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Abstract. We compare data from three deep-seated gravi-

tational slope deformations (DSGSDs) where palaeoseismo-

logical techniques were applied in artificial trenches. At all

trenches, located in metamorphic rocks of the Italian Alps,

there is evidence of extensional deformation given by nor-

mal movements along slip planes dipping downhill or uphill,

and/or fissures, as expected in gravitational failure. How-

ever, we document and illustrate – with the aid of trench-

ing – evidence of reverse movements. The reverse slips oc-

curred mostly along the same planes along which normal slip

occurred, and they produced drag folds in unconsolidated

Holocene sediments as well as the superimposition of sub-

strate rocks on Holocene sediments. The studied trenches in-

dicate that reverse slip might occur not only at the toe por-

tions of DSGSDs but also in their central-upper portions.

When the age relationships between the two deformation

kinematics can be determined, they clearly indicate that re-

verse slips postdate normal ones. Our data suggest that, dur-

ing the development of long-lived DSGSDs, inversion kine-

matics may occur in different sectors of the unstable rock

mass. The inversion is interpreted as due either to locking of

the frontal blocks of a DSGSD or to the relative decrease in

the rate of downward movement in the frontal blocks with

respect to the rear blocks.

1 Introduction

Deep-seated gravitational slope deformations (DSGSDs)

consist of 10–100 m thick rock masses, which can involve the

whole slope of a mountain and are affected by gravitational

instability (Zischinsky, 1966; Nemcok, 1972; Radbruch-Hall

et al., 1977; Savage and Varnes, 1987). These phenomena

have been intensively studied by several authors in terms of

their geomorphological features (Mahr, 1977; Dramis and

Sorriso-Valvo, 1994; Tibaldi and Viviani, 1999; Rohn et al.,

2004) and geotechnical properties (Braathen et al., 2004; Pel-

legrino and Prestininzi, 2007), through numerical modelling

(Forlati et al., 2001; Baron et al., 2005; Hürlimann et al.,

2006; Ambrosi and Crosta, 2011; Apuani et al., 2013), ana-

logue modelling (Chemenda et al., 2005; Bachmann et al.,

2009), radar interferometry (Tarchi et al., 2003; Antonello

et al., 2004; Saroli et al., 2005), structural methods (review

in Stead and Wolter, 2015), and geophysical methods (Fer-

rucci et al., 2000; Meric et al., 2005; Pánek et al., 2009). In

order to improve the hazard assessment of DSGSDs, the re-

construction of their kinematics is of paramount importance

to gain a better knowledge of their evolution and expected

ground deformation. This is usually achieved thanks to in

situ instrumentation and radar interferometric techniques de-

signed to analyse active structures. However, the above types

of approach are applicable to slopes subjected to medium-to-

high deformation rates (in the order of mm yr−1 to cm yr−1),

whereas in the case of extremely slow to inactive DSGSDs,

radar interferometric techniques are not a suitable option. At

presently inactive DSGSDs, only trenching methods can be

used to asses the age of the latest movements. Above all,

it has been proven that DSGSD deformations develop not

only as a consequence of creeping and progressive deforma-

tion (Genevois and Tecca, 1984; McCalpin and Irvine, 1995;

Evans and Clague, 2003) but also through episodic move-

ments (Beget, 1985; Thompson et al., 1997; McCalpin, 1999;

McCalpin and Hart, 2003; Tibaldi et al., 2004; Gutiérrez-

Santolalla et al., 2005). Since some DSGSDs can move
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episodically separated by periods marked by very low ac-

tivity or even inactivity, an approach based only upon in situ

instruments or radar interferometric techniques is not always

reliable enough to look into this type of DSGSD.

In recent years, palaeoseismological techniques such as ar-

tificial trenching have begun to be applied to DSGSDs (Mc-

Calpin and Irvine, 1995; Tibaldi et al., 1998, 2004; Onida et

al., 2000; McCalpin and Hart, 2003; Gutiérrez-Santolalla et

al., 2005; Tibaldi and Pasquaré, 2007; Gutiérrez et al., 2008,

2010, 2015; Agliardi et al., 2009; McCalpin et al., 2011;

Pánek et al., 2011; Moro et al., 2012; Gori et al., 2014). By

trenching methods, it is possible to reveal the presence of

shallow deformation structures, measure their geometry and

kinematics, and define their spatial and chronological char-

acteristics. These data are fundamental to better constrain

the structure of a DSGSD and to carry out numerical and

analogue modelling with a more robust set of data inputs.

Trenching also allows better understanding the significance

of surface landforms produced by slope deformation. This

methodology also enables assessing the age of the main past

deformations, which is paramount to define the long-term be-

haviour of a DSGSD. Dating the main slope deformations, in

turn, allows the comparison with other long-term possible in-

fluencing factors, such as climate changes, past extreme me-

teorological events, and earthquake-induced ground shaking.

Since DSGSDs usually have a very long history, in the order

of thousands of years, trenching is the only method that en-

ables their behaviour to be reconstructed in a realistic time

perspective. In view of the above-highlighted relevance of

this methodology, in this work we combine and reinterpret

our data coming from trenches excavated across gravitational

structures in the Alps (Fig. 1). Such trenches have been se-

lected because they show intriguing similarities to each other.

The most striking similarity is represented by the presence of

slip planes that have moved under different kinematics over

time; we called this phenomenon “inversion kinematics” be-

cause it resembles the change from normal to reverse mo-

tions that may occur along fault planes during a change of

the regional tectonic state of stress. Of course, at DSGSDs

the reason behind the inversion of kinematics is different

and will be widely discussed in the present paper. Moreover,

the trenches illustrated here are located in different parts of

DSGSDs, whereas most published works focus on trenches

opened at the head scarp. Our data and interpretations might

help shed light onto the workings of gravitational structures

and contribute to understanding how DSGSDs may develop

over time.

2 Case studies

2.1 Mt Scincina, western Alps

Tibaldi et al. (2004) documented the occurrence of a se-

ries of DSGSDs in a hilly region in Piedmont, in the west-

ern Italian Alps (Fig. 1). The DSGSD described here is lo-

Figure 1. Location of the study areas in the context of the western

and central Italian Alps.

Figure 2. Digital elevation model of the area of the deep-seated

gravitational slope deformation (DSGSD) at Mt Scincina (western

Alps, Italy), with location of the trench studied by way of palaeo-

seismological techniques, and trace of the main morphostructures

indentified at the DSGSD.

cated near Mt Scincina and affects a slope extending from

860 m a.s.l. down to 625 m in altitude (Fig. 2). The slope is

characterised by slight changes in dip that reveal remnants of

NNW–SSE-striking, uphill-facing scarps; these scarps were

filled by sediments that smoothed out the morphology. The

uppermost part of the slope terminates against a gently dip-

ping downhill-facing scarp (i.e. to the WSW), mostly trend-

ing NNW–SSE, with an arcuate shape in plan view. The pres-

ence of this scarp is suggested by the fact that the slope fac-

ing towards the west, with respect to the Mt Scincina ridge,

is much steeper than the slope facing to the east.

In order to better evaluate the age and kinematics of this

DSGSD, an artificial trench located in the northern part of

the slope is described here. The trench is about 35 m long

and up to 4 m deep, and was opened during the construction

of a gas pipeline. It is located at an altitude of 750–760 m
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Figure 3. (a) Log of the northern trench wall excavated across

the central-upper part of the DSGSD at Mt Scincina (western

Alps, Italy; for location see Fig. 2). Note the superimposition of

the substratum metamorphic rocks (MB) onto late Quaternary de-

posits (YQU) along reverse oblique slip plane S1. S2 and S3 are ex-

tensional fractures filled by YQU deposits. Stereograms (Schmidt’s

projection, lower hemisphere) show the geometry of slip planes and

orientation of the trench. (b) Photo of the reverse oblique fault that

puts into contact MB in the hanging-wall block with YQU in the

footwall block (modified after Tibaldi et al., 2004).

and is trending 117◦ N (Figs. 2 and 3); the trench reveals

three main fracture planes that correspond with the contacts

between the metamorphic basement (MB) and Quaternary

glacial deposits (younger Quaternary unit, YQU). The local

basement is composed of micaschists belonging to the Scisti

dei Laghi unit (Boriani et al., 1990). In the stratigraphic pro-

file performed on the northern trench wall (Fig. 3a), starting

from the left (i.e. west) there is a main slip plane (S1) dip-

ping 80◦ downhill (in the log section the dip is apparent)

with well-defined wall contacts and striae. The slip plane

strikes 85◦ N, and the striae have a pitch of 47–49◦ W (see

also the stereograms in Fig. 3). The plane puts basement

metamorphic rocks in the hanging wall block on the north-

ern side of the fracture into contact with glacial deposits from

the Late Glacial Maximum (YQU, dated at 26.5–32.2 ky BP

through C14 methods; Tibaldi et al., 2004) in the footwall

block. This geometry and the striae indicate transpressional

kinematics with a subordinate right-lateral component. The

right-lateral, strike-slip component is quite obvious due to

the location of the trench at the northern side of the deform-

ing slope, whereas the reverse-motion component is quite

uncommon. A fish-eye structure (Fig. 3b) in the metamor-

phic rocks shows the bending of schistosity along the plane at

the contact with YQU, consistent with the component of re-

verse motion. Close to the slip plane, the metamorphic rocks

are intensely folded. A few metrs away from the plane, the

metamorphic rocks are marked by more open folds with ax-

ial surfaces dipping at low angles (10–15◦) to the NNE. Fur-

ther east, two 20◦ N-striking parallel vertical fractures are ob-

served, 1.5 m apart from one another. They put YQU deposits

Figure 4. Digital elevation model of the area of the DSGSD near

the Foscagno Pass (central Alps, Italy), with location of the trench

studied by palaeoseismological techniques, and trace of the main

Holocene morphostructures of the DSGSD.

into contact with metamorphic rocks in the form of a fissural

structure that suggests an about E–W-trending dilation.

The remaining portions of the DSGSD are characterised

by downhill-facing scarps in the upper section of the slope

that suggest extensional deformations, and by a bulging of

the slope toe.

2.2 Foscagno Pass, central Alps

In the upper Valtellina region, central Alps (Italy), near the

Foscagno Pass (Figs. 1 and 4), several indications of recent

deformation can be observed. Such morphostructures mostly

consist of downhill- and uphill-facing scarps, linear troughs,

and double-crested ridges, regarded as the surface expres-

sions of a DSGSD. The slope affected by the DSGSD ex-

tends from the mountain crest at about 2900 m a.s.l. down to

2260 m at the valley bottom. The total potential volume of

the DSGSD is about 1.5 km3. Most of the mountain top is

affected by a trench several metres to tens of metres wide.

The trenches are parallel to the local slope and are bounded

by two sub-parallel to parallel mountain crests, up to sev-

eral metres in height. These structures indicate extensional

deformation of the uppermost part of the unstable slope with

a NE–SW to ENE–WSW direction of elongation. The cen-
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tral and lower parts of the slope are characterised by several

main, well-defined, uphill-facing scarps that strike NW–SE

to NNW–SSE and are from a few tens of metres to 1 km long.

These scarps are sub-parallel to the slope contour lines but

have a more rectilinear trace in plan view (Fig. 4). This ge-

ometry suggests that the planes along which the motions took

place are steeply dipping or sub-vertical. They cut the meta-

morphic bedrock as well as some of the surface deposits and

glacial landforms attributed to LGM and post-LGM phases

by means of radiometric dating (Calderoni et al., 1998) and

field evidence (Forcella et al., 1998). The local basement

is composed of dominant micaschists. The observed uphill-

facing scarps do not show, in general, any correlation with

rock fabric. Below we describe a trench dug across one of

the uphill-facing scarps. The trench location was selected be-

cause it can reveal the subsurface structures that form near

the toe of a DSGSD.

The trench was excavated into the lower part of the slope,

at an altitude of 2320 m (Fig. 4). An analysis of the trench

log reveals layers of poorly aggregated sedimentary deposits

that rest on the metamorphic basement and are bounded by

erosive or slip surfaces (Fig. 5). The lower units (marked as

B–C in Fig. 5a), limited by a graben-like structure, rest in

direct contact with the basement. The older units were dated

through C14 methods at 10 975 yr BP, and the younger units

at 5065 yr BP. They are intensely affected by slip planes,

revealing a late Holocene age of deformation. In units B–

C, the bedding is accentuated by textural features and the

preferential elongation of pebbles. The alignment of pebbles

shows a local bending, which can be correlated with slip

planes having different size and kinematics. Downslope (i.e.

eastward), three minor slip surfaces occur (S2, S3 and S4),

which caused decimetre-sized normal dislocations through

the basement–cover boundary and in the sedimentary layers

(see also stereograms in Fig. 5). Upslope (i.e. westward), lay-

ers B–C are bent against the main slip plane (S1) that dips

steeply in a downhill direction. Further westward (on the left-

hand side of Fig. 5a), the deposit labelled D can be observed,

the lowest portion of which is composed of in situ fractured

basement rock that transitions up into a poorly organised de-

posit of boulders and pebbles encased in a matrix of clay and

fine sand. Deposit D can be interpreted as the accumulation

of scree into an open fissure. Moreover, deposit D is bent

along plane S1 with a geometry that is consistent with re-

verse kinematics, as can be noticed in the box of Fig. 5 that

shows an enlargement of the lower part of S1. All the above-

described deposits and slip planes are unconformably cov-

ered and sealed by two heterogeneous, lenticular and chaotic

debris flow deposits (E and F in Fig. 5).

An interpretation of the above-illustrated data suggests

three main phases of deformation: (1) after the emplace-

ment of deposits B–C, a first extensional phase produced

the activation of the steeply dipping slip plane (S1) and the

secondary planes S2–S4, along which normal movements

took place, which resulted in a small asymmetric graben-like

Figure 5. (a) Log of the southern trench wall excavated across the

lower DSGSD structure near the Foscagno Pass (central Alps, Italy;

see Fig. 4 for location). Inset shows a log of the southern trench

wall where the dragging of layers and clasts along the slip plane

S1 is consistent with reverse movements. Plane S1 was previously

an extensional fracture. Stereograms (Schmidt’s projection, lower

hemisphere) show the geometry of slip planes and orientation of the

trench. (b) Photo of the trench wall included in the box of Fig. 5a.

structure; (2) this phase was followed by the formation of

a wide sub-vertical open fissure along the uphill side of the

graben, which acted as a trap for the infilling of detritus D;

and (3) an inversion of kinematics occurred along the valley

side wall of the previous fissure, and reverse movements de-

veloped along surface S1 as suggested by the dragging of lay-

ers. Although we are aware that the dragging of the rock frag-

ments at the lower part of S1 could also have been caused by

differential compaction of the deposit D that filled the orig-

inal fissure, we believe that the presence of dragging also at

deposits B, C1, C2 and C3 (Fig. 5a), consistent with a reverse

kinematics, cannot be a mere coincidence.
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2.3 Bregaglia Valley, central Alps

The third DSGSD we examined is situated in the Bregaglia

Valley (central Alps, Italy) (Fig. 1) along the tectonic Gruf

Line (Tibaldi and Pasquaré, 2007). The latter is a zone of in-

tense ductile shearing corresponding to the verticalised tec-

tonic contact between the Tambo nappe–Chiavenna ophio-

lite complex to the N and the Gruf migmatite complex to

the S (Schmid et al., 1996; Berger et al., 1996). The moun-

tain affected by the slope deformation rises to an elevation

of 2370 m, and the valley bottom lies at an elevation of 520–

630 m (Fig. 6). The DSGSD affects the slope from the val-

ley bottom to a maximum elevation of about 1600 m. The

slope dips towards the north and is interrupted by several

downhill- and uphill-facing scarps, each from a few metres

to several hundred metres long. Most of the identified scarps

strike E–W, but some strike also WNW–ESE, especially in

the northeastern sector of the DSGSD. Two deeply incised

gorges bound the sides of the DSGSD. The rocks cropping

out along these valleys are pervasively crushed, with several

vertical to sub-vertical planes striking N–S to NW–SE that

should correspond to the side walls of the DSGSD. The head

of the DSGSD is represented by a northward steeply dipping

scarp that represents the zone of detachment and coincides

with the trace of the Gruf Line (Fig. 7b). This area was af-

fected by a strong N–S extensional gravity deformation. The

whole DSGSD is broken down into four main blocks, sepa-

rated by three slip planes dipping at a high angle towards the

valley floor (i.e. towards the north, Fig. 7), which highlight

local strong N–S-directed gravity extensional deformation.

The blocks are internally dissected by pervasive, subsidiary,

synthetic and antithetic slip planes that indicate more com-

plex local kinematics. The toe of the slope is characterised

by a major bulging area that might represent a sector sub-

jected to contractional deformation. The studied DSGSD can

be regarded as belonging to the “block slide” type (Varnes,

1978) in view of the fact that (a) the basal sliding surface is

well defined; (b) the movement of the DSGSD has occurred

in a mainly translatory fashion; (c) internal slip planes break

the DSGSD into different blocks; and (d) “horst and graben”

type structures are noted near the top of the gravitational de-

formation (Fig. 7b).

The trench site is characterised by an ENE-striking, uphill-

facing scarp that cuts the bedrock (Figs. 6 and 7 for loca-

tion). The log of the wall exposed by the artificial trench re-

veals a series of slide surfaces affecting the bedrock and the

sedimentary infill of the depression induced by the uphill-

facing scarp (Fig. 8). It is possible to highlight that the de-

formation of the DSGSD was a multistage one, which devel-

oped through decreasing incremental offsets (i.e. older layers

were subjected to larger offsets), until very small offsets (a

few decimetres) were produced in the later stages. Above the

metamorphic substrate (A) there is a coarse deposit encased

in a silty matrix (B) and containing several boulders up to

60 cm in diameter. This deposit, characterised by a regular

Figure 6. Digital elevation model of the area of the Bregaglia Valley

DSGSD (central Alps, Italy), with location of the trench studied

by way of palaeoseismological techniques, and trace of the main

Holocene morphostructures of the DSGSD.

Figure 7. (a) Photo of the Bregaglia Valley DSGSD (central Alps,

Italy) studied by palaeoseismological techniques and location of the

artificial trench. The DSGSD is subdivided into four main blocks by

three slip planes steeply dipping toward the valley floor. Arrows in-

dicate the relative block movements. (b) Geological-structural sec-

tion across the DSGSD. The location of the artificial trench of Fig. 8

is shown. Trace X–X’ of the section in Fig. 7a (modified after

Tibaldi and Pasquaré, 2007).

thickness, abruptly abuts against slip plane S3 and is offset

by slip plane S4 (see also the stereogram in Fig. 8). These

slip planes are steeply dipping uphill (i.e. southward); more-

over, S3 merges upward with slip plane S2. Quite a few frag-

ments from deposit B are aligned along S1 and the upper

sector of S2, all the way up to a few decimetres from the to-
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Figure 8. (a) Photo of a portion of the wall exhumed during the

excavation of the artificial trench at the Bregaglia Valley trench and

(b) complete log of the same wall. A series of slide surfaces off-

set the bedrock and the sedimentary infill of the depression induced

by the uphill-facing scarp. Note that offset increases with the age

of the layers. Absolute dating was obtained by radiocarbon 14C and

dendrochronology techniques. Note the dragging of strata along slip

plane S2, compatible with a small uplift of the hanging wall block

located uphill of the slip planes. Stereogram (Schmidt’s projection,

lower hemisphere) shows geometry of the slip planes and orienta-

tion of the trench (modified after Tibaldi and Pasquaré, 2007).

pographic surface (small box in Fig. 8b). Above B, deposit

C is characterised by several tree fragments and is overlain

by a series of thin silt and clay deposits (D and E). Layers

D and E are folded against slip plane S2, indicating reverse

motions. The undeformed and most recent clay–silt deposit F

lies unconformably above deposit E. The lower stratigraphic

unit (B), which was sampled along the slip plane, was dated

to AD 400–570, whereas the upper unit (E) was dated to

AD 1380–1450 and AD 1300–1370. Dendrochronology age

determinations performed on two trunks of Alpine larch trees

from unit C provided the same year: AD 1523 (Tibaldi and

Pasquaré, 2007).

The above-illustrated data suggest the following evolution:

(1) an extensional phase affected the studied sector of the

DSGSD as proved by the emplacement of a series of sedi-

mentary units in onlap against an uphill-facing scarp, start-

ing with unit B, and the deformation was incremental with

the larger offset at unit B along plane S3 and possibly along

plane S4; (2) deposit C partially filled the depression and

was followed by deposition of units D and E in the interval

AD 400–1523; (3) further normal movements occurred after

AD 1523, as witnessed by small normal offsets affecting also

deposits C and D, along some of the slip planes (however, it is

problematic to quantify them); slip planes S3 and S4 locked;

and (4) slip plane S2 inverted its kinematics, producing the

dragging of layers D and E, compatible with reverse motions.

3 Discussion

3.1 Extensional deformation

Before discussing our observations and results, a cautionary

note is needed here: we are aware that trenches can provide

insights into the age and kinematics of DSGSD structures,

buy only at the shallowest level. Despite this, trenches and

palaeoseismological techniques have been widely used in re-

cent times to shed light on the above characteristics of DS-

GSDs. It would always be advisable to dig more trenches

in different positions of a DSGSD, in order to obtain a better

spatial resolution; however, this is not always feasible mainly

due to logistical reasons.

The palaeoseismological analyses illustrated in this work

were performed on trenches excavated in different locations

of three DSGSDs; the Foscagno trench is located in the toe

section of the DSGSD, whereas the Scincina and Bregaglia

trenches are located in the central-upper part of the slope, at

about two-thirds of the length of the DSGSDs. All trenches

show the presence of extensional deformations: at Bregaglia

and Foscagno they are expressed in the form of slip planes

dipping downhill or uphill, with normal kinematics. Within

the Foscagno and Scincina trenches there is also evidence

of formation of extensional fissures along vertical to sub-

vertical planes striking normal to the general slope dip. At

the Foscagno trench, it has been possible to establish that

extensional fissuring developed only after the formation of

the first normal slip planes. As a consequence, the Foscagno

site suggests that activation of at least a part of a DSGSD

can originate from progressive downslope movements of the

unstable rock mass along discrete slip planes. Successively,

slip locking can occur and extension is released by fissure

deformation. The presence of these two types of deforma-

tion has been detected also at the Scincina site; however,

here the exposure did not allow the establishment of the rel-

ative chronology of deformation. At other DSGSDs, espe-

cially in sedimentary rocks, it has been proposed that fissur-

ing usually precedes the development of normal slip planes

(e.g. Margielewski and Urban, 2003). We stress that caution

should be taken in generalising the mode of deformation at

DSGSDs because, as shown by our data, the steps of devel-

opment of the rock mass instability may be more complex,

depending on several different parameters.
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Regarding the relations of fissuring vs. normal slip planes

with respect to the presence of predisposing mechanical

anisotropy, in the Bregaglia Valley study, the upper bound-

ary of the DSGSD originated along the tectonic Gruf Line

(Fig. 7b). Most of the slip planes of this DSGSD strike

in the same trend as the Gruf Line, suggesting that, here,

ancient tectonic deformation events produced a preferential

rock anisotropy. Gravity reactivated part of these tectonic

structures that correspond to the upper vertical to sub-vertical

sections of the DSGSD slip planes. This situation seems to

favour the inception and development of slip planes instead

of extensional fissuring, as confirmed by the fact that the lat-

ter deformation type is not present at the Bregaglia trench

site. The dominance of slip planes has also been documented

at other trench sites within DSGSDs, such as at Mt Morrone

(Appennines, Italy) (Gori et al., 2014), whose data revealed

that the DSGSD initiated after the activation of a dip-slip

fault. The activity of this fault resulted in increased local re-

lief, while another close tectonic fault acted as a sliding plane

in its surficial portion. The activity of both faults produced

structural features and discontinuities that weakened the rock

mass and provided preferential sliding zones. A similar sit-

uation has been observed also at another DSGSD studied

by means of palaeoseismological techniques at Mt Serrone

(central Italy) by Moro et al. (2012). Also in the Carpathian

Mountains, Pánek et al. (2011) suggested that the spatial co-

incidence of gravitational morphostructures with an inher-

ited structural anisotropy represents evidence of a strong pre-

disposition of the initiation of DSGSDs to be controlled by

pre-existing tectonic structures, a characteristic that has been

more and more discussed lately (see Stead and Wolter, 2015,

and references therein).

However, at the two other trench sites described in this

work (Foscagno and Scincina), there are no geometric rela-

tions between gravity structures and regional tectonic struc-

tures. This means that pure gravity forces were able to in-

duce rupture of the rocks along planes of shear concentration,

independent of the pre-existing rock anisotropy. A possible

explanation is that, at Foscagno and Scincina, local tectonic

structures are not suitably oriented to develop into gravity

slip planes, whereas at the Bregaglia site the Gruf tectonic

line is sub-vertical and perpendicular to the slope dip.

3.2 Inversion kinematics

At all the studied trench sites we documented the presence

also of reverse kinematics. The reverse motions are expressed

by drag folds of the recent sedimentary strata that infilled the

previous depressions created by the DSGSD uphill-facing

scarps or by extensional fractures. The recent sedimentary

strata are folded against the slip planes with a unique geom-

etry. Moreover, at the Foscagno and Scincina trench sites,

the substratum rocks are displaced in the hanging wall block

above the Holocene sedimentary strata, which compose the

footwall block. Finally, also plate-like clasts are systemati-

cally re-oriented along slip planes (Fig. 5a), a geometry that

is compatible with reverse kinematics.

Other different possible causes for these compressional

deformations, such as neotectonics and glaciotectonics, have

to be ruled out. In fact, if the observed reverse motions had

been induced by recent regional tectonics, they should be

the expression of surface faulting. Since there is a well-

established relationship between earthquake magnitude and

the capability of a tectonic fault to reach the surface, it would

be necessary to consider that an earthquake with at least

a M > 5 produced this surface tectonic faulting (Wells and

Coppersmith, 1994; Anderson et al., 1996). Instead, the seis-

micity of the studied areas is very low, with most earthquakes

having M < 3 and very rare events with 3 < M < 4 (Akinci et

al., 2004; Chiarabba et al., 2005). Moreover, if we consider

the relationship between the length of surface tectonic fault-

ing, surface offset and magnitude, the scarps along which

the studied reverse kinematics occurred are too short. Also

glaciotectonics have to be ruled out because the studied drag

folds occurred in the late Holocene when glaciers no longer

covered the studied areas. Moreover, drag folds developed

inside protected depressions carved in the slopes, or even

at some metres of depth such as at the Foscagno trench. In

any case, glaciotectonics could not play any role whatsoever

in the observed structural superimposition of metamorphic

rocks above Holocene strata, documented at the Scincina

trench.

Alternative interpretations in a more strictly structural

sense might be (i) dragging along listric planes and (ii) re-

verse fault dragging. Regarding point (i), it is well known that

movements along a fault which is not rectilinear in section

view require adaptation of the rock volume in the hanging

wall block as a consequence of changing fault dip (Wernicke

and Burchfiel, 1982; Dula Jr., 1991; Higgs et al., 1991; Ruch

et al., 2010). In the case of a fault plane whose dip decreases

with depth, a roll-over anticline may develop (Fig. 9a). In

this case, the bending of the hanging-wall layers develops

in relation to the greater decrease in fault dip. However, in

our case studies this possibility needs to be ruled out as there

is no change in attitude of the slip planes along which the

drag folds developed; hence, a geometric adaptation of the

hanging-wall layers is not required. In regard to point (ii),

as can be seen in Fig. 9b, usually a normal fault can show

fault dragging which is compatible with the sense of shear.

Instead, the phenomenon of reverse fault dragging is repre-

sented by the possibility that normal faulting was accompa-

nied by an apparent dragging that suggests an opposite sense

of slip, i.e. reverse movement (Fig. 9c) (Grasemann et al.,

2005). These authors suggested that reverse dragging may

stem from perturbation flow induced by fault slip. Material

on both sides of the fault is displaced, and “opposing circula-

tion cells” arise on opposite fault sides. This anomalous pat-

tern may develop at the fault centre, depending on the angle

2 between the layers and the fault: a correct dragging de-

velops there for low angles (2 < 30–40◦), and an “apparent”
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Figure 9. (a) Bending of strata due to adaptation along a listric nor-

mal fault (rollover anticline); (b) normal fault with normal bending

of layers, coherent with the sense of shear; (c) normal fault with

reverse (apparent) sense of shear due to a high angle 2 (b and c re-

drawn after Grasemann et al., 2005); (d) development of low-angle

back thrusts at the toe of a DSGSD; (e) development of low-angle

back thrusts and other contractional deformations in different parts

of a DSGSD due to spatial changing in friction (d and e modified

after Braathen et al., 2004).

reverse drag for higher angles. In our studied trenches, we do

admit that the angle between the deformed layers and the slip

plane is > 40◦, and thus theoretically apparent reverse fault

dragging might have occurred. However, the surface condi-

tion studied at the trenches is very different from the depth

condition analysed in the work of Grasemann et al. (2005).

Moreover, the studied bending of layers is observed in the

uppermost part of the slip plane, near the tip, and not in the

central part of a fault where reverse dragging may occur. We

also emphasise that in our case we clearly observed also the

superimposition of substrate rocks onto Holocene deposits,

which indicate an unambiguous reverse kinematics.

We conclude that our field data suggest that slip planes

inherited from a previous phase of extensional deformation,

linked to the earlier development of the three studied DS-

GSDs, were re-activated in the form of reverse kinematics.

As far as we know, these are the first artificial trenches that,

by means of palaeoseismological observations, illustrate the

presence of compressional deformations within DSGSDs.

Moreover, since our trenches are placed in different positions

within the DSGSDs, we also document the possible kine-

matic inversion with development of reverse slip planes in

different parts of the unstable slopes.

At the Foscagno and Bregaglia trenches, since uphill-

facing scarps are still present, the reverse offsets were not

large enough to nullify the previous normal offsets. At the

Scincina site, a morphological scarp is not present in the re-

verse slip plane. This may be due to deletion of previous nor-

mal offset by kinematic inversion, or because the latest offset

is older than at the other trench sites and thus at Scincina the

scarp was eroded away, or a combination of both. In agree-

ment with the latter interpretation, the deformed deposits at

Scincina have an age of 34.2–28.5 ky, whereas at the other

trenches the deformed deposits are much younger (deforma-

tions younger than 7455 yr).

Compressional features have been recognised by Braathen

et al. (2004) at the surface of slopes affected by large deep-

seated instability, such as in the Norwegian mountains. Braa-

then et al. (2004) described the possibility of the develop-

ment of extensional structures in the upper part of a DS-

GSD, linked to low basal friction, and contractional features

at the toe expressed by a stacking of blocks by back thrust-

ing. The contractional part may be due to high friction along

the basal surface, or to “ploughing” due to blocking of the toe

(Fig. 9d). Braathen et al. (2004) suggested also a more com-

plex scenario with higher parts of the DSGSD under com-

pression due to spatially changing basal friction (Fig. 9e).

Finally, the change of the basal friction value can be asso-

ciated with variation in the geometry of the basal slip plane.

However we need to stress that, in the above cases, low-angle

reverse faults have been consistently observed, different from

what is seen in our trenches where slip planes subjected

to reverse motions are steeply dipping. Low-angle reverse

slip planes and other contractional structures such as folds

have been recognised at the toe of DSGSDs by Mahr and

Nemčok (1977), Savage and Varnes (1987), Chigira (1992),

Hermann et al. (2000), Baron et al. (2004), and Hippolyte et

al. (2006).

3.3 Mechanisms of overall deformation

The studied DSGSDs show different mechanisms of over-

all deformation. The Foscagno DSGSD is characterised by

a series of parallel, uphill-facing scarps, rectilinear in plan

view, and by the presence of a double crest at the mountain

top (crest trench) (Fig. 4). These structures are typical of a

sackung-type overall deformation mechanism, as illustrated

in Fig. 10a. After normal slip and fissuring, reverse motions

developed here along a slip plane steeply dipping downhill,

suggesting a change in the kinematics and geometry of de-

formation, as shown in Fig. 10b.

The Scincina DSGSD is characterised by an overall

amphitheatre morphology with a semicircular head scarp

(Fig. 2) and narrowing of the valley bottom compatible with

bulging at the foot of the DSGSD. These morphostructures

are more typical of translational movements along downhill-

dipping main slip planes (Fig. 10c). The development of

transpressional kinematics with a dominant reverse compo-

nent found at the Scincina trench site suggests locking of

the downhill movement of the frontal block with consequent

back thrusting. Back thrusting has two components of defor-

mation: one of contraction along the slope dip, and one of

uplift as indicated by the arrow in Fig. 10c. At both the Fos-

cagno and Scincina sites, the block located downhill of the

trench (i.e. downhill of the reverse fault) experienced uplift.

The Bregaglia DSGSD is characterised by a well-

developed system of downhill- and uphill-facing scarps, with

main slip planes dipping towards the valley floor and an-

tithetic slip planes. It is possible that at least one well-

developed, basal slip plane extends as far as the valley bottom
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Figure 10. Section views across different models of DSGSDs.

(a) Development of extensional structures at a sackung-type DS-

GSD; (b) inversion kinematics at a sackung-type DSGSD; (c) trans-

lational type with inversion kinematics due to locking of the toe

block; (d) well-developed translational type, or block slide type,

with antithetic slip planes; (e) same as (d) with reverse movements

along an uphill-dipping slip plane; (f) development of reverse slip

planes above a basal shear with a complex geometry of the “ramp

and flat” type. (a after Gutiérrez-Santolalla et al., 2005; c and e con-

sistent with Jaboyedoff et al., 2013; f modified after McClay and

Ellis, 1987).

(block-slide type) (Fig. 10d). However, this architecture does

not “explain” the inversion of movement found at the trench

site, which is represented by uplift of the block located uphill

of the trench (i.e. the block uphill of the reverse fault). This

is compatible with an episode of forward thrusting, due ei-

ther to the locking of a block in a more frontal position or to

a higher rate of downslope movement of the rear block with

rotational movements (Fig. 10e). This may produce the local,

reverse reactivation of a previously normal slip plane also at

a higher elevation within the DSGSD.

Another possibility for the development of reverse mo-

tions during the evolution of a DSGSD is represented by the

presence of a main basal slip plane with a complex geometry.

The sketch of Fig. 10f, which refers to an analogue model de-

veloped by McClay and Ellis (1987) for extensional tecton-

ics, is provided just as an example of the complexity of struc-

tures that may develop above a multi-curved basal plane, and

caution must be taken when applying it to real-case DSGSDs.

However, this example with a “ramp and flat” type geometry

of the basal plane in section view shows that the hanging-wall

block undergoes different deformation during the translation

of the rock succession above parts of the basal sliding plane

marked by different geometries: the translation above parts

of the sliding plane with a downward convex side produces

local extension, whereas the translation above parts with an

upward convex side produces local compression. During the

slip of the DSGSD rock mass, different parts of the rock

succession my experience translation across the extensional

dominion and then across the compressional domain. This

creates the conditions for inversion of kinematics. The hy-

pothesis that the basal sliding planes of the Bregaglia or the

Scincina DSGSDs may be marked by a complex geometry

cannot be ruled out.

Regarding the lithology of the involved rock masses, it can

be pointed out that the Foscagno and the Scincina DSGSDs

are characterised by a quite monotonous succession of mi-

cascists, whereas the Bregaglia DSGSDs have more varied

lithologies, albeit all belonging to metamorphic rock types.

Although it may be claimed that the presence of different

lithotypes at the Bregaglia site is consistent with the more

complex structural architecture of this DSGSD, we argue that

the amount, orientation and kinematics of the various slip

planes of a DSGSD can result from a more complex series of

parameters; these may be explained in terms of (i) the pres-

ence of slip planes inherited from previous tectonic phases,

(ii) the amount of gravity deformation and hence the degree

of development of the DSGSD, (iii) the geometry of the basal

main slip plane, (iv) the topography, and (v) the lithology of

the involved rock types.

3.4 Creep vs. stick-slip behaviour and related hazard

The hazard posed by DSGSDs can be very different based on

their behaviour. The literature suggests that DSGSDs gener-

ally evolve with long-term creep movements (e.g. Bisci et

al., 1996), although episodic accelerations of deformation

can occur (McCalpin and Irvine, 1995). In the case of large,

sudden offset at a DSGSD, the hazard can be much larger

with the possibility of having local very shallow earthquakes

due to stick-slip and more diffuse damage to the infrastruc-

tures and edifices resting above the sliding block.

The trenches analysed in this work are useful to gain fur-

ther insight into the evolution of deformation at DSGSDs

and to help improve hazard assessment. We also believe that

the application of trenching techniques can help to better un-

derstand the behaviour of DSGSDs elsewhere. The Scincina

and Foscagno trenches show the presence of buried debris

wedges developed at the foot of the slip plane scarp. In tec-

tonic contexts, debris wedges usually result from the erosion

of fault scarps exhumed by coseismic increments of fault off-

sets and can be individuated based on their inner lithological

characteristics, the presence of palaeosoils, and the geometry

of their limiting surfaces (McCalpin, 2009, and references

therein). The same debris wedges may be, in turn, offset by

successive increments of faulting. The formation of a debris

wedge is related to the rapid and localised erosion induced

by the creation of an unstable scarp. However, the slow con-

tinuous faulting of the creeping type is usually not accompa-

nied by any debris wedge formation. In the case of an uphill-

facing scarp, creeping movements may act as a continuous

trap for colluvial deposits originating uphill. This geometry,

with deposits onlapping the uphill-facing scarp, is more con-

sistent with our observations at the Bregaglia trench, and thus
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here creeping probably represents the main mechanism of de-

formation.

Instead, the presence of debris wedges at the Foscagno

DSGSD, supported also by findings at other trenches there

(Forcella et al., 2001), indicates that this DSGSD moved

through sudden increments in movement, which resembles

the stick-slip behaviour of tectonic faults. We point out that,

also in other instances, palaeoseismological investigations at

trenches showed the presence of debris wedges compatible

with a stick-slip behaviour, such as at the Mt Serrone DS-

GSD (Italy) (Moro et al., 2012) and at the Canelles Reservoir

DSGSD (Spain), where a sudden slip increment took place

in correspondence with a historic earthquake (Gutierrez et

al., 2015). At the Mt Morrone DSGSD, Gori et al. (2014)

documented a dominant creeping behaviour, punctuated by

abrupt gravitational displacements, similar to several other

examples of DSGSDs studied by means of trenches.

However, our work suggests taking caution in establishing

the creeping behaviour of a DSGSD. In fact, it has to be clar-

ified that the inversion of kinematics along the sliding planes

is accompanied by fault scarp enhancement, and thus debris

wedge formation, if the uplifting block is located downward

with respect to the fault, as in the case of the Scincina and

Foscagno trenches. However, if the uplifting block is located

uphill with respect to the normal slip plane with an inverted

kinematic, as in the case of the Bregaglia trench, the scarp

is subjected to a reduction in height. As a consequence of

the above, in the latter case the debris wedge will not form

and the possible occurrence of stick-slip motion will not be

recorded.

4 Conclusions

Through the application of paleoseismological techniques in

artificial trenches excavated in different position at three DS-

GSDs in the Italian Alps, it has been possible to observe that

at all trenches there is evidence of extensional deformations,

given by normal movements along slip planes dipping down-

hill or uphill, and/or fissures, as expected in gravitational fail-

ure. At the Foscagno trench, cross-cutting relationships with

the deposits indicate that fissure formation postdates the de-

velopment of steeply dipping slip planes, suggesting that fis-

suring does not always precede shear.

Moveover, we illustrated in trenches evidence of reverse

motions. The reverse slips occurred mostly along the same

planes that hosted the normal slips and produced drag folds

of unconsolidated Holocene sediments and superimposition

of substrate rocks onto the same sediments. This suggests

the possibility of inversion kinematics at DSGSD slip planes.

Since we found inversion kinematics at trenches located in

different positions with respect to the slope affected by the

DSGSD, we also propose that reverse slip might occur both

at the toe of slope deformation and in its central-upper sector.

Inversion kinematics may be due either to the effect of

locking of frontal blocks of a DSGSD or to the relative

decrease in the rate of downward movement of the frontal

blocks with respect to the rear blocks.
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