit three
exponential decays with attenuation lengths of 850, 5000, and 500 g cm 2 (Figure 3). These
attenuation lengths correspond to 75% of the fast muon, 25% of the fast muon, and the
negative muon productions at the surface, respectively.
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Figure 3. 19Be muon cross sections. Fast and negative muon production rates scaled to surface values cal-
culated using P_mu_total_alphal.m [17], for 1678 land sites from ETOPO1_Bed_g_geotiff.tif [16],
and random depths between 0 and 100 m below the surface (blue dots). Red lines represent the
exponential decay approximations used in this work.

The share of surface fast muon production with respect to the total muon production
(Pyfast / Putotar) considered for each isotope is:

o 19Be: Py fast/ Pytotar = 0.32069. See Figure 2.
o AL Pyfoqt/ Pytotar = 0.22282. See Figure 2.
o 36CI: Py fast/ Putotar = 0.0620, according to Heisinger and Nolte [19].
o 2INe: Py fast/ Pytotar = 1, according to Balco and Shuster [20].
e 3He: Py fast / Pytorar = 0.32069, consistent with Blard et al. [21].
o lC Py fast/ Putorar = 0.0672, according to Heisinger and Nolte [19].
The uncertainties of these approximations are within the uncertainties described in
Section 2.3 for 19Be and 2°Al
All these data can be changed in the file constants.m.

2.5. Densities

A density of pjc, = 0.917 g cm 2 is considered for ice [23], and a density of p = 2.65 cm 3
for bedrock.

2.6. Nunatak Accumulation Model

The nunatak accumulation model (nuna_model .m) considers the depth of the sample
under the bedrock surface (z) and the thickness of the ice on top of the surface (z;.,) based
on the input conditions (weathering w, glacial erosion rate, and maximum and current
ice levels) for each time range (At) defined by the climate curve and for each sample.
The model concentration is calculated as

P

= *(Z‘P"’Ziccﬁic@)//\ . _ 7At'(/\+w'P/A> e Mt
C; Atw-p/A e (l e ) e 3)
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where P is the production rate considered (spallation and each of the muon types), A is the
attenuation length for the production rate considered, A is the decay constant of the nuclide,
and f is the age corresponding to the end of the time range defined by the climate curves.

The final concentration for each sample C,;;o4,; is calculated by adding all the C; for all
production types and time ranges.

The effect of the glacial erosion rate is ignored inside each time range (At), as usually
C; is much more sensitive to z;., than to the change in position of the sample under the
bedrock surface due to glacial erosion during ice-covered periods.

2.7. Model Fitting

The fitting of the model described in Section 2.6 is performed by the script fit_nuna_model.m.

The script asks the user to set maximum and minimum values for the parameters to
be fitted: ice-free weathering rate, glacial erosion rate, ice-thinning since maximum glacier
extension, deviation of the current ice surface, and uplift rate. As weathering and erosion
rates are simulated in logarithmic space, minimum values of 0.1 mm/Ma are assumed.

It also allows changing the fit type. With a value of 0, the script will try to fit the
model to the data normally. With a value of 1, models with concentrations below the
sample concentrations will be ignored. With a value of 2, models with concentrations
above the sample concentrations will be ignored. A value of 3 is used to represent the
models within the stated parameter limits ignoring the sample concentrations. If fit type 3
is used, the script assumes that all generated models fit the data.

The script selects the climate reference based on the average latitude of the samples.
The Antarctic curves described in Section 2.2 are used for latitudes south of 55° S.

The degrees of freedom (v) are calculated by subtracting the number of parameters
with an initial range greater than 0 from the number of data in the input file (section 2.1).
A minimum v of 1 is always considered.

The script calculates concentrations corresponding to the sample positions for random
parameter values between the parameter limits. Randomisation of the weathering and erosion
rate values is performed logarithmically. A combination of random parameter values is
computed in each iteration. The goodness of fit is defined by the chi-squared function:

2
" Cooaet = Ci
2 model i
I R @
i=1 U-Cmudel + Uci

where C; and o, are the sample concentrations and their uncertainties derived from
the apparent surface exposure ages (Section 2.1), C,4 are the model concentrations
corresponding to sample i (Section 2.6), and o¢,, .., is the model uncertainty corresponding
to the uncertainty of the muon produced concentration (Section 2.3) plus the minimum age
spacing of the climate data (10 years, as described in Section 2.2).

Models fitting the data within a 1o confidence level are defined by the ones with
x? < x2%,, +v, and models fitting the data within a 20 confidence level are defined by
the ones with x> < x2. +2-v. Note that these formulas do not fully represent the
chi-squared distribution described in Rodés et al. [24] (section 2.2.1). The method described
in Rodés et al. [24] often yields infinite values when computing maximum fitting values
(X2,x.) for poor fittings and high v. The formula x%,, = x%., -+n-visan approximation
to the method described by Avni [25] for high degrees of freedom.

After a learning cycle of 3000 iterations (consts.minmodelstoconverge in constants.m),
the limits of the randomised parameters start converging. Initially, the new limits converge
to the models that fit the data within a 20 confidence level, and within a 1o confidence level
for the last 1/3 of the total iterations. If the number of models fitting the data within this
confidence level is lower than #¢o50, this confidence range is increased to 40, 8c, 160, etc.
Teono 1s initially equal to the desired fitting models and decreases exponentially with time.
The new parameter limits are calculated every 100 iterations (consts.convergencestep in
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constants.m) from the models fitting the desired confidence level and expanded by 10%
of the range to avoid missing fitting values at the limits of the 1o range.
The script runs iterations until one of the following conditions are met:

e The simulations reach the maximum number of models to calculate:
consts.maxnmodels = 50,000 in constants.m.

e There are more than the desired fitting models that fit the data within the 1o confi-
dence level:
consts.targetnmodelsonesigma = 300 in constants.m.

To represent the results as probability density distributions of the parameters, the rela-
tive probability corresponding to each model is calculated as

P(x*) o,/ % ~et?/20) ®)

which has a similar shape as the cumulative distribution function of the chi-squared
distribution but can be computed avoiding zeros for high values of x? and v.

Finally, a set of fake samples covering a wide range of altitudes and all the fitted
nuclides is generated. The parameter values of the models fitting the original data within a
1o confidence level are used to generate altitudinal concentration profiles within the fake
sample’s data. Maximum and minimum concentration profiles are generated and used to
plot the scatter of the fitting models.

2.8. Data Representation

A summary of the results is outputted in the command window by the script display_
results.m.
Three figures are generated by plot_results.mas graphical output:

e The probability distribution of the models for each of the parameters.

® A representation of the ice surface evolution and the altitudinal trajectories of the
samples (if no uplift rate is considered, these will be horizontal lines). Uncertainties
corresponding to all 10 models are also represented.

e Altitudinal profiles of the apparent exposure ages for all 1 models and all nuclides,
and the actual apparent exposure ages of the samples (model vs. data).

An example of the full graphical output generated by the NUNAIT calculator is shown
in Section 3.2.

3. Examples

Two natural examples of input files are included in the folder “Examples”. Inputs can
be generated from new or published data. Data from published data can be easily generated
from the ICE-D: ANTARCTICA database [26] (http:/ /antarctica.ice-d.org, accessed on
19 August 2021), that compiles a large number of cosmogenic data sets, including updated
exposure ages, organized by sites. The only datum required by the NUNAIT calculator that
is missing in the ICE-D database is the current elevation of the ice surface. This value could
be easily guessed by checking the lowest sampling site in the set, which often coincides
with the ice surface.

3.1. Marble Hills

Marrero et al. [27] reported the first cosmogenic nuclide-derived erosion rates for car-
bonate rocks in Antarctica. Erosion rates were derived from carbonate bedrock samples at
the Marble Hills field site (Ellsworth Mountains). I generated the exposure ages required by
the NUNAIT calculator using the CRONUS online calculators [28] with the data included
in Marrero et al. [27] (Appendix A).

In the original paper, Marrero et al. [27] calculated an apparent 3°Cl erosion rate of
0.22 £ 0.02 mm/ka from the samples above the elevation of ~550 m above the present ice-
surface, and apparent 3°Cl erosion rates >4 mm/ka at lower elevations. Marrero et al. [27]
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interpreted that samples below 550 m over the present ice surface require complex exposure-
burial histories to explain their composition.

As shown in Figure 4, the NUNAIT calculator predicts a subaerial weathering rate
between 0.52 and 0.84, 2 to 4 times higher than the one calculated by Marrero et al. [27];
a glacial erosion rate below 37 mm/ka, concordant with the cold-based glacial processes
expected in Marble Hills; and a maximum ice extension of 176-232 m above the present ice
surface. These results suggest that the data from samples above 232 m could be compatible
with simple exposure conditions, and the scatter of these data could be explained by
inhomogeneous weathering ratios of the continuously exposed surfaces.
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Figure 4. Marble Hills NUNAIT results. Results of fitting the NUNAIT model to Marble Hills’ data.
Right graph: data are depicted in red, and the models fitting the data within 1¢ confidence level are
plotted in blue. The best-fitting model, with a reduced chi-squared value of 7.2, is shown as a black
line. Left graphs: probability distribution of the tested parameters.

The fit type 1 was used to constrain the minimum weathering rate that is compatible
with these data (Figure 5), implicitly assuming that faster apparent weathering rates
due to different lithologies, slopes, etc., can produce shorter apparent exposure ages in
some surfaces. A (minimum) subaerial weathering rate between 0.19 and 0.21 m/Ma was
obtained using this setup. These values agree with the value of 0.22 £ 0.02 mm /ka obtained
by Marrero et al. [27].
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Figure 5. Marble Hills NUNAIT results using fit type 1. A reduced chi-squared value of 23 was
obtained for the best fitting model. Note that when using fit type 1, models producing apparent
exposure ages shorter than sample data are discarded. This results in no data being shown above a
certain threshold in the first two graphs on the left column (ice-thinning and weathering plots).
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3.2. Mount Hope

The longest nunatak elevation profile showing a wide range of cosmogenic isotope expo-
sure ages in the ICE-D ANTARCTICA database is probably the site HOPE (Mt. Hope, Beard-
more Glacier, Southern Ross Sea). Samples from the HOPE site appear in Spector et al. [29]
and Spector [30]. The data set contains 10Be, 26 A1, 21N, 3He, and 14C exposure ages.

According to Spector et al. [29], Mt. Hope (836 m) remained ice-covered until 14.4 4 0.5 ka.
Several kilometres upstream from this position, two lateral moraines at 1050 and 1200 m
mark the maximum elevation of ice during the Last Glacial Maximum.

Using only the cosmogenic exposure ages from the bedrock at Mt. Hope, the NUNAIT
calculator yields a maximum elevation of ice during the Last Glacial Maximum of ~1065 m
above sea level (Figure 6), which seems to be in good agreement with the position of the
lateral moraines described by Spector et al. [29].
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Figure 6. Full graphical output of the NUNAIT calculator for Mt. Hope data set. Left graphs show
the probability distribution of the fitting parameters. Right graphs show the best model, the models
fitting the data within 1c, and the sample exposure ages in black, blue, and red, respectively. The best
fit yielded a reduced chi-squared value of 78.7. The bottom graph shows the evolution of the ice
surface and the position of the samples according to the model best fit and one sigma results.

Figure 6 shows that the optimum fit of the NUNAIT model mimics the distribution of
the data for each isotope but does not fit the ratios between isotope data well.
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As for the Marble Hills” data, the NUNAIT model fits this data set for very low
weathering and glacial erosion rates and predicts a maximum uplift rate of 15 m/Ma.

4. Discussion and Conclusions

The NUNAIT and previous models described by Stroeven et al. [4], Li et al. [9], and
Knudsen et al. [10] are based on the same principle: using a climate proxy (680 record)
to solve complex exposure-burial histories that fit the surface cosmogenic nuclide data.
Previous models focused on solving the problem for sets of multiple isotope data from
single samples. The method presented here focuses on solving the same problem but
considering data from all the sampled sites on the nunatak, and yielding results that
are consistent with the whole data set. Thus, the results obtained using the NUNAIT
calculator are expected to be less precise than the results based on single samples but more
robust, as the model can consider more possible scenarios by randomizing erosion rates,
the position of the current ice surface, or uplift.

The NUNAIT calculator requires an input of cosmogenic data as apparent exposure
ages with no surface erosion rate considered. The models fitting the data are also expressed
as apparent exposure ages in the output. The use of input/output in this intuitive format
has some advantages and disadvantages.

The user needs to calculate apparent exposure ages using a local or online exposure
age calculator (e.g., [18,28,31]), allowing the user to consider any calculator, production
rate reference, and scaling factor. This simplifies the use of the NUNAIT calculator, as the
information about the production of cosmogenic isotopes (production rate, shielding, self-
shielding factors, radiogenic produced concentrations, etc.) is implicitly included in the
input data.

Although the user does not need to deal with production rates, the NUNAIT model
works internally with scaled concentrations and constant production rates. Equation (1)
assumes that the average production rate for the apparent (minimum) age equates to the
constant production rate. This introduces differences with the time-dependent production
models typically considered for the calculation of surface production rates. According to
Balco et al. [18] (Figures 3 and 4), these differences should not exceed 10% of apparent
exposure ages for most altitudes in polar regions. However, this uncertainty should be
represented in the input data by the external uncertainty of the apparent exposure ages.

As the model is fitted using external uncertainty of the apparent exposure ages
(Equation (4)), the fittings provided by the NUNAIT calculator are more sensitive to the
spatial distribution of cosmogenic concentrations than to the ratios between different
isotopes (e.g., Section 3.2), in contrast with the methods described by Stroeven et al. [4],
Lietal. [9], and Knudsen et al. [10]. This effect is intentional and seeks to reflect the uncer-
tainties of the cosmogenic surface production rate ratios realistically (e.g., [32-34]).

As the default input does not include any information on the muon contributions,
these values need to be estimated as shown in Section 2.3. This approximation introduces
an uncertainty of a similar magnitude as the one derived from the scaling scheme. The sim-
plification of the muon cross-sections described in Section 2.4 introduces an additional
uncertainty of 5% in the muon production rates under the ice sheet. The uncertainty
of the muon produced cosmonuclides should also include the scatter of the global data
available for the calibration of muon production under the surface, which is ~5% and
~14% for 'Be and 2°Al, respectively, according to Balco [17] (Table 1). The NUNAIT
calculator incorporates these uncertainties by considering a 20% uncertainty for all muon-
produced concentrations.

According to the data summarized in Balco [17], the best predictions of the muon-
produced 2°Al/!Be ratios fit the empirical data within ~20% uncertainty (Figure 7).
For other isotope pairs, the existing empirical data about their production rate ratios at
depth are more scarce (e.g., [35]). Therefore, we should assign an uncertainty greater than
20% to our modelled concentration ratios at great depths. As the NUNAIT model considers
a 20% uncertainty for all muon-produced concentrations, it assumes a 28% uncertainty
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(/202 + 202) for any synthetic concentration ratio under the ice-sheet, which is probably an
overestimation of the 20Al1/10Be uncertainties. However, similar to the surface predictions,
this overestimation of the uncertainty makes the model less sensitive to the ratios between
isotopes and therefore relatively more sensitive to the spatial distribution of the data.
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Figure 7. Subsurface 2°Al/10Be ratios. (A) Plot of 2°Al/19Be concentration ratios shown in Balco [17]
(coloured circles with error bars) and cross sections predicted by P_mu_total_alphai.m (black lines),
also from Balco [17]. All concentration ratios (measured) scaled to their predicted ratios (B) are plotted
as a camel-plot with 68% of its area at ~100 % 20% (C).

The NUNAIT model considers a constant ice density for the ice column covering the sam-
ples during glaciations. This value can be adjusted by the user, and the effect of its uncertainty
is not expected to exceed the 20% uncertainty considered for muon-produced concentrations.

When uplift is considered in the model, it is assumed to be a constant rate. Isostatic
rebound is not emulated by the NUNAIT model. This should not greatly affect the distribu-
tion of glaciated and ice-free elevations through time, as the isostatic rebounds are expected
to be coupled with the changes in the elevations of the ice surface. However, a constant
fast uplift could result in surfaces accumulating cosmogenic nuclides at slower rates in the
past due to the reduced production at lower elevations. This effect is not yet considered by
the NUNAIT model. Therefore, this model could overestimate the concentration of stable
isotopes in highly uplifted areas that have not been glaciated in the past.

During ice-free periods, the NUNAIT model considers a homogeneous weathering
rate along with the elevation profile. This might not be very realistic for areas with intense
periglacial processes that produce increased erosion rates in local areas (e.g., rock falls).
When fitting the model to data from areas with evident periglacial processes, the minimum
fitting type should be selected (fit type 1 described in Section 2.7).

Marrero et al. [27] described a systematic difference between bedrock and boulder
samples, with boulder samples yielding systematically lower erosion rates. By default,
the NUNAIT model considers a homogeneous erosion rate under the ice. Therefore, when

255



Geosciences 2021, 11, 362

fitting data from erratic boulders that could have been preserved during glacial periods,
and hence maintaining a higher surface cosmonuclide concentration than the bedrock,
the maximum fitting type should be selected (fit type 2 described in Section 2.7).

The examples in Section 3 show that the NUNAIT calculator yields results that go
beyond the typical observations deduced from surface exposure dating, such as glacial
erosion rates and uplift rates. Therefore, the NUNAIT calculator is presented as an easy-
to-use tool that will help glaciologists to interpret cosmogenic data from nunataks, where
exposure histories are usually complex. Moreover, the methods described in Section 2
can be used to develop new cosmogenic-based tools with intuitive and simplified inputs
and outputs.

Supplementary Materials: All scripts discussed in Section 2 and the data discussed in Section 3 are
freely accessible at https:/ /github.com/angelrodes/NUNAIT (accessed on 19 August 2021, subject to
the terms of the GNU General Public License, version 3, as published by the FreeSoftware Foundation).
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Abstract: Cosmogenic Ne isotopes are used for constraining the timing and rate of cosmological
and Earth surface processes. We combined an automated gas extraction (laser) and purification
system with a Thermo Fisher ARGUS VI mass spectrometer for high through-put, high precision
Ne isotope analysis. For extra-terrestrial material with high cosmogenic Ne concentrations, we
used multi-collection on Faraday detectors. Multiple measurements (n = 26) of 1.67 x 1078 cm3
air-derived 2’Ne yielded an uncertainty of 0.32%, and 2'Ne/*'Ne = 0.17% and ?*Ne/?’Ne = 0.09%.
We reproduced the isotope composition of cosmogenic Ne in the Bruderheim chondrite and Imilac
pallasite in a sub-ten mg sample. For lower Ne amounts that are typical of terrestrial samples, an
electron multiplier detector was used in peak jumping mode. Repeated analysis of 3.2 x 107! cm3
STP 2°Ne from air reproduced ?!Ne/?’Ne and **Ne/?’Ne with 1.1% and 0.58%, respectively, and
20Ne intensity with 1.7% (n = 103) over a 4-month period. Multiple (n = 8) analysis of cosmogenic Ne
in CREU-1 quartz yielded 3.25 £ 0.24 x 108 atoms/ g (2's), which overlaps with the global mean value.
The repeatability is comparable to the best data reported in the international experiments performed
so far on samples that are 2-5x smaller. The ability to make precise Ne isotope determinations
in terrestrial and extra-terrestrial samples that are significantly smaller than previously analysed
suggests that the new system holds great promise for studies with limited material.

Keywords: cosmogenic 2! Ne; noble gas isotope; mass spectrometry; neon isotope; 2 Ne; Ne dating;
Bruderheim chondrite; Imilac pallasite; CREU quartz; cosmogenic nuclides

1. Introduction

Cosmogenic Ne was proven to be an adept recorder of the timing and rates of surface
processes on the Earth and Moon [1-3] and the time of meteorite release from parent
bodies [4]. Precise determination of neon isotopes in rocks and minerals are conventionally
made using static gas magnetic sector mass spectrometers [5-8]. The low production rate
at the Earth’s surface and the presence of isobaric interferences at all Ne isotopes means
that precise determination of terrestrial cosmogenic Ne is routinely measured in only a
handful of laboratories worldwide [5]. Improvements in mass spectrometry in the last ten
years, in particular the ability to resolve some of main isobaric interferences [8-10], will
lead to better and faster cosmogenic Ne determinations.

Here, we report the use of a Thermo Fisher ARGUS VI mass spectrometer with an
automated gas extraction and purification system for the determination of cosmogenic Ne
in both extra-terrestrial and terrestrial material. It is a low resolution instrument [11], which
requires low background levels and a good understanding of isobaric interferences [6].
Where these can be obtained, the high sensitivity and good instrument stability combine to
allow high throughput cosmogenic Ne determinations on samples that are analysed by
conventional instruments. Two protocols can be applied depending on Ne concentrations:
multi-collection using Faraday detectors and peak-jumping mode using a compact discrete
dynode (CDD) detector. We demonstrate the multi-collection Faraday technique with new
analysis of cosmogenic Ne in sub-ten mg samples of Bruderheim chondrite and Imilac
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pallasite and the peak-jumping CDD analysis of 19.9 mg aliquots of CREU-1 quartz. We
use this study to demonstrate how significant reduction in sample size affects uncertainty
and the implication of that in cosmogenic Ne dating.

2. Analytical System

The Thermo Fisher ARGUS VI is a low resolution (R < 200), small volume (0.7 litre)
6-detector static vacuum mass spectrometer designed primarily for Ar isotope analysis [12].
It was recently shown to be capable of making high precision determinations of Ne, Kr
and Xe isotopes [6,11,12]. The need to minimise isobaric interferences for Ne isotope
determinations demanded several modifications to the mass spectrometer vacuum enve-
lope. Gas equilibrated with the mass spectrometer is forced to enter the ion source via
a SAES GP50 ZrAl alloy getter held at room temperature in order to minimise the Hy*
level, which controls the rate of formation of Ar?* and CO,2* [13], as well as 2PNeH* [6]. A
charcoal-filled finger on the source block is cooled with liquid nitrogen during analysis to
reduce the level of residual Ar and CO, in the mass spectrometer.

The ion source operates at 4.5 kV acceleration potential, 250 A trap current and 80 eV
electron energy to minimise NeH" production in the source [6]. The source parameters
(ion repeller voltage, extraction, focus and symmetry) were tuned for maximum sensitivity
using 2Ne. The magnet position was set to achieve the coincidence of the flat-topped peaks
of all Ne isotopes (*Ne, ?2!Ne and ??Ne) on the Faraday detectors (10'2 Ohm resistance
amplifiers), and of 2Ne and ?!Ne on the combination of Faraday and a compact discrete
dynode (CDD) detector, respectively (Figure 1). The release of CO; from the CDD requires
that it is conditioned. In the initial phase of this work, the CDD was bombarded by a CO,
beam and pumped by the mass spectrometer ion pump for several weeks. This resulted in
a reduction in the dynamic CO, beam intensity from >100 fA to a normal operating level
of 2.5 fA.
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Figure 1. Schematic picture of the fully automatized Thermo Fisher ARGUS VI mass spectrometer
and preparation system in SUERC. Two 2L air reservoirs, each equipped with a 0.1 cm® gas pipette,
provided the means for calibration. The magnet position allowed multi collecting of Ne isotopes.
PC1: (H2: 2Ne—Ax: Z!Ne—L2: Z0Ne). PC2: (L1: 2Ne—CDD: 2!Ne). PC3: (H2: #4CO,—L2: *0Ar).
Blue valve: manual. Green: pneumatically actuated, open. Red: pneumatically actuated, closed. PC:
peak coincidence.
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High precision Ne isotope analysis is complicated by isobaric interferences at all
peaks. Although new instruments can either fully or partially resolve some of the common
interferences [8,9], in many cases, a correction is required [6,7,10,14,15]. This requires
the measurement of several other peaks, which has an implication on measurement time
and data precision. The optimisation of analysis procedures in mass spectrometer control
software (Qtegra) required the use of four lab books, starting with hydrogen, followed
by mass 18, 19, 40 and 44, prior to the analysis of Ne isotopes (Figure 2). The number of
cycles required for Ne isotope analysis was optimised to overcome uncertainty introduced
by the time delay. We developed both a multi-collection mode using the array of Faraday
detectors where the smallest Ne beam was greater than ~7 fA and a peak jumping mode
that used the CDD for smaller Ne beam intensities.
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Figure 2. Schematic of the measurement protocol for high precision Ne analysis using the Thermo
Fisher ARGUS VI mass spectrometer. The analysis was performed in four lab books in Qtegra to
minimise magnet current movement when Ne isotopes were measured. Interfering compounds and
hydrogen were measured first for 10 min. Ne isotope measurements were long enough to overcome
the uncertainty introduced by the time gap.

3. Cosmogenic Ne in Extra-Terrestrial Material: Multi-Collection Faraday Technique

The multi-collection Faraday mode was developed for the determination of the
2INe/?Ne of air [6] and precise analysis of the Ne isotope composition of natural gases [14].
The high sensitivity of the ARGUS system allowed this procedure to be used to determine
cosmogenic Ne in small samples of extra-terrestrial material. Here, we report Ne isotopes
in small samples (4.1 to 10.7 mg) of Bruderheim L-chondrite and the Imilac pallasite in
order to establish the precision of Ne isotope determinations in meteorites.

Repeated analysis of air standard (n = 26) over the two-week analysis period yielded
repeatability values of 21Ne/?Ne and #*Ne/?Ne of 0.17% and 0.09%, respectively (10),
calculated by fitting a best Gaussian curve to the probability density distribution [15].
All isotope data are consistent with the combination of mass fractionation of air and
the presence of NeH*, as described earlier [6]. The repeatability of the intensity of 2’Ne
(~3450 fA) was 0.32%. Isobaric interferences from *Ar?* and #CO,2* were trivial (less
than 0.3%0) and all other interferences were significantly smaller than 0.1 %o [6].

The meteorite samples were heated to 1500 °C for 10 min in a double-walled furnace.
The gas purification and Ne isotope analysis were conducted using methods described
earlier [16]. Furnace hot blanks were measured and the Ne isotopic composition was
found to be isotopically indistinguishable from air, albeit less than 0.3% of sample beam
intensities. All samples were reheated, which confirmed that all Ne was extracted in
the heating step. For these analyses, we did not routinely monitor HyO* and HF* as
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beam intensities were so low that it had a negligible (<0.1%o) effect on m/z = 20. While
20NeH* generation in the mass spectrometer ion source was significant for analyses of
terrestrial Ne at partial pressures that are similar to those determined here, in this study,
the contribution at m/z = 21 was insignificant as 2INe* abundances in meteorites were
approximately 30 times higher. We estimate that the 22NeH™ contribution for ?'Ne* was
less than 0.1%o in the meteorite analyses reported here.

The Ne isotope data for both meteorite samples are presented in Table 1 and Figure 3.
The two Bruderheim samples yielded 2’Ne/?*Ne of 0.867 + 0.002 and 0.852 = 0.002 and
2INe/?’Ne values of 0.916 & 0.002 and 0.925 + 0.002. These plotted within the range
determined by earlier studies ([15,16], (T. Graf, pers. comm.)), thus confirming our ability
to replicate existing data. The difference in 2! Ne/?’Ne ratios of the two samples was small,
butbeyond the analytical uncertainty of each measurement. This may reflect variation in the
contribution of the primordial Ne component within the samples. The Bruderheim sample
had a well-established *?Ne concentration of 12.14 & 0.11 x 10~ cm® STP/g (personal
communication with T. Graf). On this basis, using our measurements, we calculated an
instrument sensitivity of 5.01 & 0.06 x 10712 cm3 STP Ne/fA, which was equivalent to
1.25 4 0.02 x 10 cps/cm® STP (where 1 cps = 1.6 x 10719 A).

The isotopic compositions of Ne for the two samples of Imilac pallasite were indistin-
guishable from each other. The 20Ne/22Ne values were 0.896 + 0.002 and 0.893 + 0.002 and
the 2'Ne/?’Ne values were 1.028 4 0.003 and 1.030 & 0.003. These values were extremely
close to those determined earlier for the Imilac pallasite [17] (Figure 3). The measured
22Ne concentrations of 66.52 & 0.08 and 69.42 + 0.07 x 1078 cm® STP/g overlapped that of
earlier determinations (66.0 & 3.6 x 1078 cm?3 STP 22Ne/g) [17].

The precision of the Ne isotope ratios of both meteorites was 4-0.2-0.3%. This was ~50—
100 and 5-10 times greater than the precision of 20Ne/?2Ne and ?!Ne/?2Ne measurements
of air, and was slightly higher than the repeatability of the air measurements (0.17% and
0.09% for 2'Ne /?>Ne and ?'Ne/??Ne, respectively). We explain this by the large amount of
matrix present in the gas phase after melting of the mineral. The intensity determinations
had an uncertainty of £ 0.02% at signal sizes of 200 fA, and this was identical to the
precision of 22Ne beams of a similar size (~335 fA) derived from air calibrations.

Table 1. Neon isotope data of newly measured meteorites.

Sample Weight (mg) 20Ne/Ne 2INe/*?Ne 22Ne
This study
Bruderheim-1 9.13 0.867 (2) 0916 (2) N/A
Bruderheim-2 10.67 0.852 (2) 0.925 (2) N/A
Imilac-1 10.10 0.896 (2) 0.893 (2) 66.52 (8)
Imilac-2 410 1.028 (3) 1.030 (3) 69.42 (7)
Pers. comm. with T. Graf
Bruderheim-1 49.2 0.914 0.851 11.98
Bruderheim-2 422 0.914 0.850 12.30
Bruderheim-3 25.5 0.911 0.844 12.18
Bruderheim-4 33.0 0.912 0.842 12.20
Bruderheim-5 24.3 0.912 0.849 12.15
Bruderheim-6 53.7 0.918 0.839 11.99
Bruderheim-7 32.8 0.922 0.828 12.12
Bruderheim-8 33.4 0.925 0.839 12.21

10 are shown in parenthesis as last significant figures. Ne isotope concentrations are in cm? STP/g x 10% where
p=0.101 MPa and T = 0 °C in accordance with [20]. N/A: not applicable as the Bruderheim, in this study, was
used to determine mass spectrometer sensitivity using data from T. Graf (pers. comm.). Errors of data obtained
from pers. comm. with T. Graf were not provided.
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Figure 3. Neon isotopic composition of Bruderheim chondrite and Imilac pallasite analysed using
ARGUS VI mass spectrometer. Bruderheim data overlapped with earlier determinations. Slight
deviations in between the measurements may indicate variation in the contribution of primordial
components. Imilac data overlapped with each other within the measurement error for both isotope
ratios, and overlapped with earlier determinations. Measurement uncertainties are smaller than
symbols. Other data are from Refs. [17-19] and personal communication with T. Graf.

Our data were obtained from a significantly smaller sample than earlier studies. The
direct comparison of the quality of our data to earlier determinations is difficult because
of the low number of analyses and the absence of precision in previous works. Our
Bruderheim chondrite samples (9.1 and 10.7 mg) were between 2 and 6 times smaller
than most recent measurements (T. Graf pers. comm.). Our Imilac pallasite samples (4.1
and 10.1 mg) were at least half the size of earlier determinations [17]. Incorporating the
repeatability of air Ne isotope ratios into the overall isotope ratio uncertainty (~0.5%),
we found a four-fold improvement on those measured in samples that were of at least
2-5 times greater mass [17].

4. Cosmogenic Ne in Terrestrial Material: Analysis by Peak Jumping Using
Electron Multiplier

4.1. Analysis Procedure and Repeated Measurement of Low Quantities of Atmospheric Ne

The concentration of Ne in terrestrial rocks and minerals is significantly less than
in meteorites, and typically requires the use of electron multiplier detectors [8-10]. We
developed a peak jumping protocol using the CDD detector that was located in the L3
position. The peak measurement sequence followed that described above (Figure 2).
Hydrogen (m/z = 2) and background (1n/z = 2.2) were measured on the L2 Faraday detector
with all other isotopes determined on the CDD. No NeH" was recorded during analysis, in
line with findings using a Noblesse-HR at a similarly low Ne partial pressure [7].

Over the course of 4 months, the blanks were composed of fractionated air (n = 36).
Isobaric interference from HF" always stayed below 1%.. Contributions at /z = 20 from
H,'80* (~1%) and *0Ar** (~5%) were small. In contrast, *CO,** dominated m/z = 22.
The air-like blank in the mass spectrometers rendered blank correction for cosmogenic Ne
redundant.

Calibration data (n = 103) were collected over the course of 4 months from aliquots of
air at the level of 9.36 + 0.21 x 10714 cm® STP ?!Ne, which was equivalent to ' Ne from
7.7 mg CREU quartz. The repeatability of the >'Ne/?’Ne and ??Ne/?°Ne of air was 1.10%
and 0.62%, respectively (Figure 4) (1o, 2 outliers), which was calculated by fitting a best-fit
Gaussian curve to the probability density distribution. The isobaric interferences from
H,O", HF* and *°Ar?* at m/z = 20, ©3Cu®* at m/z = 21 and %°Zn3* at m/z = 22 were trivial.
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Interference from organic compounds was assumed to be negligible [6]. The contribution of
CO,%* at m/z = 22 averaged around 7% over the 4-month period. Singly/doubly charged
component determinations followed earlier practice [6]. The isotope ratios plotted slightly
to the right of the mass fractionation line in Figure 4, indicating either a constant excess at
m/z =21 (termed excess Ne) (horizontal movement in Figure 4), which does not appear
in the blank measurements, or a different CO, contribution to that of the dynamic blanks
(vertical movement in Figure 4). However, doubly charged CO, would only increase with
increasing partial pressure in the mass spectrometer [13,21], which would move our data
to the lower 2?Ne/?’Ne regimes and would not explain our data. Therefore, we suggest
the presence of excess Ne.
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Figure 4. Ne isotope ratio from the repeated analysis of air using the ARGUS VI mass spectrometer.
The delivery amount was 9.36 £ 0.21 x 10~1# cm3 STP 2!Ne/aliquot, equivalent of ! Ne from 7.7 mg
CREU. The repeatability of 2!Ne/?’Ne was 1.1% (10) (n = 103), which was a significant achievement
at this partial pressure of Ne. The repeatability of 22Ne/2?Ne was 0.62% and was likely governed by
the 7% CO; correction at mass 22. All data were located slightly right of the mass fractionation line
(MFL), indicating a constant excess at 71/z = 21, which was unchanged over an order of magnitude
of Ne partial pressure and was corrected out (see text). Air is from Refs. [6,22]. Plotted uncertainties
are 1o.

Excess Ne, or, more precisely, excess mass 21 is the result of the liberation of material
inside the mass spectrometer by the calibration (or sample) beam. This was not detected
on the Faraday detectors at higher beam intensities, and the fact that the CDD is known
to produce CO, implies that the electron multiplier is the source [6]. Test measurements
revealed that the excess remains unchanged over an order of magnitude of Ne partial
pressure in the mass spectrometer. This suggests that if the sample stays within this partial
pressure range, the excess can simply be corrected out. In the worst-case scenario when the
sample is outside of this range, which was not the case for this study, our accuracy could
vary by the extent of the excess—thus, by at least +1%—and would leave the precision
unchanged. Intensities of 20Ne (i.e., sensitivity) w