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The Tamins rock avalanche (eastern Switzerland):

timing and emplacement processes

Abstract The Tamins rock avalanche lies adjacent to the Flims rock
avalanche, the largest in the Alps. Its deposit forms a ridge across
the Rhine Valley just downstream of the confluence of the Vorder-
rhein and Hinterrhein rivers. The deposit is dominated by a 1.6-km-
long longitudinal ridge, Ils Aults, and two roughly 600-m-long
transverse ridges. Several extensional scarps bear witness to
spreading of the deposit. A breach through the deposit, where the
Rhine River presently flows, reveals a carapace and intense frag-
mentation. Exposure dating using cosmogenic 3°Cl yields an age
of 9420 + 880 years. This suggests that the Tamins event occurred
in a time frame similar to the Flims event but was slightly earlier
than the Flims rock avalanche, as also required by stratigraphic
relationships. 3D volume modeling reveals bulking of only 14%.
The motion of the rock avalanche seems to have occurred first as a
flexible block, which underwent fragmentation and simple shearing
where the top moved faster than the bottom. The ensuing spreading
led to the formation of extensional scarps. There is no identified
weak layer along the sliding surface; nevertheless, modeling sug-
gests a friction angle of 10°.

Keywords Rock avalanches - Tamins rock avalanche -
Morphology of rock avalanches - Cosmogenic nuclide dating -
Numerical modeling of rock avalanches

Introduction

Rock avalanches dramatically modify landscapes over short time-
scales. In mountainous regions, rock avalanches can dam rivers
which often leads to the formation of lakes. Overtopping and/or
breaching of these dams can result in major floods (Costa and
Schuster 1988; Fan et al. 2020; Argentin et al. 2021). Catastrophic
events like rock avalanches, associated debris flows and outbreak
of lakes represent considerable hazard to people (Schwinner 1912;
Heim 1932; Abele 1974; Hovius et al. 1997).

A better understanding of rock avalanche occurrence and
motion requires detailed analysis of a large number of case histo-
ries (e.g., Evans et al. 1994; Nagelisen et al. 2015; Gramiger et al. 2016;
Ivy-Ochs et al. 2017; Singeisen et al. 2020). As rock avalanches are
infrequent events, studies of pre-historic rock avalanches provide
crucial information regarding rock avalanche geomorphology
and sedimentology (e.g., Cruden and Hungr 1986; Giorgio et al.
1991; Dufresne et al. 2016), runout mechanisms (e.g., Evans et al.
1994; Nagelisen et al. 2015; Castleton et al. 2016; Grdmiger et al.
2016; Aaron et al. 2020), and temporal occurrence (e.g., Ivy-Ochs
et al. 2017; Ruggia et al. 2021), especially for the rare extreme vol-
ume event. In particular, detailed mapping of prehistoric rock
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avalanches has revealed that the source zone stratigraphy often
remains intact in the highly comminuted deposit (e.g., Strom 2006,
Dufresne et al. 2016; Singeisen et al. 2020; Pfiffner 2022). Further-
more, rock avalanche deposits typically feature a boulder-rich cara-
pace, which is underlain by a highly fragmented body facies. The
base of rock avalanche deposits often features evidence of mixing
with path material that is overridden during the event (Weidinger
et al. 2014; Dufresne et al. 2016; Rossato et al. 2020).

Runout analyses of prehistoric rock avalanches have revealed
important information regarding geomorphic interpretations of
rock avalanche landforms (e.g., von Wartburg et al. 2020), the role
of path material in controlling rock avalanche dynamics (Hungr
and Evans 2004; Aaron and McDougall 2019), and the ultimate
strengths (defined as the bulk basal resistance after 10’s of meters of
displacement) required in the source zone for catastrophic failure
to occur. In particular, Aaron and McDougall (2019) suggest that
a volume-dependent mechanism must reduce the basal resistance
in the source zone, and that this contributes to the well-known vol-
ume dependence of rock avalanche mobility (Scheidegger, 1973).
However, further case histories are required to better understand
and confirm this trend.

Finally, dating of pre-historic events is crucial for understand-
ing failure sequences, and placing rock avalanche occurrence in a
regional context. Prior to being dated, the deposits of many events
have been erroneously interpreted as having resulted from multiple
failures (e.g., Ivy-Ochs et al. 2017; von Wartburg et al. 2020). Further,
the timing of rock avalanche occurrence relative to deglaciation has
been controversial, although much recent progress has been made
(e.g., Hermanns and Longva 2012; Ballantyne et al. 2014; Ivy-Ochs
et al. 2017).

These aspects are well demonstrated by two remarkable rock
avalanches which are located near the confluence of the Vorderrhein
and Hinterrhein branches of the Rhine River in eastern Switzer-
land (Fig. 1): the Tamins and the Flims rock avalanches. The Flims
rock avalanche, with a volume of 11-11.5 km?® (Caprez 2008; Pfiffner
2022) is the largest in the Alps, and has received considerable
interest in the past 200 years, while the Tamins rock avalanche,
which is the subject of the present work, has played a comparatively
minor role in research activity.

The Tamins rock avalanche was initially considered to be part
of the Flims rock avalanche (Heim 1883; Hartung 1884), until
Piperoff (1897) and Staub (1910) mapped the area in detail and
recognized the Tamins rock avalanche as a separate unit. The
Flims rock avalanche mobilized the late- and post-glacial sedi-
ment upon impacting the valley floor (Abele 1974; Poschinger and
Kippel 2009; Calhoun and Clague 2018) and impinged on the
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Fig. 1 Digital elevation model of the study area with breakaway scarps, rock avalanche, and associated deposits

Tamins rock avalanche deposit (see also below). The resulting
sedimentary complex is referred to as the Bonaduz formation
(Fig.1). Outburst of a lake dammed by the Flims rock avalanche
(Ilanzersee) is recorded in the Ransun fan shown in Fig. 1.

A major issue in the research history concerned the question
of how long after the Last Glacial Maximum (LGM) the rock ava-
lanches occurred or even if the deposits were overrun by Lategla-
cial glacier advances (Staub 1910; Oberholzer 1933; Abele 1974;
Nabholz 1975). The discussion emerged because of the presence
of erratic blocks and striated clasts often in matrix-supported
diamictons within and on top of the rock avalanche deposits (v.
Poschinger and Haas 1997 and references therein). The Flims
rock avalanche has been dated by Deplazes et al. (2007) with
the 14C method to 9475-9343 cal BP (recalculated in Nicolussi
et al. 2015) and Ivy-Ochs et al. (2009) using cosmogenic **Cl to
8900 *+ 700 years.
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The present work includes dating the Tamins rock avalanche,
analyzing its morphology, internal structure, and modeling its
runout using modern tools (Mussina 2021). The paper is structured
as follows. First, an overview of the geology, geomorphology, inter-
nal structure, and volume reconstruction of the rock avalanche is
given. Next, the results of cosmogenic nuclide dating of boulders in
the deposit, as well as a runout analysis of the event, are presented.
Finally, all these analyses are integrated to provide a description of
the initiation and runout of this event.

Geological framework

The Tamins rock avalanche covers the tectonic boundary between
the Helvetic and Penninic nappe systems (Fig. 2). The Helvetic
nappe system is subdivided into the Lower and Upper Helvetics.
The Lower Helvetics outcrop to the north of the Rhine Valley and



Switzerland

stud
areay

Lower Helvetics

2
E T Burgen, Stad formation
é gl Upper Cretaceous
§ ;; K, Lower Cretaceous
gl w Malm

Schilt fm, Quinten Is

Jurassic

Middle

& | & Quarten fm

= Réti dolostone

E | o Plattaztg formation
& Volcanics

IC

UH,

Jurassi

Perm. Triassic-

2 Penninics

LP,

Jurassic-
Cretaceo

———— Faultin general
——— Thrust fault (saw teeth on upper plate)

Upper Helvetics Quaternary fill of main valleys

Piora-Peiden nappe cplx Fan deposits

Scree

Glarus nappe complex : Entrained Tamins rock
«Verrucano» % avalanche deposits

o o Flims rock avalanche deposits

Tamins rock avalanche deposits

Grava and Tomill nappe ~ ———==
«Bundnerschiefer» (Jur.-Cret.)

Trace of seismic line
(Fig. 3)

.
|ll““‘

Fig.2 Geological map of the study area including the Flims rock avalanche. Modified from Pfiffner et al. (2010)
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are dominated by the Late Jurassic Quinten limestone building high
cliffs. The Upper Helvetics are concealed by the Quaternary valley
fill but outcrop farther to the west and northeast. In the map of
Fig. 2, they are shown to pinch out toward the study area. The Pen-
ninic nappe system outcropping south of the Rhine Valley is made
of a thick sequence of shale, marl, and thin-bedded sandstone and
limestone (also referred to as “Biindnerschiefer”).

The study area lies within the Tschep nappe of the Lower Helvet-
ics. This nappe consists of Jurassic Quinten limestone in the north,
which also contains the head scarp of the Tamins rock avalanche.
A N-S oriented fault zone (Kunkelspass fault zone) is made up of
a vertical fault and a west-verging thrust fault that cuts across the
Tschep nappe (Pfiffner 1972a, b). The limestone between the two
faults is highly shattered. Permian volcanics (Plattaziig formation)
form a large-scale anticline and are enveloped by Triassic dolos-
tone and Jurassic sandstone (Dogger). This fold may be mapped
on either side of the Kunkelspass fault zone; its fold axis trends
ENE-WSE. The shale, marl, sandstone, and limestone sequence
(“Biindnerschiefer”) in the south of the study area are affected by
decimeter-scaled nearly isoclinal folds with bedding and the main
foliation dipping with around 30° to the SSE (Pfiffner 1977,1978).

Figure 1 shows the major features of the Tamins rock avalanche.
The head scarp is horseshoe shaped with two parallel-oriented
side scarps that indicate the direction of motion of the rock ava-
lanche. The rock avalanche deposits extend across the Rhine Valley
forming a large ridge parallel to the motion direction south of the
Rhine and ridges perpendicular to the motion direction north of
the Rhine.

As is evident in Fig. 1, the valley floor in the Bonaduz and Domat/
Ems region is flat (650 m a.s.l. near Bonaduz, 600 m a.s.l. near
Domat/Ems) but is dotted with numerous conical-shaped hills.
These hills are called “tuma” in the local language, but are referred
to as “toma” in the old literature. They are made of rock avalanche
material (Piperoff 1897; Staub 1910; Remenyik 1959, Pfiffner and
Wyss in press) and will not be discussed here in more detail. But
an important question emerges regarding the valley fill itself. The
Rhine Valley is markedly glacially overdeepened with the bedrock
top surface at around sea level near Chur (Wildi 1984; Eberle 1987;
Pfiffner et al. 1997; Schilli 2012; Zwahlen 2021) and around 100 m
a.s.l. near Reichenau (Fig. 3). In the course of deglaciation silt and
sand lake and delta sediments accumulated and filled the valley to
alevel of around 420 m a.s.l., as witnessed by several cores located
downstream of Reichenau (Eberle 1987, Miiller 1999). These sedi-
ments are overlain by coarse-grained clastics (Miiller 1999; Zwahlen
2021) that were shed from the flanks of the waning glaciers, from
collapsing kames, and from tributary creeks. Extrapolating
upstream in the Rhine Valley from Lake Constance, it is reason-
able to postulate that the valley floor was at around 500 m a.s.l. at
Reichenau just prior to the Tamins rock avalanche event.

The Tamins rock avalanche deposits dammed the Vorder- and
Hinterrhein rivers, the dam attained a maximum altitude of 680 m
a.s.l. The emerging lake, Lake Bonaduz, extended more than 10 km
upstream in the valleys of the two rivers. The Flims rock avalanche
crashed into this lake and the sediments at its bottom. The latter were
liquefied and accumulated behind the Tamins rock avalanche deposit
and were diverted upstream into the Hinterrhein Valley (Nabholz
1975). As an effect of this, the valley floor around Bonaduz was raised
from 500 to 650 m a.s.l. (Pfiffner 2022). The Bonaduz formation
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Fig.3 Seismic reflection line at Bonaduz illustrating the sedimentary
fill of the glacially overdeepened valley. Modified from Pfiffner et al.
(1997) and Pfiffner and Wyss (in press)

overlies the Tamins rock avalanche deposit at several places, a fact
that indicates a relative older age of the Tamins compared to the
Flims rock avalanche. Calhoun and Clague (2018) give a detailed
account on the nature of the Bonaduz formation, which will not be
discussed in more detail here. In the seismic section shown in Fig. 3,
the base of the Bonaduz formation is taken to be at 430 m a.s.l. The
reflections beneath 0.15 s TWT stem from glacilacustrine sediments
according to boreholes 2 km west and 11 km east of the seismic line.
The sediments between 430 and 500 m a.s.l. which were transformed
into the Bonaduz formation yielded gravel-sized components as well
as rip-up clasts of lacustrine silt (see v. Poschinger and Kippel 2009).

Geomorphology of the rock avalanche deposit

More than 100-m-high cliffs outline the head and lateral scarps (Fig. 4A
and Fig. 5B). The head scarp extends from Sdsagit to Garschlichopf,
the two lateral scarps from Sésagit to Vorgelstein and from Garschli-
chopf to Foppastein. In front of Sisagit, a limestone tower, called Turm
(Fig. 4B), is a remnant of the source rock and witnesses the collapse in



Fig.4 View of the release area.
A Head scarp and rock ava-
lanche deposit; Drone photo
N. Akgar. BHead scarp with
remnant of source rock. Photo
R. Gertsch

the detachment zone. The forest beneath the cliffs of Sésagit-Vogelstein
is the depletion area where the bedrock of the basal detachment sur-
face is locally exposed or is covered by a thin veneer of rock avalanche
debris. The accumulation area has two transverse ridges, Rascheu and
Cartschitscha (see Fig. 4A and Fig. 5B). The outcrop at Fanaus is the
northern flank of the Reichenau breach through the Tamins rock ava-
lanche. To the south of the Rhine River, the linear ridges of Ils Aults,
Crest’Aulta and Tuma Lunga dominate the rock avalanche deposits.
Numerous hummocks with diameters around 100 m are found dis-
persed throughout the rock avalanche deposit.

The lithologic composition and geomorphology of the rock
avalanche deposit are displayed in Fig. 5. Figure 5A shows the dis-
tribution of the boulder lithologies obtained from detailed field
mapping. Late Jurassic Quinten limestone is the dominant lithology,
coherent with the composition of the source area. Clasts and boul-
ders of older rocks, like Permian volcanics (Plattaziig formation),
Triassic dolostone, and Middle Jurassic sandstone, are encountered
along the lower part of the western margin of the deposit. Further
to the west, Cretaceous limestones pertaining to hills of the Flims
rock avalanche deposit emerge through the Bonaduz formation.
The Bleiswald sackung to the east of the Tamins rock avalanche
(see Fig.5A) is an earlier feature (Pfiffner and Wyss in press). Here,
the Permian and Triassic rocks were moved downward for several
hundred meters. The Tamins rock avalanche then swept over it and
entrained only Late Jurassic Quinten limestone which is now found
in the eastern margin of the Tamins rock avalanche deposit.

Two prominent transverse ridges, Rascheu and Cartschitscha,
dominate the morphology north of the Rhine River (Fig. 5B and
Fig. 6). For both, the southern flank is steeper than the northern
flank (32° versus 26° for Rascheu, 24° versus 7° for Cartschitscha).
This suggests that the transverse ridges are extensional features
although they are located in the proximal accumulation area. Their
flanks are therefore considered as extensional scarps. An important
erosional scarp just north of the Rhine River marks the Reichenau
breach. A number of 100-m-sized closed basins may be identified

Séasagit Garschlichopf Foppastein

Rascheu

Cartschitscha

in this northern sector (Fig. 6). These basins contain rounded clasts
of crystalline rocks, which are totally foreign to the rock avalanche
deposit. They stem from a tsunami triggered by the Flims rock ava-
lanche that spilled over the Tamins rock avalanche deposit. Scholz
(2018) analyzed this splash zone in detail and could show that splash
zone sediments occupy the areas around the closed basins. The peb-
ble spectrum is large. But the most interesting clasts are green and
red granites and red breccias. They represent granites from the Aus-
troalpine nappes (Julier granite) and unmetamorphosed Verrucano,
which is also typical for the Austroalpine nappes, respectively. Thus,
the source of the splash zone must be sought in the Bonaduz forma-
tion, which contains clasts from the Hinterrhein (Austroalpine nap-
pes) and the Vorderrhein (gray limestone from the Lower Helvetics).
Many of the clasts can be attributed to the Penninic nappes which
outcrop along both rivers, while quartz pebbles derived from Alpine
quartz veins are inconclusive regarding their origin. Finally, the
micromorphology is characterized by meter to 10-m scale depres-
sions and elevations resulting in the hummocky structure of the
surface viewed on a DEM by swisstopo with a resolution of 2 m.
South of the Rhine River, the rock avalanche deposit forms a
broad longitudinal ridge from Tuma da Zislis to Ils Aults (Fig. 5B
and Fig. 6). To the east of Ils Aults, several N-S oriented ridges (for
example, Crest’Aulta and Tuma Lunga) stand out of the alluvial
plain. The slopes of these ridges are steeper on the eastern flank
compared to the western flank (37° versus 11° for Crest’Aulta, 33°
versus 27° for Tuma Lunga). We interpret the ridge crests and steep
flanks as extensional scarps that reflect the spreading of the rock
avalanche as it hit the main valley flank to the south. Several exten-
sional scarps with minor offsets can be recognized immediately
east of Ils Aults; they were already reported by Calhoun and Clague
(2018). The depression between Ils Aults and Crest’Aulta contains
three closed basins. The slope just west of these basins is particu-
larly steep and suggests an extensional scarp from which the rock
avalanche deposit drifted away to the east. A number of lineaments
with minor morphologic expression cut across Ils Aults (Fig. 6).
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Fig.5 Digital elevation model
(2-m resolution; swisstopo) of
the rock avalanche deposit.

A Distribution of lithologies
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Particularly evident are those just south of Tuma da Zislis. The
significance of these lineaments is at present not clear. Diamict
deposits with rounded pebbles of diverse lithologies embedded in
a silty matrix occur at several locations on top of the longitudi-
nal ridge and suggest that the tsunami triggered by the Flims rock
avalanche swept across the longitudinal ridge of the Tamins rock
avalanche deposit.

The erosional scarp north of Tuma da Zislis corresponds to the
southern flank of the Reichenau breach. Surprisingly, rounded
clasts of crystalline rocks are preserved on the steep scarp surface
(Fig. 5C). West of the main longitudinal ridge erosional scarps
witness incision of the Hinterrhein into the flat-topped Bonaduz
formation. The Bonaduz formation is seen to overly the Tamins

| Landslides

rock avalanche deposit on both sides of the Hinterrhein SSW of
Ils Aults. Additionally, an outcrop of rock avalanche deposit was
unearthed beneath the Bonaduz formation in the gravel pit of
Reichenau (Fig. 6). It thus follows that the Bonaduz formation
and the Flims rock avalanche that triggered it are younger than
the Tamins rock avalanche.

Critically, the morphology of the rock avalanche deposits
with meter-scale blocks sticking out of the ground and meter-
sized closed depressions not filled by till clearly speaks against
the passing of a glacier. Singular erratic blocks and small
patches of till may well derive from the pre-event topogra-
phy given that during the LGM the ice surface was well above
2000 m a.s.l.



Splash zone Internal fault 1 km
Bonaduz formation ) Internal lineaments

Flims rock avalanche deposit Extensional scarp > Hummock
[__] Tamins rock avalanche deposit Erosional scarp Closed basin

Fig.6 Digital elevation model of the rock avalanche deposit with morphologic features within the Tamins rock avalanche deposit
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Internal structure of the rock avalanche

The Tamins rock avalanche deposit is densely covered by vegeta-
tion. Outcrops were created by incision of the Hinterrhein and the
Rhine river, and by local construction work. The photograph in
Fig. 7 displays meter-sized blocks at the top of the outcrop which
pertain to the carapace of the rock avalanche deposit. Beneath
these blocks finely crushed limestone containing smaller blocks
are part of the main body of the deposit and witness the intense
fragmentation.

By far the best insight into the internal structure can be gained
in the outcrop of Fanaus located north of the Rhine River in the
erosional scarp of the Reichenau breach (location shown in Fig. 5B).
The photograph in Fig. 8 gives an overview of the outcrop and seg-
ments A to C (Mussina 2021). These segments are shown as photo-
graph and line drawings in Fig. 9A-C. In segment A, the original
bedding is preserved over much of the area displayed in Fig. 9A.
Bedding is also highlighted by brightly colored massive limestone
layers, which are interlayered with gray highly fractured limestone.
Allin all, we are dealing with a large block that remained coherent
at the large scale but was fractured at the small scale. A detailed
view of the (inherited) bedding planes is given in Fig. 10A. In seg-
ment B, which is located immediately above segment A, traces of
bedding are almost obliterated but parallel to the one in segment
A (see Fig. 9B). The outcrop displays a more blocky texture where
individual blocks are clearly separated from neighboring blocks
of similar size. The spaced joints between neighboring blocks sug-
gest enhanced dilation, an observation typical for the carapace

of rock avalanches (Weidinger et al. 2014; Dufresne et al. 2016). A
detailed view of the blocky texture with jigsaw pattern is given in
Fig. 10B. Segment C in Fig. 9C is at the top of the Fanaus outcrop.
Large blocks are embedded in smaller fragments and the entire
outcrop has a blocky texture reminiscent of a carapace where dila-
tion separated larger blocks and allowed for some rotations. Signs
of bedding are not obvious in this segment. As outlined in the line
drawing, there is a highly fractured gray limestone layer underlying
larger light-colored blocks, the boundary of which might represent
an original bedding surface. From Fig. 9A-C, a transition from a
coherent block to a blocky texture may be recognized. Interestingly,
the original bedding retains the same orientation and suggests that
a large block in the rock avalanche experienced more fracturing
and dilation upward toward the surface of the rock avalanche. This
is held to mark the transition from the interior of the rock ava-
lanche to the carapace (cf. Weidinger et al. 2014). This boundary is
schematically labeled in the photograph of Fig. 8.

An abandoned quarry NW of Plong Leula (coord. 2750.530/1187.030
of the national Swiss km grid) provides insight into the Tamins rock
avalanche deposits which here consist of Permian volcanics (Plattaziig
formation). The carapace nature is evident from the randomly ori-
ented schistosity within the individual angular blocks (see Fig.10C).
The close-up in Fig. 10D displays small fragments nested between the
larger blocks. Open spaces between the larger blocks witness dilation,
but are filled with comminuted rock.

A remarkable outcrop is located in the erosional scarp of the
Hinterrhein at Tuma dil Bregl (coord. 2751.000/1186.340; see Fig. 5B),
which was already described in detail by Calhoun and Clague (2018)

Fig.7 Outcrop of rock avalanche deposits in the north of Crest’Aulta (coord. 2752.000/1187.800; see Fig. 5B)). Large blocks of limestone at
the top of the outcrop rest on finely crushed limestone beneath. Photo A. Pfiffner
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Fig.8 Overview of the outcrop
Fanaus in the erosional scarp
of the Reichenau breach. A,

B, and C denote the seg-
ments shown in Fig. 9. The red
dashed line corresponds to the
boundary between the main
body of the rock avalanche
and the carapace. Drone photo
N. Akgar

as “Toma 658.” In the overall view in Fig. 10E, one recognizes a nearly
vertical contact between the Tamins rock avalanche deposit and
the Bonaduz formation. Elsewhere, the Bonaduz formation rests
in more or less horizontal contact on top of the Tamins rock ava-
lanche deposits, underlining its younger age. The steep contact at
Tuma dil Bregl points to a dynamic contact. Calhoun and Clague
(2018) attributed the rock avalanche deposit to the Flims rock ava-
lanche and explained the steep contact as resulting from a forced
emplacement and shearing. Detailed mapping of the area however
suggests that the rock avalanche deposit pertains to the Tamins rock
avalanche, which in this area (just across the Hinterrhein river) is
composed of Permian volcanics (Plattaziig formation). These vol-
canics are unequivocally derived from the source area of the Tamins
rock avalanche. This provides further evidence that the (younger)
Bonaduz formation was mobilized by the impact of the Flims rock
avalanche and intruded and entrained the Tamins rock avalanche
deposit. Figure 10F depicts the top of the Tamins rock avalanche
deposit in which angular ill-fitting blocks of Quinten limestone lie
on top of smaller fragments interspersed with larger angular blocks,
a situation that is reminiscent of a carapace.

Pre-failure topography and failure of the rock avalanche

To assess the pre-event topography of the source area, the contour
lines of the slopes east and west of the lateral scarps were extrapo-
lated and linked (Fig. 11). Two features needed to be included. First,
the gorge east of the source area was extended southward. This
gorge was cut into highly fractured rocks along the Kunkelspass
fault zone exposed in a tunnel south of Kunkelspass (Pfiffner and
Wyss in press). Within the gorge, mapping revealed the existence of
horizontally layered Pleistocene conglomerates and sands, which
predate the Tamins rock avalanche event. Second, a ridge reach-
ing more than 2000 m a.s.l,, which extended from Sésagit to the
SE, is postulated. This ridge is needed to explain the dry gullies
east of Sdsagit, which end blindly above the head scarp (Fig. 1).

Considering the 3D geometry of the Glarus thrust, one could expect
aklippe of Permian clastics or volcanics once existed on the SE tip
of this ridge.

A further feature of the pre-event structure of the rock ava-
lanche is the basal detachment or gliding surface and the base of
the deposit in the accumulation area. The basal detachment surface
can be assessed in the zone of depletion where a thin veneer of rock
avalanche deposit (if at all) overlies the bedrock. The base of the
deposit can be estimated from the glacial to post-glacial fill of the
over-deepened valley. As discussed above, it is reasonable to assume
that the valley floor prior to the Tamins event was at around 500 m
a.s.l. Based on these arguments, the failure surface and the base
were reconstructed and presented with contour lines as shown in
Fig. 12. In the zone of depletion, the surface is constrained by the
lateral scarp. In the accumulation zone, it must be assumed that the
overdeepened Rhine valley extended upvalley along the Vorder-
rhein and the Hinterrhein and that gravity spreading of the rock
avalanche deposit occurred as indicated by the present-day shape
of its outer limit.

Based on the map in Fig. 12, a cross-section was constructed
and is shown in Fig. 13. Nearly isoclinal folds dominate the bedrock
geology. These folds formed while the rocks were still buried deep
in the subsurface at temperatures exceeding 300 °C (Pfiffner, 2011)
and are accompanied by a penetrative foliation. In limestone, this
foliation is an expression of a shape-preferred orientation of calcite
grains underlined by (scarce) sheet silicates aligned parallel to the
long axes of the calcite grains. The resulting anisotropy is respon-
sible for a rock cleavage, which is subparallel to the basal rupture
surface of the rock avalanche (see Fig. 13). The foliation may thus
have acted as a plane of weakness for the development of the basal
rupture and sliding surface. The pre-event topography indicated
in the cross-section of Fig. 13 was taken from Fig. 11. Noteworthy is
a break in slope at the foot of the paleo-valley flank.

The paleo-klippe of Glarus nappe SE of Grossalp very likely
consisted of Permian Verrucano, which locally contains volcanics
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Fig.9 Detailed views of
outcrop Fanaus. A Large
fractured limestone block with
preserved bedding structures.
Bedding is easily observable
and outlined by blue lines

in the line diagram. B Blocky
texture in fractured limestone.
Bedding is less visible and out-
lined by blue lines in the line
diagram. C Blocky texture in
fractured limestone with large
blocks surrounded by smaller
blocks

comparable to the ones of the Plattaziig formation in the foot-
wall of the Glarus thrust. Such a klippe would explain the occur-
rence of Permian volcanics on top of Rascheu in the Tamins
rock avalanche. As pointed out by Pfiffner and Wyss (in press),
it is quite impossible to conceive an origin from the side scarps.
The geometry at the base of the rock avalanche is drawn as a
somewhat irregular line for some entrainment or bulldozing.
However, the exact geometry of the units, including the contact
between the (glacio-) lacustrine sediments and the gravel above
it, remains speculative. The internal structure of the rock ava-
lanche is shown to have two extensional scarps, which continue
at depth as normal faults witnessing extension at the trailing edge
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of the rock avalanche upon slowing down of the moving mass.
Between Cartschitscha and Tuma da Zislis in Fig. 13, two breaches
are shown. The wider one was caused by the impingement that
followed the impact of the Flims rock avalanche, and the narrow
and deeper one represents sub-recent incision of the Rhine River,
which can be followed further down the Rhine Valley.

In the cross-section, the failure surface cuts across the fold
structure in the bedrock but is sub-parallel to the axial-planar
cleavage (foliation). There was no single weak layer available as
décollement horizon. But as noted above, the cleavage could have
played a role in the development of the failure surface. The steep
paleo-slope together with the abrupt change in slope at its base



Fig. 10 Close-up views of rock
avalanche deposits at Fanaus.
A Bedding preserved within

a massive limestone layer. B
Jigsaw structure in fragmented
limestone. Photographs O.
Steinemann. C View of carapace
in a former quarry at Plong
Leula showing tilted blocks
(Permian volcanics of Plattaziig
formation). D Crushed frag-
ments between larger blocks.
Photographs S. Ivy-Ochs. E
Outcrop on an erosional scarp
of the Hinterrhein at Tuma

dil Bregl; note near vertical
contact between rock ava-
lanche deposit and Bonaduz
formation. F Detailed view of
carapace (Quinten limestone).
Photographs O. Steinemann

points to a gravitational instability that may have torn down the
rock avalanche.

Combining the orientation and extent of the basal failure surface
with the paleo-topography on the one hand, and the base of the
rock avalanche deposits in the accumulation zone with the current
topography (including a restoration of the Reichenau breach) on
the other, the volume of the rock avalanche was calculated to 1.2,
respectively 1.4 km?3. The 14% increase in volume due to fragmenta-
tion is less than the 25% estimated by Hungr and Evans (2004) for
other rock avalanches based on the porosity of 18-35% of loosely
placed crushed material reported by Sherard et al. (1963).

In a next step, a kinematic model was developed which shows
the evolution of the Tamins rock avalanche in three time frames

(see Fig.14). The pre-failure situation is derived from along-strike
projection (Fig.14A) of regional structures. The post-failure struc-
ture shown in Fig. 13C reflects the mapped distribution of the lith-
ologies within the rock avalanche. A large fold with inverted limb
characterizes the pre-failure situation. During emplacement, the
rock avalanche underwent a simple shear deformation with the
top moving faster than the base, which resulted in a rotation of
the fold limb (Fig. 14B). As the rock avalanche spread across the
valley, the trailing edge moved slower and thus underwent exten-
sion as witnessed by the extensional scarps south of Rascheu and
Cartschitscha. The geometry shown in Fig. 14C corresponds to the
situation prior to the Reichenau breach induced by the Flims rock
avalanche.
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Fig. 11 Pre-event topography of the source area of the Tamins rock avalanche shown as contour lines

Cosmogenic 3¢Cl exposure dating

Cosmogenic nuclides build up within rock surfaces exposed to cos-
mic rays. Determination of their concentrations allows calculation
of how much time has elapsed since beginning of exposure and
in the case of rock avalanche boulders since the rock slope failure
event (Ivy-Ochs et al. 2017). To determine the age of the Tamins
deposits, we took samples from the tops of eight large boulders (>
2 m high) located all across the Tamins rock avalanche deposits
(Fig. 15A-F). Samples Tamins 50-53 and 55-57 are Quinten lime-
stone boulders, while Tamins 54 is a boulder of prasinite (volcanics
of the Permian Plattaziig fm) (Table 1). The top few centimeters
(1-4 cm) were sampled using a hammer and chisel or a battery-
operated saw.

Sample preparation for accelerator mass spectrometry (AMS)
measurements followed Ivy-Ochs et al. (2004) implementing iso-
tope dilution. Rock samples were crushed and sieved to <0.4 mm,
and then leached in a weak HNO, solution. After addition
of ~3.5 mg of ¥Cl carrier, 65-70 g of each sample was dissolved

| Landslides

completely using HNO,. For the one silicate rock sample (Tamins
54), a combination of HF and HNO3 was required to dissolve the
rock. AgCl was precipitated by adding AgNO,. To remove the isobar
365, BaSO, was precipitated by addition of Ba(NO,),. The final AgCl
precipitate was dried and pressed into tantalum targets for AMS
measurements.

3%Cl and stable Cl measurements were done at the Laboratory of
Ion Beam Physics, ETH Zurich, with the 6 MV tandem accelerator
(Synal et al. 1997; Christl et al. 2013; Vockenhuber et al. 2019). Sam-
ple and blank ratios were measured against the standard material
K382/4 N with a value of 36Cl/Cl=17.36 x 107> (Vockenhuber et al.
2019). Blank values applied are 2.0 £ 0.7 x 10™" for samples Tamins
50-53 and 55-57 and 3.3+ 0.4 X 10" for Tamins 54. The chemical
composition of every sample analyzed for 3*Cl was determined on
aliquots by Actlabs, Ontario, Canada (Table 2).

3Cl exposure ages were calculated with an in-house MATLAB
code developed at Ion Beam Physics, ETH Zurich. All production
rates and calculation parameters are given in Alfimov and Ivy-
Ochs (2009). Implemented spallation production rates at sea level



Fig. 12 Failure surface and ; AR
base of the Tamins rock ava- ‘
lanche shown as contour lines

and high latitude are 48.8 £ 3.4 at/g.,/a for Ca (Stone et al. 1998)
and 162 £ 24 at/gy/a for K (Evans et al. 1997). These values agree
well with recently published production rates (Borchers et al. 2016;
Marrero et al. 2016). All data required for the calculations are given
in Tables 2 and 3. Final age uncertainties (10) include both AMS
uncertainties and the propagation of input uncertainties, including
those of the production rates and their scaling.

An erosion-correction to an exposure age is required, especially
for limestone surfaces. A range of values have been reported for
limestone surface weathering rates (Plan, 2005; Hiuselmann 2008;
Krklec et al. 2018). Hiuselmann (2008) measured a karst weathering
rate of 14+ 7 mm/ka in Schrattenkalk limestones in central Switzer-
land. For limestone bedrock surfaces in Slovenia, Krklec et al. (2018)
determined rates of 21.5+1.3 mm/ka. We use here an erosion rate of
10 mm/ka to correct the 3°Cl exposure ages of Quinten limestone
boulders (Tamins 50-53, 55-57). The one silicate boulder analyzed,
Tamins 54 (Plattaziig volcanics), was corrected for erosion using
a rate of 1 mm/ka (André 2002). Both corrected and uncorrected
ages are given in Table 3, and corrected ages are shown in the map
of Fig. 16.

‘ 2750 j X BB i m

~__ Head/lateral scarp
of rock avalanche

outer limit of rock
avalanche deposit

1190

Modeling

3D runout modeling of the Tamins rock avalanche was performed
in order to place the mobility of this event into a wider context,
to verify a single volume failure scenario, and to provide further
evidence for the geomorphological interpretation. The numerical
model Dan3D (McDougall and Hungr 2004) was used, modified to
account for the initial coherence exhibited by many rock avalanches
(Aaron and Hungr 2016). The combined model, Dan3D-Flex, ini-
tially treats the mass as a flexible block, which rotates and translates
over the input topography. At a user-specified time, the program
switches to the original Dan3D algorithm, which is a depth-aver-
aged Lagrangian model that solves the equations of motion using
Smooth Particle Hydrodynamics, and simulates the rock avalanche
as a frictional fluid whose behavior is governed by internal and
basal rheologies. A detailed description of the rheological mod-
els available in Dan3D-Flex is provided in Hungr and McDougall
(2009). Two rheologies, the frictional and Voellmy, are used in the
present work. The frictional rheology features one calibrated value,
the bulk friction angle, and is appropriate for simulating the initial
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Fig. 13 Cross-section through the Tamins rock avalanche. Trace is given in Fig. 11

stages of rock avalanche motion, when the failed mass is moving
over the basal rupture surface. The Voellmy rheology features two
calibrated parameters, a friction coefficient and turbulence coef-
ficient, and is appropriate for simulating rock avalanche interaction
with path material (Aaron and McDougall 2019).

As input, Dan3D-Flex requires three topography files: (1) the
thickness and location of the source mass, (2) a topographic file
representing the surface that the rock avalanche moved over, and
(3) the locations of any material changes. Additionally, relevant
material properties must be input into the model. The first two
topography files were obtained based on the surface reconstruction
described in the “Pre-failure topography and failure of the rock ava-
lanche” section, and the third topography file, as well as the material
properties, is described below.

The runout simulations of the Tamins rock avalanche were
parameterized based on the methodology used by Aaron and
McDougall (2019). For this, two rheologies were used, a frictional
rheology in the source zone and a Voellmy rheology along the path,
with the location of the material change shown on Fig. 16A. This
model parameterization is useful to separately analyze the basal
resistance acting in the source zone from that acting along the path,
where the material may override and entrain path material (e.g.,
Aaron and McDougall 2019). As all other parameters were fixed,
three parameters for the two material simulations were calibrated.
Preliminary testing indicated that a friction angle of 10° is required
for the failed material to vacate the source zone, so this param-
eter was fixed at this value for the calibration. The Voellmy friction
and turbulence coefficients were then calibrated using a posterior
analysis (Aaron and McDougall 2019), with friction coefficients
ranging from 0.25 to 0.4 and turbulence coefficients ranging from
100 to 2000.
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The runout modeling results are in concert with the hypoth-
esized failure scenario, as well as the geomorphic interpretation.
The best-fit final deposit depths and maximum velocities for the
runout models are shown on Fig. 16B, and timelapse results are
shown on Fig. 17. The best-fit parameters obtained are summa-
rized in Table 4. Starting with Fig. 16A, B, it can be seen that the
overall impact area of the rock avalanche is reasonably well pro-
duced by the simulation, although the eastern extent of the deposit
is overpredicted. This could either be due to excessive spreading
predicted by the model, or reworking of the deposit following the
emplacement of the adjacent Flims rock avalanche, which triggered
a massive hyperconcentrated flow (e.g., Calhoun and Clague 2018).
Deposit thicknesses in the valley are greater than 200 m in certain
areas, which matches our pre-failure reconstruction of the topog-
raphy, and maximum velocities reach about 55 m/s, with an aver-
age value of around 35 m/s. It was impossible to simulate the distal
south-western extent of the debris, as both this distal tongue and
the observed narrow width of the deposit could not be reproduced
simultaneously. This could potentially indicate that different sub-
strate conditions existed at the distal end of the debris, although
at present direct evidence for this is lacking, or that a portion of
this distal end was later removed, entrained by the Flims rock ava-
lanche and the associated hyperconcentrated flow; Tamins rock
avalanche pieces were carried southward way up along the Hinter-
rhein (Remenyik 1959).

The timelapse simulation results shown on Fig. 17 suggest that
the Tamins rock avalanche likely travelled for a significant distance
as a flexible block, before fragmenting and turning flowlike (this
was specified to occur at 80 s). This was required in our simulations
in order to simultaneously reproduce the thick deposit in the val-
ley floor and the narrow impact area. A long rigid motion distance
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Fig. 15 Sampled boulders.
Photographs by authors

Table 1 Samples and sample locations (Swiss National km grid coor-
dinates LV95)

Sample EW coord. NS coord. Lithologic unit
Tamins 50 2750.475 1189.155 Quinten
limestone

Tamins 51 2750.705 1189.260 Quinten limestone
Tamins 52 2750.955 1189.280 Quinten limestone
Tamins 53 2751.000 1189.330 Quinten limestone
Tamins 54 2751.040 1189.385 Prasinite

Tamins 55 2751.160 1187.415 Quinten limestone
Tamins 56 2751.270 1187.670 Quinten limestone
Tamins 57 2751.235 1187.730 Quinten limestone

| Landslides

was also noted in simulations of the adjacent Flims rock avalanche
(Aaron et al. 2020). Our simulations show that the mass impacted
the valley floor after about 40 s, and the mass spread both to the
southeast and southwest following fluidization. Thick deposits at
Rascheu are apparent in the simulation, which reasonably repro-
duce field observations.

Discussion
Geomorphology and age of the Tamins rock avalanche

Deposit morphology of rock avalanches are widely used to derive
flow patterns (Barth 2013; Zeng et al. 2019; Chen et al. 2022). These
include lateral, transverse, and longitudinal ridges, hummocks,
closed basins, and extensional scarps. Longitudinal ridges are a
prominent feature of rock avalanches. According to Dufresne and
Davies (2009), these ridges (and associated features) form parallel
to the flow direction and are interpreted to be a result of intrinsic
processes of granular flows with a free surface. Ils Aults is a longitu-
dinal ridge and quite obviously parallel to the flow direction. At the



Table 2 Samples with major and trace element concentrations

Si0, TiO, Th CI*

(%)  (ppm) (ppm) (ppm)
Tamins 50 0.35 47.78 0.18 0.11 560 0.006 0.03 0.05 0.90 0.014 0.4 0.4 1.1 0.6 11.48 £0.10
Tamins 51 0.17 51.53 0.09 0.04 3.11 0.007 0.02 0.04 0.58 0.006 0.3 0.3 0.7 0.2 11.80 +0.07
Tamins 52 0.7 54.06 0.08 0.04 1.01 0.005 0.03 0.04 0.47 0.005 0.3 0.3 0.6 0.4 1.71%0.06
Tamins 53 0.18 53.78 o0.10 0.04 107 0.006 0.02 0.04 0.47 0.007 0.3 0.3 0.6 0.3 4.13*0.07
Tamins 54 12.96 16.12 712 0.11  3.61 0.167  4.48 0.22 41.88 0.970 5.9 4.7 2.5 5.8 8.16 £0.38
Tamins 55 0.40 54.24 0.19 0.10 0.66 0.020 0.03 0.07 0.88 0.014 1.2 1.3 0.2 0.4 1.1210.11
Tamins 56 0.17 54.71 o0.11 0.04 0.92 0.019 0.03 0.06 0.45 0.006 0.8 1.0 0.3 0.4 2.58 +£0.09
Tamins57 018 53.02 o0.10 0.04 1.68 0.014 0.03 0.07 0.69 0.005 0.6 0.8 0.2 0.4 2.59 £0.14
*AMS measured

trailing edge of the rock avalanche mass, transverse ridges truncate
the longitudinal ridge. We interpret that these transverse ridges are
the result of extension in the flow direction as the trailing part of
the flowing mass slowed down.

At the leading edge of the mass, diversion of flow to the east
and west occurred, whereas no runup to speak of can be observed
on the opposing mountain flank. An erosional removal of a
potential runup is highly unlikely. The deflection is interpreted
as a consequence of high mobility and gravity spreading. The
eastward deflection was accompanied by several east-dipping
normal faults which produced N-S oriented elongate hills aligned
behind each other. The low friction on the water saturated sub-
strate inhibited bulldozing, which is also indicated by the lack
of signs of substrate being entrained or mobilized. The west-
ward deflection is more difficult to assess because this area was
strongly overprinted by the impact of the Flims rock avalanche
and the associated mobilization of the substrate, i.e., the Bonaduz
formation. The overprint resulted in moving blocks of the Tamins
rock avalanche deposit southward up the Hinterrhein for several

Table 3 Samples with AMS data and *°Cl exposure ages

kilometers. Bulldozing is indicated by steep contacts between
rock avalanche deposits and Bonaduz formation (see Fig. 9E).

As Davies and McSaveney (2009, 2012) argue, fragmentation
of the moving body of rock avalanches plays a major role in their
flow behavior. The interior of the Tamins rock avalanche is, apart
from the carapace, unfortunately only marginally exposed. In
the outcrop at Fanaus, the internal structure of the top part of
the rock avalanche body displays a jigsaw pattern and contains
many larger blocks in some of which original bedding is pre-
served (Fig. 8). Given the observations of Pfiffner and Wyss (in
press) and Pfiffner (2022) in the neighboring Flims rock ava-
lanche, fragmentation in the Tamins rock avalanche seems minor
in comparison, but cannot be ruled out in the lower, still hidden
part of the main body.

One of the major questions addressed in this work is the age
of the Tamins rock avalanche and its relationship to the neigh-
boring Flims rock avalanche. The Bonaduz formation is the key
to determine the relative chronology of events. Quite clearly this
formation was deposited on top of the Tamins rock avalanche, as

Sample Lithology Longitude Latitude Elevation Thickness Topographic 3°Cl Exposure age Exposure age
WGS84 shielding No erosion 10 mm/ka
DD.DDD DD.DDD ma.s.l 10° atoms/g,, . Years Years
Tamins 50 QL 46.836 9.411 848 1 0.9769 0.343+£0.020 9200+ 600 9700+ 600
Tamins 51 QL 46.837 9.414 778 1.2 0.9783 0.304+0.010 8000 * 400 8400 % 400
Tamins 52 QL 46.837 9.417 788 2 0.9701 0.326+0.016 7500 * 500 9100 500
Tamins 53 QL 46.838 9.418 796 1.5 0.9827 0.341£0.012 8700 % 400 9200 * 400
Tamins 54 PV 46.838 9.419 800 1.5 0.9799 0.118 £ 0.018 92001400 *9300 £ 1500
Tamins 55 QL 46.821 9.419 712 1.5 0.9910 0.284+0.031 7600+ 900 8100+ 900
Tamins 56 QL 46.823 9.421 710 1.5 0.9912 0.344+0.016 9200+ 500 9900+ 600
Tamins 57 QL 46.823 9.421 718 2 0.9943 0.26210.013 7100 * 400 7500 £ 400

QL Quinten limestone, PV Plattaziig volcanics (prasinite)

“Erosion rate of 1 mm ka™
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Fig. 16 Digital elevation
model with boulder locations
and ages

can be observed in numerous outcrops. On the other hand, the
Bonaduz formation, which consists of massive gravel and sand
transported as a hyperconcentrated flow (Calhoun and Clague
2018), was formed by the impact of the Flims rock avalanche into
(paleo) lake Bonaduz. The mobilized substrate of the Flims rock
avalanche impinged and overtopped the longitudinal ridge Ils Ault
of the Tamins rock avalanche and breached it (Fig. 5). Thus, it is
clear that the Tamins rock avalanche is older than the Flims rock
avalanche. The material removed during breaching was transported
downstream and deposited as isolated 100-m-sized hills, the so-
called tumas. According to ERT sounding, the displaced rock ava-
lanche deposits are up to 200 m thick (Knapp et al. 2022). In some
instances (e.g., Tuma Casté), the tuma consists of Tamins rock ava-
lanche fragments in vertical contact to silt deposits derived from
the Bonaduz formation.

The stratigraphic relationships of the Bonaduz sediments pro-
vide a basis on which to scrutinize the obtained exposure ages.
The erosion-corrected exposure ages of the Tamins boulders
range from 7500 = 400 years (Tamins 56) to 9900 + 600 years
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(Tamins 57; see Table 4). The average of all obtained exposure ages
is 8880 £ 1080 years. This uncertainty is based on the cumulative
probability of uncertainties for every sample based on a Gaussian
distribution (10). The standard deviation of the mean is 820 years.
Exposure ages from landslide deposits can scatter, with both too old
and too young ages being present (Martin et al. 2014). Interpreta-
tion of exposure ages requires conformity with independent field
evidence and the calculation of a mean age from all data may not
be justified in all cases, as has been discussed in detail for moraine
dating (cf. Ivy-Ochs et al. 2007; Winkler 2018). The Bonaduz forma-
tion sediments, which overlie Tamins deposits, were deposited as
a consequence of the Flims rock avalanche. This event occurred at
9475-9343 cal BP (Deplazes et al. 2007; radiocarbon data recalcu-
lated in Nicolussi et al. 2015). Three of our boulder ages are younger
than and do not overlap with the age of the Flims event. These are
Tamins 51 (8400 + 400 years), Tamins 55 (8100 + 9oo years), and
Tamins 57 (7500 £ 400 years). It is likely that the surfaces of these
three boulders were affected by post-depositional processes, such
as spalling (Tamins 51), or were covered by sediment for part of
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Fig. 17 A Best-fit deposit depths obtained with Dan3D-Flex. The
dashed black outline shows the observed impact area, and the
dashed white line shows the location of the material change from
the frictional rheology to the Voellmy rheology. B Maximum simu-
lated velocities at each impacted location

their exposure history (Tamins 55 and 57). The exposure ages of
these three boulders are too young and do not reflect the time of
deposition. The newly calculated average based on the remaining
five ages is 9420 * 880 years, with a standard deviation of 340 years.
Field relationships and the exposure dating suggest that Tamins
rock avalanche occurred as a single event just before the Flims rock
avalanche.

Regarding the trigger, structural preconditioning by a perva-
sive joint system and the Kunkelspass fault zone has played a role
(see discussion above). Krietsch and Wolter (2018) and Lemaire

Table 4 Best-fit basal resistance values for the Tamins runout analy-

sis

Friction angle (source zone) 10°
‘Friction coefficient (path) 0.32
’Turbulence coefficient (path) 500 m/s?

et al. (2020) also suggested as structureal preconditioning judg-
ing from bedding plane orientations. Apart from this, the break in
slope of the pre-failure topography at 500 m a.s.l. (see Fig.13) was
likely responsible for high tensile stresses and may have controlled
the position of the failure surface (Savage 1993; Wolters and Miil-
ler 2008). According to the Swiss Seismological Survey, the region
around the Tamins rock avalanche has a more than average seis-
mic activity within the Alps, and this area has a high uplift rate of
1.5 mm/a (Pfiffner 2014 and references therein). The area lies within
a zone of post-glacial tectonic faults (Persaud and Pfiffner 2004).
Thus, an earthquake shake might have been the ultimate cause to
get the rock avalanche to move.

Repercussions of modeling

The runout analysis has revealed many interesting features regard-
ing the emplacement of the Tamins rock avalanche, with implica-
tions for our geomorphic interpretation. As noted above on Fig. 17,
the best-fit simulations require that the failed mass travelled as a
coherent block for the majority of its motion. The present model
is able to simulate either coherent block motion, or fully devel-
oped frictional flow. In reality, there is likely transitional behavior
between these two; however, our simulation results indicate the
Tamins rock avalanche was behaving closer to the coherent block
end member. This is supported by the relatively small amount
(14%) of bulking that occurred during this event (as evidenced by
our pre-event surface reconstruction). Further, volume reconstruc-
tions of the Flims rock avalanche have also noted limited bulking
(19% after Pfiffner 2022), and runout analyses required long rigid
motion distances (Aaron et al. 2020). It thus appears as though
these two rock avalanches, which both have anomalously high vol-
ume, do not bulk as much as other, mostly smaller, events. Further
analyses of large (>1 km?®) events are required to generalize this
observation further.

Aaron and McDougall (2019) analyzed the phenomenon of long
runout of rock avalanches considering variable substrates, namely
bedrock, saturated and unsaturated substrate, and ice and snow.
They concluded that the type of substrate strongly influences the
rock avalanche mobility. The data points for bedrock and saturated
and unsaturated substrate are shown in Fig. 18, along with the data
point for the Tamins rock avalanche. The latter has a H/L ratio of
0.23 and plots beneath the data for bedrock and unsaturated sub-
strate, supporting the interpretation that the substrate was satu-
rated during the emplacement of the Tamins rock avalanche.

The best-fit back-analyzed parameters (Table 4) indicate
that the mass experienced low resistance in the source zone,
but relatively high resistance along the path. The path material
values are at the upper range of those analyzed by Aaron and
McDougall (2019), and the Voellmy friction coefficient analyzed
for Tamins is a slightly more than double that analyzed for Flims
(Aaron et al. 2020). Even given these high basal resistance val-
ues, the simulated deposit exceeds the mapped deposit extent in
the northeast (Fig. 19). This location corresponds to where the
Rhine river breached the Tamins deposit, which could poten-
tially have eroded this debris. This observation, combined with
the noted difference between calibrated friction coefficients for
Flims and Tamins, provides further evidence that the Tamins
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Fig. 18 Simulated deposit
depths at different timelapse
using the best-fit paramters

event pre-dated the Flims event, and dammed the valley to create
Lake Bonaduz. This is because the coefficients indicate the path
material was different for the two events, with Flims encounter-
ing a much weaker path material (highly saturated sediments
beneath the lake), vs. Tamins where the path material may have
been somewhat drier and less susceptible to rapid undrained
loading. This is further supported by the measured H/L of this
event, where, as mentioned above, the Tamins rock avalanche
with a value of 0.23 plots slightly below bedrock and unsaturated
substrate and is higher than the value of 0.18 obtained for the
Flims rock avalanche (Pfiffner 2022).

One puzzling observation of our model results is the low fric-
tion angles back-analyzed in the source zone. Catastrophic failure
of this event requires ultimate friction angles of 10°; however,
no obvious weak horizons are noted in the source zone stratig-
raphy. As discussed above in conjunction with Fig. 13, an Alpine

| Landslides

foliation parallel to the axial surface of the folds is observed in
the rocks around the breakaway zone of the rock avalanche. This
anisotropy may have played a role in the development of the slid-
ing surface. In addition, a break in slope is to be expected at the
foot of the mountain flank as shown in the pre-failure situation
in Fig. 14A. According to Savage (1993) and Wolters and Miiller
(2008), such breaks result in high differential stresses and may
control the structural position of the sliding surface.

Conclusions

Combining detailed field survey, sediment and landform analysis,
cosmogenic nuclide surface exposure dating, and runout modeling
allows to reconstruct the timing and dynamics of the Tamins rock
avalanche. The Tamins rock avalanche deposits are located just a
few kilometers downstream of the Flims rock avalanche deposits.
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Fig. 19 H/L ratio versus volume of rock avalanches. Data from Aaron
and McDougall (2019) complemented with the Tamins rock ava-
lanche data

Although its volume (1.2 km?) is notably smaller than that of the
Flims event (11.5 km?), its impact on the landscape was profound
and enhanced by the Flims event.

The release area of the Tamins event lies in the horseshoe-
shaped niche just below the peak Sisagit. The morphology of the
deposits suggests that the Tamins rock avalanche broke away as a
semicoherent block, which subsequently was sheared with a more
slowly moving base. 3D runout modeling suggests incipient block
movement followed by flowlike behavior. This modeling further
suggests that the Tamins rock avalanche experienced relatively high
basal resistance along the path, but that the strength in the source
zone must have been low for catastrophic failure to occur. However,
no weak basal layer which could act as failure surface has been
identified, and the low frictional angle of 10° points to a different
inherent weakness. The pervasive Alpine foliation within the rocks
is a possible reason. Spreading of the rock avalanche body resulted
in extensional scarps that separate large (1-2 km long) W-E trend-
ing transverse ridges (Rascheu, Carschitscha) in the northern more
proximal sector. In contrast, in the south, in the distal displaced
mass, longitudinal ridges (N-S trending) dominate (Ils Aults).
Upon impacting the opposite Rhine Valley flank flow was deflected;
east-directed gravity spreading is indicated by longitudinal ridges
(Crest’Aulta, Tuma Lunga) associated with extensional scarps.

Exposure dating eight boulders located all across the Tamins
rock avalanche deposits yields an age of the Tamins rock avalanche
of 9420 = 880 years BP which is close to but slightly older than the
age of the neighboring Flims rock avalanche. The stratigraphic evi-
dence showed that the Tamins event pre-dated the Flims event, but
it was not known by how much. The ages as well as the morphology
and internal structure of the Tamins rock avalanche suggest that it
occurred as a single event.
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