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Abstract. As a contribution to the knowledge of historical rockslides, this research focuses on the historical
reconstruction, field mapping, and simulation of the expansion, through numerical modelling, of the 30 Septem-
ber 1513 Monte Crenone rock avalanche. Earth observation in 2-D and 3-D, as well as direct in situ field mapping,
allowed the detachment zone and the perimeter and volume of the accumulation to be determined. Thanks to the
reconstruction of the post-event digital elevation model based on historical topographic maps and the numerical
modelling with the RAMMS::DEBRISFLOW software, the dynamics and runout of the rock avalanche were
calibrated and reconstructed. The reconstruction of the runout model allowed confirmation of the historical data
concerning this event, particularly the damming of the valley floor and the lake formation up to an elevation of
390ma.s.l., which generated an enormous flood by dam breaching on 20 May 1515, known as the “Buzza di

Biasca”.

1 Introduction

Massive rockslides and rock avalanches are natural events
with high destructive potential that can have a devastating
impact on a territory’s economic and social fabric. Therefore,
even if such phenomena are rare, they cannot be considered
negligible as natural hazards (Hungr and Evans, 2004). The
term rockslide was adopted from the renowned slope move-
ment classification of Varnes (1978). This term indicates phe-
nomena developed in rock slopes, governed by shear strain
and displacement along one or several surfaces. The dynam-
ics of a rockslide, in the presence of 10° or 10°m3 of dis-
placed rock and rapid movements, can evolve into a flow
(Varnes, 1978). In this context, the term flow refers to a
motion of debris on steep slopes, liquefied because of the
low cohesion, that may advance well beyond the foot of the
slopes. In the review of Hungr et al. (2001) of the classi-
fication of the landslides, the term rock avalanche is de-
fined as an extremely rapid, massive, flow-like motion (semi-
coherent flowing mass) of fragmented rock from a large rock-
slide or rockfall, with a volume > 1 hm>.

Considering the rockslides’ and rock avalanches’ distribu-
tion in the Alps (see von Poschinger, 2002), these phenomena

seems to be more frequent in the central part of the Alps, par-
ticularly in the Pennine Alps and in the Lepontine Alps (be-
tween Switzerland and Italy), and in the Western Rhaetian
Alps (between Switzerland, Italy and Austria), with regions
classified according to the International Standardized Moun-
tain Subdivision of the Alps (Marazzi, 2005). Considering
the temporal framework of these events, several well-known
rockslides fell during the modern and contemporary peri-
ods, i.e. after 1492 CE (e.g. Bonnard, 2006; von Poschinger,
2002): 1513, the Monte Crenone rock avalanche (Canton
of Ticino, Switzerland); 1618, the Piuro rock avalanche
(Province of Sondrio, Italy); 1806, the Arth—Goldau rock
avalanche (Canton of Schwyz, Switzerland); 1881, the Elm
rock avalanche (Canton of Glarus, Switzerland); 1987, the
Val Pola rock avalanche (Province of Sondrio, Italy); and
1991, the Randa rock avalanche (Canton of Valais, Switzer-
land).

Although it may seem surprising, numerical modelling has
focused on prehistoric (i.e. before the Roman period) rock-
slides and rock avalanches rather than on historical (since the
Roman period, particularly those prior to the 20th century)
events, perhaps because the most recent events are better
documented or were directly observed. Staying exclusively
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in the Swiss Alps, recent reconstruction and modelling of
prehistoric rockslides have concerned for example the Flims
rock avalanche (Canton of Graubiinden, ca. 8200 cal BP; von
Poschinger, 2011), the Sierre rock avalanche (Canton of
Valais, ca. 9550 cal BP; Pedrazzini et al., 2013) and the Chi-
ronico rock avalanche (Canton of Ticino, ca. 13 500 cal BP;
Claude et al., 2014).

In order to contribute to the knowledge of historical rock-
slides, this research has focused on the historical reconstruc-
tion, field mapping, numerical modelling, and analysis of the
geomorphological consequences of the Monte Crenone rock
avalanche (MCRA) of 30 September 1513. These investiga-
tions also aim at improving the employment of historical and
archaeological information in rock avalanche reconstruction
and numerical modelling. Within this framework, the four
objectives of this contribution include both the historical and
geological reconstruction of the MCRA and the historical
and geomorphological analysis of the consequences in the
decades and centuries following the event and can be ex-
pressed as follows: (1) define the detachment zone and the
perimeter and volume of the accumulation employing 2-D
and 3-D Earth observations, as well as direct in situ field
mapping; (2) reconstruct a post-event digital elevation model
(DEM) based on historical topographic map analysis and
a pre-event DEM by the subtraction of the fallen volume;
(3) reconstruct the dynamics and runout of the MCRA thanks
to a numerical model calibration; and (4) define the sediment
cascade and budget generated by the MCRA, with particular
interest in the damming of the valley floor and the subse-
quent Lake Malvaglia formation, which generated the enor-
mous flood by dam breaching known on the southern side of
the Alps as the “Buzza di Biasca” (for detail, see Sect. 2.1).

The MCRA, which occurred at the beginning of the modern
period (1492—-1798 CE) on 30 September 1513, was one of
the biggest rock avalanches to have fallen on the southern
side of the Alps in historical times (von Poschinger, 2002;
Gruner, 2006). Generated from the collapse of part of the
west side of Pizzo Magn (2329 m a.s.1., also known as Monte
Crenone), above Biasca, it was at the origin of the most sig-
nificant natural event that indelibly marked the Ticino val-
ley between Biasca and Lake Maggiore, the Buzza di Bi-
asca of 20 May 1515 (Bonnard, 2004; Scapozza et al., 2015).
The tens of cubic hectometres of the rock avalanche deposit
dammed the river Brenno in the lower Blenio Valley (today’s
locality is named the Biiza di Biasca) and caused the for-
mation of a temporary lake of 130 hm? that submerged the
village of Malvaglia up to the height of half the bell tower
(Fig. 1). The sudden collapse of the debris dam generated
a catastrophic inundation, known as the Buzza di Biasca,
which destroyed the village of Biasca, flooded the town of

Bellinzona and devastated the Ticino floodplain up to Lake
Maggiore (Scapozza et al., 2015). Although the Buzza di Bi-
asca has been documented from a historical point of view
(e.g. Franscini, 1849; Nessi, 1854; Motta, 1915; Pometta,
1928; Grossi, 1986; Piffaretti and Luchessa, 2011; Rossetti
and Rossetti-Wiget, 2013; Vigano, 2013; De Antoni et al.,
2016), little or nothing has been published regarding the
causes and consequences of the MCRA, with the exception
of a historical compendium of scientific studies covering the
1862-1998 period (Rossetti and Rossetti-Wiget, 2013; see
Sect. 2.2).

While there is little doubt about the precise date of the
Buzza di Biasca (e.g. Vigano, 2013; Scapozza et al., 2015),
the exact chronology of the MCRA is much more uncer-
tain, probably partly as a consequence of the succession of
events that occurred from the 13th century leading to the
rock avalanche of the beginning of the 16th century (for a
historical overview, see Scapozza et al., 2015; De Antoni
et al., 2016). For several authors of the 18th and 19th cen-
turies, such as Johann Jacob Leu, Johann Conrad Fiiesslin,
Beat Fidel von Zurlauben, Johann Gottfried Ebel and Luigi
Lavizzari (discussed in Bolla, 2010, and in Scapozza, 2014,
with possible information transfer from one work to the
other), the MCRA took place in 1512. Atanasio Donetti
in 1860 and Alfonso Toschini in 1905, for whom the rock
avalanche was generated by an earthquake, indicate the dates
of 30 September 1512 and 16 October/30 November 1512,
respectively (Bolla, 2010; Scapozza, 2014). Cesare Bolla
proposed in 1889 the date of 28 September 1515 (Bolla,
1993), whereas according to Plinio Bolla other unspecified
opinions placed the MCRA on 17 October 1511, 30 Septem-
ber 1512, 28 September 1513 or 30 September 1513 (Bolla,
1931).

The most evident traces of the MCRA are today visible
in the lower part of the Blenio Valley, where the valley floor
morphology is dominated by the impressive debris accumu-
lation generated from the rock avalanche. These loose ma-
terials were exploited in the northern part of the accumula-
tion, first as a quarry for inert material used mainly for the
construction of the national highway crossing the Canton of
Ticino from Chiasso to Airolo. In recent times, where the
construction material had been removed in the past, the ex-
cavation materials from the New Rail Link through the Alps
(NRLA, also known as AlpTransit) were deposited. The allu-
vial floodplain between Malvaglia and Loderio also formed
after 1515 thanks to the accumulation of fluvial deposits
coming from the river Brenno and the Orino and Lesgiiina
streams; this sector is today known as “Bolla di Loderio” and
is recognized in the Swiss federal inventory of alluvial zones
of national importance (object no. 150).

Vom Rath (1862) described the MCRA as one of the ma-
jor events of its type in the Alps, covering a surface of al-
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Figure 1. The lower part of the Blenio Valley before the Buzza di Biasca of 20 May 1515, with the maximum extent of Lake Malvaglia
formed behind the deposits of the MCRA of 30 September 1513. In the box at top right is the view from the north of the MCRA deposits as
it appears today. Cartographic basis: National Map of Switzerland 1:25 000, © Swiss Federal Office of Topography swisstopo.

most 2 km? and presenting a 300 m thick deposit. Several de-
scriptions, reported and translated from German, French and
English to Italian by Rossetti and Rossetti-Wiget (2013), al-
lowed the quantification of the accumulation volume and the
triggering mechanism. Concerning the volume, estimations
carried out between the end of the 19th century and the first
half of the 20th century range from 12-13hm? (End, 1922—
1923) to 15-20hm? (Montandon, 1933) and up to 150 hm?
(Heim, 1932). In recent times, new estimations range from
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15-20hm?> (Eisbacher and Clague, 1984) to 130 hm? (Ros-
setti and Rossetti-Wiget, 2013) and up to as much as 500 hm?
(Cotti et al., 1990). For the larger estimations, it is not easy to
establish whether this volume corresponds exclusively to the
collapse of 1513 or whether it integrates the volume of all the
events that took place in the previous centuries. Several au-
thors propose a debris accumulation in several stages, with
the collapse of 1513 being only one of the last events (e.g.
Lautensach, 1910; End, 1922-1923; Montandon, 1933; Ros-
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setti and Rossetti-Wiget, 2013). For these authors, 40 hm?
can be attributed to the so-called “Montegnano” cone, which
accumulated before 1513. The volume of the 1513 rock
avalanche, including subsequent smaller events, would there-
fore be approximately 90 hm?.

The structure of the deposits composed of several over-
lapped cones was clearly recognized and described thanks to
the boreholes drilled in the deposits for characterizing ma-
terials in view of the construction of the A2 (E35) national
highway (Hantke, 1983; Scapozza et al., 2015; De Antoni
et al., 2016), serving in the northern part of the MCRA de-
posit as storage of the material excavated from the Gotthard
Base Tunnel of the NRLA. A new detailed description and
interpretation of these borehole logs is discussed in Sect. 4.2.
These stratigraphical considerations are supported by the re-
cent documentation of a historical observation tower built in
the 13th century (De Antoni et al., 2016): this tower, known
as Torre di Granono, was located in Loderio (Figs. 1 and 2),
and its use allowed for alerting the inhabitants of Monteg-
nano, a hamlet of Biasca that was entirely covered by the
MCRA, and all inhabitants survived the event. The few his-
torical documents related to the MCRA (mostly written in
Latin, collected and discussed by De Antoni et al., 2016)
tell us about the event that (1) the MCRA fell in non-rainy
weather (“fiut maxxima ruina lapidarum tempore non plu-
vioso”; document by notary Nicolino Rusca of Bellinzona,
1513; Brentani, 1937; De Antoni et al., 2016) and (2) the
frightening sudden collapse of the Monte Crenone poured
dense dust for 2h, reaching Locarno (“horridam ruinam
montis de Carnonelpulvere per 2 horas densissimo Locar-
num usque effuso”; document by Cavalier Giovanni Battista
Pellanda, Biasca, 1541-Biasca, 9th March 1615; Pellanda,
1991); Locarno is located 37 km from Biasca.

Digital mapping was based on both 2-D and 3-D Earth ob-
servation, as well as on direct in situ field mapping. The
2-D Earth observation was based on the joint analysis of
three base images (for details, see Ambrosi and Scapozza,
2015): (1) hillshade generated for various exposition-angles
from the swissALTI3D DEM, which has a pixel resolution
of 2.0 m and an accuracy of £50 cm below 2000 m a.s.l. and
+100-300cm above 2000 ma.s.l. (Wiederkehr and Mori,
2013); (2) orthophotograph SWISSIMAGE, with a pixel res-
olution from 25 cm (2008 to 2019) up to 10 cm (from 2020);
(3) the digital version of the National Map 1:25000 (sheet
1273 — Biasca) and 1:10000, based on the latest version
of the swisstopo topographic landscape model (TLM). All
these three base images are produces by the Swiss Federal
Office of Topography swisstopo. The 3-D Earth observation
was based on digital linear scanned image strips (© swis-
stopo), producing aerial photographs with a pixel resolution

of between 25 and 50 cm (Ambrosi and Scapozza, 2015). The
hillshade of the DEM allowed the determination of the kind
of landform, even inside the forest cover, whereas the or-
thophotograph and the topographical map allowed the deter-
mination of the kind of deposit, in particular outside the for-
est cover and above the timberline. Orthophotograph inter-
pretation is however difficult on steep slopes because of the
vertical view and the shadow effect. As a consequence, 3-D
digital image strips were used as a complement to 2-D Earth
observation and field mapping as they are a unique method
making it possible to observe the real shape of the landforms
and the extent to which this shape is effectively evident, in-
cluding inside the forest cover (particularly for large hillslope
instabilities) and on steep slopes (Ambrosi and Scapozza,
2015). The in situ observations have been conducted in an
area of about 10km2, covering the Crenone Valley, its flanks
and the area intersected by the MCRA at the bottom of the
Blenio Valley. The field mapping took 5d and allowed for
defining the origin of the MCRA deposit and validating its
extension, outlined previously in the digital observations.
The mapping was performed according to the legend for
the Geological Atlas of Switzerland 1 : 25000 (OFEG, 2003;
Wiederkehr and Mori, 2013; Ambrosi and Scapozza, 2015).

Geographical information systems (GISs) highly facilitate
the integration of historic landscape patterns in actual to-
pographical maps (e.g. Kienast, 1993; Stiuble et al., 2008;
Scapozza, 2013). The reconstruction of the MCRA accumu-
lation before its exploitation in the 20th century was based
on the georeferentiation of the oldest detailed topographical
representation of the rock avalanche accumulation: the orig-
inal relief (Originalaufnahme) for the Dufour Map, drawn
by Andreas Kiindig and Benjamin Miiller in 1854 (Fig. 2).
Possible distortions related to the manual cartography per-
formed in the middle of the 19th century were verified and
corrected thanks to the first edition of the Siegfried Map
(Kiindig and Miiller, 1881). The 30 m contour lines vector-
ized from these two historical maps were transformed into
sequences of points of equivalent altitude. In the area where
the topography was modified after the middle of the 19th cen-
tury, these points replaced the corresponding points gener-
ated from the swissALTI3D DEM. The resulting set of points
was newly interpolated for generating a DEM with the topog-
raphy of the second half of 19th century in correspondence to
the MCRA accumulation, which can be considered the most
detailed information about the situation after the collapse of
1515.

The numerical analysis of the MCRA focuses on the runout
representation and does not concern the rock slope stabil-
ity analysis prior to the failure, since the latter does not



A. De Pedrini et al.: The 1513 Monte Crenone rock avalanche

\ESaFAL. bins:

S VINBEWNE] |5 71T

0 Tkm |/

25

Figure 2. The first modern topographical representation of the MCRA, falling from the west side of the Pizzo Magno (alternatively called
Pizzo Magn)); the accumulation is visible on the valley floor between Biasca and Loderio. Extract from the original relief for the Dufour
Map (Kiindig and Miiller, 1854), drawn by Andreas Kiindig and Benjamin Miiller in 1854. © Swiss Federal Office of Topography swisstopo.
A comparison with the actual topography is possible by observing Fig. 1.

determine a highly relevant element for the flow dynamics
and deposition. The runout analysis has been performed us-
ing the 2-D numerical simulation software RAMMS (Rapid
Mass Movement Simulation) DEBRISFLOW module, devel-
oped by the WSL Institute for Snow and Avalanche Research
SLF (Christen et al., 2012) and obtainable on request via the
RAMMS website (RAMMS rapid mass movements website,
2019). This software has been chosen because of its applica-
tion of modelling rock avalanches to three cases of historical
rockslides in the Canton of Ticino (Steinemann, 2012a, b, ¢).
RAMMS utilizes the Voellmy frictional law, which applies
two friction parameters to represent the frictional resistance
(Pa) (see Salm, 1993; Salm et al., 1990): the dry Coulomb-
type friction (coefficient n) and the viscous turbulent fric-
tion (coefficient &), responsible for the behaviour of the flow.
1 dominates when the flow is close to stopping, whereas &
dominates when the flow is running rapidly. The frictional
resistance equation also considers the density p; the gravi-
tational acceleration g; the slope angle ¢; the flow height 4;
and the vector u, consisting of the flow velocity in the x and
y directions (Bartelt et al., 2017). Besides the calibration of
w and &, other parameters have to be empirically defined to
run the simulation: the stop parameter based on the momen-
tum p (SIunit kgms™') is the product of an object mass and
velocity and controls the numerical diffusion. The RAMMS
user manual suggests values of between 1 %—10 %, but the
most suitable value has to be determined for each test case. A
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is the Earth pressure coefficient that modifies the longitudi-
nal pressure gradients driving the flow. RAMMS user manual
recommends not to change the default value because the set
value of 1.0 disables the effect of A.

In the Release Tab, RAMMS requests if the simulation
concern an unchannelized or channelized debris flow. The
former implies the Block Release sub-tab choice, where a re-
lease area defines the mobilized volume with a given initial
depth. The latter requires the Hydrograph sub-tab, which re-
quests to determine the discharge hydrograph and is not rec-
ommended for this study because it requires a deep knowl-
edge of flow dynamics in terms of the debris flow rate
(m2s~1) in a defined section. A final tab relative to the ero-
sion predicts the depth of the erosion of the sediment and so
the potential entrainment.

Before calibrating the cited parameters, the model needs
as input data a DEM of the pre-failure surface and the mo-
bilized mass volume. The latter was obtained directly by nu-
merical modelling on the basis of the deposition results. The
release volume does not represent the actual geometry of the
collapsed body. Instead, it is defined by a fictitious release
area combined with a release depth inside the Release Tab.
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The mapping at a scale of 1:10000 highlights the deposits’
nature, recognized through the field surveys and the geomor-
phological elements already mapped in the SUPSI landslide
inventory map of the Canton of Ticino.

The trace of the MCRA on the bottom of the lower Blenio
Valley consists of impressive, well-recognizable debris accu-
mulation at the mouth of the Crenone Valley (see Sect. 2.1).
In particular, along the right side of the Crenone stream, from
the MCRA debris cone summit (Pt. 1 in Fig. 3) toward the
west, a roughly 700 m long and 10-30 m high morphological
crest dominates the landscape (Fig. 4c). This crest is charac-
terized by sub-angulated grain-supported boulders of augen
gneiss and leucocratic gneiss of the Simano nappe, exceed-
ing 1 m in diameter (Fig. 4e). Again on the Crenone stream’s
right side, the deposit persists further east inside the Crenone
Valley and traces the altitude limit of the MCRA flow (Pt. 2
in Fig. 3). At the opposite side of the Crenone stream (Pt. 3
in Fig. 3), the MCRA deposit appears to be more distributed
over the slope (Fig. 4f) and maintains the size and lithology
but shows a higher percentage of matrix. Outward from the
cone, both the deposits continue with a smaller slope gradi-
ent.

Part of the MCRA deposit is also recognizable along the
river Brenno’s right side (Chiegnezz locality, Pt. 4 in Fig. 3;
Fig. 4d), where it reaches an altitude of 420 m a.s.l. The ma-
terial is constituted by a massive diamicton, matrix supported
(lithofacies code Dmm), composed of sub-angulated clasts of
augen gneiss and leucocratic gneiss within a very well graded
silty sand (20 % fine) of light beige colour (Prandi, 2018).
In this area, the erosional action of the Buzza is well visi-
ble on a gradient change, from the original deposit altitude
(420 m a.s.1.) to the river Brenno altitude (350 ma.s.1.).

In the northernmost area (Pt. 5 in Fig. 3), the MCRA de-
posit is deeply reshaped by the succession of works, starting
with the excavation of inert material used mainly for the con-
struction of the national highway and, in earlier times, the
deposition of materials coming from the NRLA.

Along the Crenone riverbed, the deposit derives from the
torrential and debris flow transport subsequent to the MCRA.

The attempt to recreate the MCRA pre-failure morphology
of the Blenio Valley (pre-failure surface in the following sec-
tions) is the major challenge of this study. As no maps are
available prior to the mid-19th century (see Sect. 3.2), in-
formation about the deposit thickness and extension derives
from the boreholes completed during the geotechnical stud-
ies performed for the construction of the national highway
A2 (E35) and from the remaining in situ MCRA deposits.

Borehole data were extracted from the GESPOS (Ges-
tione Sondaggi, Pozzi e Sorgenti) database (managed by the
SUPSI Institute of Earth Sciences) containing drilling data,
well logs and springs in the Canton of Ticino territory. From
the five boreholes completed in 1974, the three boreholes
identified through GESPOS, IDs 701.27, 701.31 and 701.30,
are located in the northernmost deposit portion and allow the
quantification of the deposit thickness at their sites (Fig. 3).
Because the boreholes were drilled in 1974, the shown thick-
nesses are reduced compared to the original MCRA deposit,
which was not eroded by the Buzza di Biasca of 1515. Bore-
hole 701.27 shows 24.2 m of coarse deposits that could be
attributed to the MCRA on the basis of the grain size and on
the depositional facies (Fig. 5a). Borehole 701.30 presents
13.5m of deposits attributed to the MCRA (Hantke, 1983)
(Fig. 5b). According to the comparison with the historical
topographical maps of the second half of the 19th century
(Fig. 2), the extra deposit thickness in borehole 701.30 could
reach an altitude of about 420 m a.s.1.; the total deposit thick-
ness associated with the MCRA could be estimated to be
about 30 m (Fig. 5). Borehole 701.31 drilled in the most dis-
tal part of the cone shows an erosion of the MCRA accu-
mulation of about 30 m, considering the original deposit al-
titude of 390 ma.s.l. (Fig. 5c). Considering the 13.85m of
rock avalanche deposit in this location, the original deposit
thickness just after the MCRA falling was probably at least
40 m.

The incised MCRA deposit along the river Brenno’s right
side is the only information on the deposit thickness in the
western part of the accumulation area (Fig. 4d) and pro-
vides a key element to understanding the MCRA flow. In-
deed, its extension and position force us to think of strong
downstream path curvature. Flow propagation following the
valley axis would provide too much deposition upstream, not
supported by the current geomorphological evidence. Ac-
cording to the field and borehole evidence, the best pre-
failure MCRA Blenio Valley surface was selected by per-
forming several numerical models and evaluating which pre-
failure surface could better host the failure mass. The final
pre-failure surface shown in Fig. 6 represents a debris cone
that is clearly smaller than the current one. The central cone
section shows a 900 m long, 30 m high morphological crest
covering the easternmost part of the current crest described
in Sect. 4.1. This geomorphological element channelled the
MCRA flow southward in agreement with the field obser-
vations and suggests a strong erosional activity prior to the
MCRA. Finally, the pre-failure contour surface on the river
Brenno’s right side removes the MCRA deposit and has been
tracked considering the steep slope morphology.
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Figure 3. Geomorphological map of the lower part of the Blenio Valley, reporting the morphostructures and deposits associated with the
MCRA of 1515 and following events. Cartographic basis: National Map of Switzerland 1:25 000, © Swiss Federal Office of Topography
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4.3 Numerical modelling of the MCRA
4.3.1 Model setup

The numerical modelling of the MCRA has the aim of iden-
tifying a best-fit simulation in terms of runout propagation,
distribution, deposit thickness and flow velocity plausibil-
ity. The attempt to reproduce the MCRA through numerical
modelling meets strong criticism, and unavoidable simplifi-
cations have to be adopted. The first criticism, as mentioned
in Sect. 4.2, derives from the lack of knowledge of the exact
morphology preceding the 1513 event. The suggested shape
and depth of the pre-failure surface under the MCRA deposit
is not confirmed by any data in the central and southern part
of the cone. Consequently, the numerical modelling param-
eters assume a considerable margin of variability. Further-
more, no data on the event dynamics and timing exist.

With respect to the pre-failure surface, a 10m DEM res-
olution has been considered suitable for the model’s needs
to run the simulation. Considering the uncertainty of the
reconstructed surface, a higher resolution would not bring
more accurate results regarding the phenomenon veracity.
For the flow density, the value of 2500kgm™> is con-
sidered a realistic mean value for hard crystalline rocks,
and it has been chosen in all the case studies analysed
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with RAMMS::DEBRISFLOW in the Canton of Ticino
(Steinemann, 2012a, b, c). Concerning the values for the
w and & parameters, detailed back analysis was carried
out to find the best simulation to fit the post-event mor-
phology discussed in Sect. 4.1. The frictional parameters
established were © =0.40 and & =600, values within the
range suggested in the RAMMS manual. The extracts of the
RAMMS::DEBRISFLOW simulation for the MCRA, vary-
ing the calibration of p, & and u, are shown in Fig. 7. The
high value of the viscous turbulent friction (coefficient &)
highlights the turbulent flow motion, whereas the low value
of the Coulomb-type friction (coefficient 1) denotes high re-
sistance of the solid phase expressed inside the simulation as
a high deposition at the mouth of the Crenone Valley.

4.3.2 Flow dynamics

The numerical simulation represents the MCRA as a single
event. The difference in the altitude of the path associated
with a narrow valley on a reduced path acts on the strong
energy of the phenomenon. The high turbulence shown in
the numerical modelling is confirmed through the relatively
small size of the boulders (metric diameter) in relation to the
volume of the deposit (Fig. Se, f).
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Figure 4. Field photographs of the current situation of MCRA morphostructures and deposits. (a) Monte Crenone west side. The crest
oriented north—south is about 1.4km long. The detachment niche is outlined with a red line. (b) MCRA deposit and floodplain between
Loderio and Malvaglia, 1 km wide on average. (¢) Morphological 20 m high crest along the Crenone stream’s right side. The dashed line
represents the crest lower limit. (d) MCRA deposit along the Blenio Valley’s right side, extended for about 1 km; the dashed line depicts the
upper limit. (¢) MCRA deposit on the morphological crest reported in (c); the boulders have an average diameter of 1 m; (f) MCRA deposit
on the left side of the Crenone stream. The scale is represented by the white A4 paper in the middle.

The flow height shown in the numerical modelling finds
agreement with the NNE-SSW accumulation on the Crenone
Valley’s right side (Fig. 8c), passing by the deposit (Pt. 2 in
Fig. 3), and the flow motion 110 s after the initial collapse is
plausible.

4.3.3 Deposit distribution

The final model attributes a calibrated deposit volume of
85.5hm? to the MCRA, which is coherent with the values
cited in the literature (see Sect. 2.2). The MCRA deposit re-
sulting from the numerical modelling simulation presents a
good match with the post-event deposit morphology repro-
duced in the depositional area (Fig. 9). The deposit thickness
along the current river Brenno path reaches an elevation of up
to 390 m a.s.l., in agreement with the maximum level of Lake
Malvaglia. On the northern part of the MCRA cone, the pro-
duced volume agrees with the historical topographical maps

Geogr. Helv., 77, 21-37, 2022

and the 80 m of thickness represented by the yellow lobe in
Fig. 8f is the result of flow channelling (see Pt. 2 in Fig. 3).
On the southern part, even if the current deposit has been
locally eroded, the numerical model results seem to fill the
exported volumes and so well reproduce the original MCRA
deposit.

5 Discussion

5.1 Numerical modelling of historical rockslides

Table 1 shows a comparison among  the
RAMMS::DEBRISFLOW modelling calibrations per-
formed on the MCRA and three other case studies on
rockslides in the Canton of Ticino. The models proposed by
Steinemann (2012a, b, c¢) were performed to find optimal
input parameters to use RAMMS for hazard prediction for
an unstable slope in the Maggia Valley. A clear difference

https://doi.org/10.5194/gh-77-21-2022
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Figure 5. Stratigraphy of GESPOS boreholes 701.27, 701.30 and 701.31 drilled on the Monte Crenone debris cone.

between the MCRA modelling parameters and the other case
studies is present. Utilizing the Preonzo rockslide dataset on
the MCRA case, the model shows a runout that is twice more
extended than the real case and a failure time of 32 min. The
difference between the RAMMS models parametrization
proposed by Steinemann (2012b) in his case studies and
the MCRA model could be related to the huge difference in
the volume magnitude and the path. Indeed, if for the Sasso
Rosso, Preonzo and Ce rockslides, the accumulation is not
constrained by the topography, the path is tightened at the
mouth of the Crenone Valley for the MCRA.

This particular morphological conformation associated
with the large volumes involved gives the movement a very
particular kinematics with associated high turbulence.
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5.2 Consequences of the MCRA

5.2.1 Lake Malvaglia growing and Buzza di Biasca

triggering

The reconstruction of the MCRA runout model allowed us to
confirm the historical data about this event, in particular the
damming of the valley floor up to an elevation of 390 m a.s.l.
and the subsequent creation of a lake which reached a max-
imum extension of 4.5km and 130hm> (see Scapozza et
al., 2015; De Antoni et al., 2016). The silty sand matrix
of the Dmm of the distal part of the MCRA accumulation
(see Sect. 4.1), which was generated by the high interaction
between the clasts during the rock avalanche falling, allowed
the accumulation to be partially impermeable to the water
passage. Considering a mean runoff of the river Brenno of
8-18m>s~! (Scapozza et al., 2015), the theoretical filling
time of the 130 hm? lake would be between 3 and 6 months.
The growth of the lake was probably slowed down by the

Geogr. Helv., 77, 21-37, 2022
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3 3 NIy °§ % Riviera valley, gradually decreasing as the flood descended
g 8 8| 8| & southward, reaching approximately 5 m on the Piano di Ma-

gadino. The flood wave caused a rise of about 0.60m in
Lake Maggiore about 5h after the formation of the breach
(Scapozza et al., 2015; De Antoni et al., 2016).
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mary and critical analysis in Scapozza et al., 2015, and De
Antoni et al., 2016), less information is available concern-

If the historical and territorial consequences of the extreme ing the .sedimf:ntgry and rr.lorphol.ogical imp a?t of this event.
flood generated by the collapse of the dam constituted by the Recent investigations carried out into the fluvial morphology
MCRA accumulation are well known (e.g. Pometta, 1928; of the river Ticino floodplain and delta between Bellinzona

Galli, 1937; Solari, 1982; and Colombo, 1999, and their sum-  and Lake Maggiore indicate, as a consequence of the Buzza
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Figure 8. Results of the numerical modelling of the MCRA, with the representation of flow heights every 20s (30 s for the last image).
Cartographic basis: hillshade derived from the swissALTI3D digital elevation model, © Swiss Federal Office of Topography swisstopo.

di Biasca of 1515, the following: (1) the migration of the Ti-
cino river mouth from the south to the north, (2) the rapid
progradation of the Ticino river delta and (3) the fluvial
metamorphosis of the river Ticino from a meandering to a
braided morphology (for a detailed analysis of these three
main points, see Scapozza, 2013; Scapozza and Oppizzi,
2013; Scapozza and Ambrosi, 2021).

The fluvial metamorphosis probably also concerned the
floodplain of the river Ticino between Biasca and Bellinzona,
as seems to be indicated by a recently rediscovered topo-
graphic map of the valley floor between Biasca and Lodrino
in 1785, conserved in the historical archive of the Biasca mu-
nicipality (Fig. 10a). The river morphology is braided, even
if the probable original meandering morphology is still well
recognizable, with the gravel bars linked with the meanders’
migration (Fig. 10b). The most recent channels mainly affect

Geogr. Helv., 77, 21-37, 2022

the alluvial forest, indicating that their origin must have been
relatively recent (perhaps on the order of several centuries).
West of Biasca, two palaeo-channels of the river Ticino are
clearly recognizable and are marked on the maps as “Ramo
mairano” (from the locality of Mairano, near Iragna) and as
“Letto vecchio” (literally “old riverbed”’). Between Pasque-
rio and Mairano, the river Ticino did not flow completely on
the right side of the valley floor as it did after its correction at
the beginning of 20th century but in a more central position
(Fig. 10c).

Chronostratigraphic evidence of the sedimentary effect of
the Buzza di Biasca on the river Ticino floodplain is very lim-
ited. It indicates a very limited fluvial deposit input on the
floodplain (< 1 mkyr—!). In the locality of Gaggiolo Lungo
near Gudo, the discovery in a trench of a wood pole dat-
ing from 1840 CE (median age of Beta-441293, Table 2), in-
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Table 2. Compilation and calibration of radiocarbon ages discussed in the text. Calibration was performed with OxCal 4.4 software, using
the IntCal20 curve and with a 20 range (95.4 % probability). Sources are (1) Scapozza et al. (2017) and (2) Scapozza and Oppizzi (2013).

Lab code Locality Depth  Conventional age Calibrated age Calibrated age
[m] [14C years BP] [cal BP] [CE]

Beta-441293  Gudo, Gaggiolo Lungo (1) 1.79 10030 270-210 (26.1%)  1680-1740 (26.1%)
150-20 (69.3 %)  1800-1930 (69.3 %)

Beta-443897 2.26 580+ 30 650-580 (64.6 %)  1300-1370 (64.6 %)
570-530 (30.9 %)  1380-1420 (30.9 %)

Poz-31077 Magadino, 5.85 50430 260-220 (27.3%) 1690-1730 (27.3 %)
Castellaccio (2) 140-30 (68.1 %)  1810-1920 (68.1 %)

Poz-31079 15.00 1080430 1060-920 (95.4 %) 890-1030 (95.4 %)
Poz-31084 49.70 1940 £35 1980-1740 (95.4 %) 30-210 (95.4 %)
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Figure 9. The MCRA accumulation surface obtained by numerical
modelling added to the pre-failure DEM.

serted in organic silt deposited after 1350 CE (median age of
Beta-443897, Table 2), indicates a 0.96 m kyr_1 regular- and
fine-grained sedimentation (Table 3), even with the occur-
rence of the 1515 event. Data from the Ticino river delta indi-
cate a mean sedimentation rate of 25.20 mkyr~! between 90
and 1830 CE (median ages of Poz-31084 and Poz-3107, re-
spectively; Table 2), composed of a very high sedimentation
rate of 39.43 mkyr~! between 90 and 970 CE (median age of
Poz-31079, Table 2) and followed by a sudden decrease (Ta-
ble 3): the sedimentation rate between 970 and 1830 CE, in-
cluding the 1515 event, was “only” 10.64 mkyr~'. The low-
est sedimentations rates were assessed thanks to two archaeo-
logical excavations carried out in 1968 on sites located on the
river Ticino floodplain near Bellinzona (Table 3). In Carasso,
Lusanico, Early Middle Ages buildings of the period 600—
800 CE were discovered only below 0.60 m of fluvial sedi-
ments, whereas in Giubiasco, High Middle Ages tombs of
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the 1000-1200 CE period were found below a sedimentary
cover of 0.40-0.50 m (Donati, 1969). Only in one site was the
erosive effect related to the Buzza di Biasca of 1515 clearly
evidenced: a fragment of the lowest part of the defensive wall
(known as the “Murata”) of the medieval part of Bellinzona
was discovered completely overturned during the building of
the Archivio di Stato in 1993 (Donati, 1999; Scapozza et al.,
2015). The erosional action at the base of the Murata was of
about 1.5-2.3 m. The subsequent fluvial deposition, probably
also including sediments of the last part of Buzza di Biasca
flooding, was 1.25 m, corresponding with a mean sedimenta-
tion rate of 2.60 mkyr~! (Table 3).

6 Conclusions

Five main conclusions can be drawn from the observations
and modelling of the MCRA event:

1. Geological observations (in particular the stratigraphy
of boreholes crossing the MCRA deposit) as well as
the historical sources (in particular the existence of
the Granono tower) indicate a series of collapses from
the Monte Crenone that began at least as early as the
13th century, leading to the main rock avalanche of
30 September 1513, with a reconstructed volume of
about 85.5 hm?.

2. The MCRA modelling thanks to the
RAMMS::DEBRISFLOW module allowed for a
precise reconstruction of the event and of the accumula-
tion volume and geometry. It was possible in particular
to determine a slight rise in the rock avalanche front
on the right-hand side of the Blenio Valley, where even
today there is a clear morphological trace of this event,
and the damming of the valley floor up to an altitude
of 390ma.s.l., which corresponds with the maximum
level of Lake Malvaglia just before the triggering of the
Buzza di Biasca of 20 May 1515. The comparison of
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Table 3. Sedimentation rates on the Ticino floodplain during the period including the Buzza di Biasca event, quantified thanks to the
radiocarbon dating presented in Table 2. Sources are (1) Scapozza et al. (2017), (2) Scapozza and Oppizzi (2013), (3) Donati (1969), and (4)

Donati (1999).

Locality Coordinates Depth Median age Thickness Time Sedimentation rate

(CH1903+/LLV95) [m] [cal BP] [m] [ka] [m kyrfl ]

Gudo, Gaggiolo Lungo (1) 2718010/1114310 1.79 110 047  0.49 0.96
2.26 600

Magadino, Castellaccio (2) 2710790/1 112340 5.85 120 9.15 0.86 10.64
15.00 980

49.70 1860 3470  0.88 39.43

4385 1.74 25.20

Carasso, Lusanico (3) 2721800/1 118300 0.60 1250 0.60 1.27 0.51

Giubiasco (3) 2721480/1114630 0.45 850 045 0.87 0.52

Bellinzona, Archivio di Stato (4) 2721460/1116970 - 435 1.25 048 2.60

MCRA modelling with other case studies modelled in
the Lepontine Alps indicates lower values of the dry
Coulomb-type friction (coefficient ) and higher values
of the viscous turbulent friction (coefficient &) with
respect to rockslide events of lower magnitude, which
suggests a quick-running flow of the rock avalanche,
probably determined by the high interaction of the
fragmented rocks and the very high height difference
(more than 1500 m) between the detachment zone and
the accumulation zone.
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3. The damming of the valley floor exercised by the

MCRA accumulation up to an elevation of 390 ma.s.1.
allowed the creation of a lake which reached the maxi-
mum extent of 4.5 km and 130 hm?3. This damming was
probably favoured by the silty sand matrix generated by
the high interaction between the clasts during the rock
avalanche falling, which allowed the accumulation to be
partially impermeable to the water passage. The dam
breaching at the time of the lake overflow caused an
enormous flood, known as the Buzza di Biasca, char-
acterized by a peak flow rate of 50 000-60000m3 s~ !,
decreasing progressively toward Lake Maggiore.
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4. The MCRA, the subsequent creation of Lake Malvaglia
and the sudden collapse of the dam triggering the Buzza
di Biasca can be considered a sedimentary cascade orig-
inating from two very high magnitude events. Although
the direct impact on the sedimentation of the floodplain
indicates very limited fluvial deposit input related to the
Buzza di Biasca, the morphological effect of this event
was evident in the floodplain in the following centuries.
Among the most important effects are the migration of
the Ticino river mouth from the south to the north, the
rapid progradation of the Ticino river delta and the flu-
vial metamorphosis of the river Ticino from a mean-
dering to a braided morphology. This indicates that the
MCRA generated geomorphological consequences that
affected the Ticino valley as far as Lake Maggiore.

5. The reconstruction of large historical rock avalanches
such as the MCRA allows the parametrization and vali-
dation of numerical models, which can be applied to the
forecasting of today’s unstable zones that present simi-
lar geological and structural characteristics and have not
already collapsed. These models are also significant for
the correct interpretation of the chain of territorial con-
sequences of large rockslides, affecting the valley floor
(or even the lakes) located downslope of the sector di-
rectly impacted by the event. In this framework, they are
of interest not only in the field of geosciences but also
for a better comprehension of the historical and socio-
economic consequences of these major natural events.

The code is not made accessible by the soft-
ware developer because RAMMS::DEBRISFLOW is commercial
software.

Research data can be accessed through the
SUPSI Instory (SUPSI INSTitutional repositORY), the online in-
stitutional archive of publications of the University of Applied Sci-
ences and Arts of Southern Switzerland (SUPSI), at the following
link https://repository.supsi.ch/13134/ (De Pedrini et al., 2021). All
the further relevant data are included in the article.
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