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Abstract

Paleoseismological techniques have been used to investigate gravitational deformations at the Mortirolo Pass (Valtellina re-
gion, central Alps), in order to improve the knowledge on the activation mechanisms and the evolution of deep-seated gravita-
tional slope movements. The deformation has been responsible for mass sliding towards the Valtellina depression through the
activation of several-hundred-metre-long shear planes. Minor shear planes dipping towards the mountain played the role of
antithetic structures. Four trenches were excavated across scarps representing the surficial expression of shear planes affecting
the bedrock and Late Pleistocene-Holocene deposits. The excavations enabled to investigate the stratigraphy of Quaternary
deposits and the geometry and kinematics of the shear planes affecting them. Radiocarbon analyses on organic material con-
tained in sediments and paleosols enabled to define a succession of displacement events which occurred during the Late
Pleistocene-Holocene. Collected data indicate the persistence of the activity until recent times (last movement related to
1810-1540 cal. BP). A sudden movement has been detected along one of the main shear surfaces (dipping towards the valley)
with a vertical displacement of several metres. In contrast, numerous displacements (with lower vertical offset) have been de-
tected along the antithetic shear planes. Different hypotheses have been proposed in the past to define the origin of huge grav-
itational movements (glacial retreat, uplift of the Alpine chain, fault activity). However, the Late Pleistocene cycles of glacial
loading and unloading on the mountain slopes seem to be the most probable factors causing deep-seated gravitational move-
ments in the investigated region. A recent dramatic landslide in an area adjacent to the investigated one (Mt. Zandila-Valpola)
testifies to the paroxistic evolution of the large scale gravitational deformations. The densely inhabited Valtellina region is af-
fected by a large number of gravitational structures similar to those of the Mortirolo area. In consideration of the possible ef-
fects of the paroxistic activation of these structures, detailed studies on the chronology and kinematics of the deformations
through the application of paleoseismological techniques should therefore be encouraged.
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Introduction

Gravitational mass movements and related geomor-
phic features are widespread along mountain slopes
and ridges of the upper Valtellina region (Central
Alps, Italy). In particular, a 15-km-long deep-seated
gravitational slope deformation affects the SE slope of
the Adda valley, between Tirano and Grosio (Fig.1;
Forcella, 1984).

The surficial expressions of the shear planes mostly

consist of downhill- and uphill-facing scarps, linear
troughs, ground fissures, and double-crested ridges.
Similar landforms result from gravitational spreading
of mountain ridges and are interpreted as the surface
evidence of deep-seated slope movements (Zischin-
sky, 1966; Beck, 1968; Radbruch-Hall et al., 1976;
Forcella, 1984; Mortara & Sorzana, 1987; Dramis &
Sorriso-Valvo, 1994; Sorriso-Valvo, 1995). However,
if the geomorphic expression of such kind of defor-
mations 1s well known and described for a large num-
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ber of cases in mountainous areas, knowledge on oth-
er aspects is still sparse. One of the main problems is
the kinematics of the deformations, in particular the
timing of the displacements and whether they occur
through slow or sudden movements (or both) along
the shear planes. Moreover, the long-term evolution
of deformations involving entire mountain ranges has
not been completely understood and therefore no da-
ta which may be suitable in hazard evaluations are
available. Finally, the relationship between large mass
movements of gravitational origin and tectonic activi-
ty has only been addressed in the past from a qualita-
tive point of view.

We tried therefore to collect data on the kinematic
characteristics and on the evolution of the deforma-
tion processes at the Mortirolo Pass through the exca-
vation of four trenches across scarps indicating a re-
cent (Late Pleistocene-Holocene) activation of shear
planes. This technique, usually adopted in paleoseis-
mological works, has already been tested for the study
of gravitational movements in the Central Alps (For-
cella et al., 1998) and elsewhere (McCalpin & Irvine,
1995).

After the description of the geomorphic features re-
lated to recent displacements along the SE slope of
the Adda valley, the trenching results will be analysed.
Gathered data enabled to make some hypotheses on
the chronology of the deformation, on the kinematics
of the displacements responsible for the formation of
downhill- and uphill- facing scarps and on the trig-
gering factors.

Geological framework

The investigated deformations affect an area located
just north of the Insubric fault, a major tectonic
boundary of Alpine age separating the N- and NW-
verging Alpine Nappe systems and the Southalpine S-
verging fold-and-thrust belt. The rocks outcropping
in the investigated area belong to the so-called Cam-
po Nappe, a tectonic unit which is part of the middle-
upper Austroalpine Nappe system of the Central Alps
(Fig. 1; Froitzheim et al., 1994) and comprises low to
medium grade metamorphic rock assemblages of
Variscan age.

The Mt. Tonale Gneiss, the Cima Rovaia Micas-
chists and the Punta di1 Pietra Rossa Schist Fms. can
be detected from the southern towards the northern
part of the investigated area. Gneisses and amphibo-
lites are intercalated with schists; marble intercala-
tions are also present, particularly in the southern
part (close to the Insubric Fault: Motto della Scala,
Mt. Padrio). The regional lithological boundaries, the
Variscan metamorphic foliation and the brittle fault
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Fig. 1. Schematic location and geological map of the investigated
area. Legend: Ca, Campo Nappe; Gr, Grosina Nappe; Or, Ortles
Nappe; Qu, Quattervals Nappe; To, Monte Tonale Gneiss; Z1., Ze-
bru Line; IL., Insubric Line; T B, Trupchun-Braulio thrust (from
Forcella et al., 1998, modified).

zones of late Alpine age are WSW-ENE trending, 1.e.
they are parallel to the Insubric fault.

According to Laubscher (1988), the Insubric fault
was affected by dextral transcurrent activity during
the Oligocene and in the Early Neogene. During this
period the fault accommodated a total displacement
of several tens of kilometres. The occurrence of Cre-
taceous-Paleogene displacements along this structure
1s still debated in the literature; the activity of the In-
subric fault, however, probably ended when move-
ments along the crosscutting Giudicarie sinistral
fault-zone began (LLate Neogene times; Castellarin et
al., 1987). Therefore the Insubric fault is presently
considered as inactive.

During the Neogene until the Present the whole
Alpine area experienced a significant uplift which, to-
gether with the Late Messinian drying up of the
Mediterranean Sea (Bini et al., 1978), was responsi-
ble for the excavation of the valleys on the southern
side of the Alps (Finck, 1978; Felber et al., 1991).

The present landscape of the investigated area
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mainly resulted from the geomorphic modelling due
to the erosional and depositional activity during the
Late Pleistocene glacial advancements and retreats.
Therefore, outcropping Quaternary deposits and re-
lated landforms are generally not older than few tens
of thousand years. The displacement of such land-
forms and deposits demonstrates the young age of the
slope deformations at the Mortirolo Pass.

The investigated area i1s almost aseismic: no large
earthquakes are recorded in the available catalogues
(e.g. Working Group CPTI, 1999, reporting earth-
quakes since 217 BC) and only a minor seismicity
(events not larger than M=4.9) affects areas north of
the Mortirolo Pass (Onida et al., 2000 and references

therein).

Geomorphological evidence of recent
movements

Downhill- and uphill-facing scarps, multiple crests
and open fissures have been detected along the left
flank of the Adda river valley at an elevation of 1700-
2100 m (Mortirolo Pass area) close to the top of the
Mt. Padrio-Mt. Varadega ridge (Figs. 2 to 4). These
geomorphic features affect both the metamorphic
bedrock and Late Pleistocene-Holocene deposits
along a NE-SW (locally E-W and N-S) trending, 15-
km-long, 1-km-wide deformation belt.

The recent activity along the shear planes which
are responsible for the deformation of the slope was
already documented by Forcella (1984), who inter-
preted the observed geomorphic features as the result
of sackung-type displacements, based on the similari-
ty with other cases reported in the literature (e.g.
Radbruch-Hall et al., 1976).

The southern boundary of the deformation belt (in
the Mt. Padrio area) is close to the Insubric fault, but
it progressively departs from this fault towards the
north (Motto della Scala-Mt. Varadega), and 1s con-
trolled by the local trend of the Adda valley. The ridge
is crossed by wide saddles along which the transflu-
ence of glacial tongues occurred during the Last
Glacial Maximum (L.G.M., 20,000-18,000 BP; e.g.
Orombelli, 1983). Close to these saddles the scarps
cluster and form interference patterns.

A description of the geomorphic features resulting
from the recent activation of the shear planes affect-
ing the southern slope of the Adda valley is proposed

below.
Downhill-facing scarps

Downbhill-facing scarps are mostly concentrated 1in
the upper part of the slope and along the wathershed.

Single scarps are up to 2 km long and N-S to NNE-
SSW (locally WSW-ENE) trending.

Two to four, up to 20-30-m-high scarps can be
identified along a section perpendicular to the Mt. Va-
radega-Motto della Scala ridge. The multiple crested
ridge, with 20-60-m-wide linear depressions, repre-
sents a typical sackung landform. The formation of
the downhill-facing scarps 1s due to movements along
shear surfaces dipping towards the valley. The length
and height of the scarps indicate that the most signifi-
cant displacements occurred along these shear
planes, they must therefore be considered as the main
structures affecting the left slope of the Adda valley.

Uphill-facing scarps

These features are widespread in the investigated
area, particularly in the middle-upper part ‘of the
slope, at an elevation lower than that of the downhill-
facing scarps. The entire scarp system forms a 30-to-
500-m-wide deformation zone. Uphill-facing scarps
are usually 0.5-3 m high, 100-500 m long and cross
the slope slightly obliquely. Moreover, they bound lin-
ear troughs and closed depressions up to 10 m wide.
The scarps and the related shear planes are bent 1n
plan view in the areas where saddles interrupt the
continuity of the ridge. This suggests that the pre-ex-
isting morphology, mainly resulting from the L.G.M.
period, conditioned the development of these recent
scarps. Moreover, the scarps cluster in the saddle ar-
eas and the interference pattern between differently
oriented shear planes is responsible for rhomboidal
geometries in plan view (Fig. 2).

The shear planes dipping towards the mountain
were responsible for the formation of uphill-facing
scarps whose height 1s definitely lower than that of the
downhill-facing scarps. This suggests lower vertical
offsets along the related shear planes.

Open fissures

Several open fissures, usually subvertical, in few cases
with a low dip, mainly affect the flat saddle areas. The
along-strike length ranges between 1 and 20 m, the

~ depth between 2 and 5 m and the opening between

0.2 and 3 m. Some of the fissures are aligned 1n pro-
longation of the uphill-facing scarps. Extension per-
pendicular to the slope was responsible for the forma-
tion of these features. In some cases the fissures have
been filled by colluvial material, as observed i1n some
trenches (see below).
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Fig. 2. Morphostructural map of the Mortirolo Pass area.
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Fig. 3. Topographic and structural section across the SE slope of the Adda valley (see Fig. 2 for location). The shear planes responsible for the

formation of uphill- and downhill-facing scarps have been reported.

Paleoseismological analysis

Four trenches have been excavated in order to investi-
gate the recent displacements suggested by the above
described geomorphic features. Three trenches were
made across uphill-facing scarps and one across a
downbhill-facing scarp. The trench analysis allowed us
to define the subsurface geometry of the shear planes,
to evaluate the vertical offset, to recognise the occur-
rence of displacement events and to date the activity
by means of radiocarbon analyses. Subvertical to
steeply dipping shear surfaces affecting both the
bedrock and young sediments were observed in all
the trenches. Shear planes are easily detectable where

open fissure [

e Wi

the bedrock is in contact with Quaternary deposits.
They are less well defined when they only affect un-
consolidated sediments. In the former case, the dis-
placement inside young sediments can be inferred by
observing shear textures at the contact with the
bedrock. In the latter case, deformations are suggest-
ed by rotations and alignments of clasts along narrow
zones parallel to the shear planes or by vertical sharp
contacts between deposits of different facies.

The deposits observed in the trenches mainly con-
sist of massive silts, sandy silts, fine and coarse-
grained sands, sandy gravels and gravels. As for the
facies, they are mainly slope deposits, debris flow ac-
cumulations and colluvial units, derived from the ero-

Fig. 4. View of the uphill-facing
scarps affecting the Motto della
(Giacomo

| Scala-Dosso  San
e B area. Scarps trending  both
B NNE-SSW (white arrows) and
ENE-WSW (black arrows) can

be observed.
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sion of the metamorphic bedrock or re-deposition of
Quaternary sediments. Glacial deposits, pond and
marsh sediments and rare lenses of well-sorted sands
and gravels (suggesting sheet flow deposition) are also
present.

Well-developed podzol soils rich in organic matter
are buried at different stratigraphic levels; their pres-
ence 1s consistent with the periglacial environment
that affected the area during the Late Pleistocene-
Holocene. Podzol soils generally develop in cool and
wet conditions, with water seeping through the
ground and carrying downward the organic matter
leached from the upper levels. An acid bedrock and a
consistent vegetation are considered as conditions
favourable to the formation of this kind of soils (Cre-
maschi & Rodolfi, 1991).

The ages of the stratigraphic units detected in the
trenches (and therefore chronological constraints for
the displacements affecting them) have been obtained
by means of the radiocarbon datings reported in
Table 1.

Paleosols, charcoal levels and sediments rich of or-
ganic matter have been analysed by Beta Analytic
(Miami, Florida). All the samples provided carbon for
accurate radiometric analyses. The obtained conven-
tional ages (if more recent than 19,000 BP) have been
calibrated 1in the mentioned laboratory by using the
INTCAL98 database reported in Stuiver et al.
(1998). Ages reported in the text represent the 2 Sig-
ma calibrated results (95% of probability).

Alpe Troena site

'This trench, 14 m long and up to 4 m deep, has been
excavated close to the Alpe Iroena site (see Fig. 2 for
location), across a N45°-trending, 1.5-m-high, 100-
m-long uphill-facing scarp, at an altitude of 1900 m
(Figs. 5 and 6).

The weathered metamorphic bedrock was exposed
in the NW portion of the trench, where a paleosol
(unit 12) overlying the bedrock has been radiocarbon
dated at 232901520 BP. This date indicates that a pe-
dogenetic phase affected the investigated area before
the L.G.M. glacial cover. A similar soil has also been
found in the SE portion of the trench (unit 13). A
glacial till (unit 11) related to the L..GG.M., and a suc-
cession of other paleosols, colluvial and slope deposits
overlie the mentioned Late Pleistocene paleosols.

‘The lower part of the post-L..GG.M. sequence (units
5-9) 1s made of gravels, coarse sands, sands and silty-
sands with spread fragments of charcoal (Fig. 6).

A complete pedological cycle has been recognised
inside these units: unit 9 represents a spodic horizon
(radiocarbon dated at 4875-4800/4770-4580 cal. BP)
that has been partially eroded and deposited in the
lower part of the depression; unit 7 is the eluvial hori-
zon, only preserved in two minor lenses; unit 6 repre-
sents the organic horizon and overlies the previously
described units.

Unit 5, only exposed 1n the central part of the in-
vestigated section, 1s bounded towards the NW by a

Table 1. Radiocarbon dates of samples collected in the trenches excavated at the Mortirolo Pass area. R, radiometric technique; BLC,
bulk/low carbon material procedure; AMS, accelerator mass spectrometry technique. |

WWWWWWWWWWW

Lab. code Analysis C13/C12 Conventional Calib. age Calib. age Location/Sample description
Beta - ratio age BP 1o BP 20 BP
123847 R, BLC —10.6 o/00 232901520 Alpe Troena/ paleosol (unit 12 in Fig. 6)
123846 R, BLC -22.3 0/00 4250160 4855-4820/ 4875-4800/ Alpe Troena/ spodic horizon of a podzol
4745-4720 4770-4580 soil (unit 9 in Fig. 6)
123845 R, BLC -24.2 0/00 1910%60 1895-1790 1970-1705 AlpeTroena/ pedogenetic level (unit 4 in
Fig. 6)
133150 AMS —25.1 o/oo 6430160 7425-7280 7440-7250 ILa Foppa/ sandy-silty colluvium (unit 12
, in Fig. 9)
133151 R, BLLC —25.4 o/o0 412060 4815-4745/ 4835-4435 La Foppa/ spodic horizon of a podzol
4720-4530 so1l (unit 6 1n Fig. 9)
133147 R —24.8 0/00 2460180 2730-2355 2755-2335 La Foppa/ organic horizon of a podzol soil
(unit 3 in Fig. 9)
133148 R, BLC —24.5 o/oo 1500x60 1420-1320 1525-1295 Mortirolo 1/ organic silt (unit 10 1n
Fig. 12)
133145 R, BLC —26.2 o/00 660160 665-625/ 690-540 Mortirolo 1/ organic silt (unit 2 in Fig. 12)
605-555
133146 R -25.9 0/00 151070 1505-1320 1540-1290 Mortirolo 2/ organic horizon of a podzol
soil (unit 3 in Fig. 15)
133149 R, BLLC —-25.2 0/00 1750150 1715-1585 1810-1540 Mortirolo 2/ sandy-silty colluvium (unit 5
| in Fig. 15)
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