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Abstract
A sackung scarp has been investigated by frenching in the cenfral Spanish Pyrences. This feature is located 18 km to the SW of the North
Maladeta Fault, which is the most probable source of the M, 5,3 Vielha earthquake of 1923, Three displacement events have been inferred
for the trenched sackung based on colluvial wedge stratigraphy and fault fruncation. The increasing amount of defermation in each successive
fauhting event may be related (o the progressive weakening of the stope through time. A minimum vertical slip rate of 0,19 mm/yr has been
caleulated for the sackung scarp. Several arguments suggest that the episodic displacement of the analysed sackung is controlled by strong
seismic shaking: (a) Spatial association of the sackung features with the North Maladeta Fault: (b) Episodic displacement with a milienniad
recurrence (3.6 kyr) consistent with the expectable carthquake recurrence interval for a low slip rate fault, like the neighbouring North
Maladeta Fault, Demonstrating in future investigations that the sackung features in the arca constitute archives of Jarge paleoearthquakes
wauld be of great interest for seismic hazard assessments. They might help o improve the catalogue of paleocarihquakes and might provide
information on earthquake recurrence intervals and the age of the most recent event (MRE).

© 2008 Lavoisicr SAS. All rights reserved
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I. Introduction

Gravitational spreading in rock slopes may be accommodated
through the development of failure planes dipping into the slopes
with extensional dip-slip displacement. These brittle structures,
generally parallel to the ridge crests and contour lines, produce
uphill-facing scarps (also called antislope scarps, counter scarps
and antithetic scarps) and linear depressions lying at their foot.
The scarps in the ridge tops may create doubie or twin ridges
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and ridge top depressions. These linear geomorphic features are
collectively designated by numerous authors as sackung |1, 2,
3, 4). Other Jandforms commonly found in association with sack-
ung include: (a) Abulge at the toe of the slope. The oversteepencd
lower portion of the slope is frequently affected by landslides
(e.g. 15, 6,713, (b) Downhill-facing scarps including large concave
scarps that resemble the head scar of a landsiide {8, 2, 7.9, 4],
(¢) Extensional fissures [10, 11, 12, 13], (d) Saddles and notches
in secondary ridges [2]. and (e) Small sinkhotes {14, 10, Z].
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g, I: Ternary diagram tustrating three end-members of slopes

with sackung featores: {1) Sackung failure planes that grade downwards
into a continnous deformation. (2} Amtithetic sackung failures connected
10 the sliding surface of a deep-scated landslide. These two extremes may
represent a temporal gradation. {3) Sackung failures that correspond

to secondary ruptures associaled to aclive {auts.

The uphill-facing scarps are typically tens or hundred
meters long and a few meters high [15], and generally display
height/length ratios significantly higher than tectonic fault
scarps 13]. The troughs accompanying the antislope scarps
may host closed depressions with ponds which coastitute arcas
of deposition. Several studies llustrate that information on
the chronology and kinematics of sackung structures can be
inferred studying the stratigraphy, structure and geochronology
of the sediments filling these sediment traps (e.g. [2, 9]).

Three main mechanisms involving gravitational defor-
mation in the slopes have been proposed to explain the
development of uphill-facing scarps {4]: {a) Differential
downsiope bending of rocks affected by steeply dipping

discontinuity planes [16]. (b) Flexural slip toppling of

rock slabs defined by joints steeply dipping inte the slopes
{14, 10} (c) Normal dip-slip displacement on lailure planes
dipping into the slopes. Sliding on these structures produces
the lateral spreading of the ridge flanks and subsidence in
the ridge crests {e.g. [ 1. 17]). This mechanism, acling alone
or in combination with toppiing, is probably the one that
provides the most satisfactory explanation for the majority
of the sackung features documented in the literature.

Some authors consider that the sackung failure planes are
accommodated downwards by continuous creep deforma-
ton |5]. Others propose that they merge with deep-seated
and well-defined sliding surfaces, forming part of a “nor-
mal™ landslide [18, 7, 19, 20]. Some researchers infer their
connection and genetic relation with active tectonic faults
{e.g. [21,22,23, 24, 25]). Probably. a compiele spectrunt may
exist between these three end-members {9, 4, 26]. which could
be represented in the apexes of a riangle (Fig. 1).

Three main displacement regimes may be conceived for
the sackung failure planes; continuous slow creep, rapid
episedic displacement, and gradual creep moevement punc-
tuated by discrele events of displacement. Information on
the short- and Jong-term Kinematics of particular sackung

features has been obtained by means of high resolution
eseodetic measurements and studying the sediments filling
the sackung troughs by trenching. In Bald Eagle Mountain
{Rocky Mountains of Colorado} and in Mosaic Ridge (south-
ern Coast Mountains, British Columbia), overall maximum
rates of horizontal displacement of approximately 4 and 40
mm/year, have been measured, respectively {27, 28, 10].
Geodetic studies carried oul by Bovis and Evans {29] yield
vertical slip rates of up to 10 mm/year in particular antislope
scarps in the British Columbia. Continuous displacement
on sackung failure planes may be recorded by progressive
synsedimentary deformation {cumulative wedge-outs) in
the sackung trough sediments |2, 30]. Conversely, colluvial
wedges, angular unconformities and different generations of
fissure fills constitute stratigraphic evidence of instantangous
displacement events {31, 32,3, 12, 13,9, 19, 4]. An additional
interest of sackang features is that they have been identified
in slopes that have failed catastrophically producing rock
avalanches ({33] and references therein).

Sackung features have been described in a wide variety
of geologic environments, including voleanoes [6, 34] and
mountain ranges bounding graben depressions in Valles
Marineris in Mars {35]. However, these manifestations of
lateral spreading are particularly frequent in glaciated and
seismically active mountain ranges [6}. Regarding the dynam-
ics of the sackung scarps, most of the authors claim for three
main sources of stresses: (a) Unloading related to glacier
retreat in valleys with oversteepened slopes {e.g. [7] and in
plateans [36}). (b) Tensional stresses induced by gravily in
steep-sided ridges {37, 38]. (¢) Strong seismic shaking (e.g.
[18, 11, 39,9, 40, 4, 411), which may be enhanced by topo-
eraphic amplification [42].

The idea of the causal and chronological relationship
between sackung features and earthguakes is gaining advocates
with the increasing number of accounts that document the
generation and reactivation of sackung scarps during large
historic earthquakes. Ridge top sackung scamps in Stillwater
Range, central Nevada. experienced displacement during
the 1915 Pleasant Valley earthquake (M, 7.6) and the 1954
Dixie Valley-Fairview Peak carthquakes (M, 6.8 and 7.2),
and as many as six displacement events have been inferred
by trenching across one of the scarps [43, 44]. McCalpin and
Hart [9] present a partial compilation of nine localities in
California where the occurrence of sackung features associ-
ated with 5 historic earthquakes with magaitudes ranging
from M 5.9 to M 8, has been reported (San Francisco 19006,
San Fernando 1971, North Paim Springs 1986, Loma Prieta
1989, and Northridge 1994). In some sackung features, recur-
rent displacement accompanied two of those seismic events.
Trenching across sackung scarps and depressions reactivated
during the M, 7.1 Loma Prieta earthguake of 1989, revealed
evidence of prehistoric displacements similar in style and
magnitude to that caused by that seismic event |45, 46]. Some
other historic earthguakes that have induced the formation
or reactivation of sackung scarps include: (a) The Alaska
garthquakes of 1899, 1958 (M 7.9) and 1964 (M, 9.2 ({47);
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Fig. 2: A. Geological and tectonic skelch of the Pyrenees. Geological
units: a. Paleczoic basement, b. Mesozoic cover., ¢. Synorogenic Tertiary
cover, & Neogene and Quaternary cover. Faults and tectonic basins: 1.
Lourdes, 2, North Maladeta, 3. Tirvia, 4, Cerdanya-Conflent, 5. Tet,

6. Tech, 7, Empordéa, 8. Amer, 9. Alberes, 10. Canigon, 11. Urgeliet-
Escalbdes. B. Digital elevation model of the area indicated in A showing
the location of the Ef Ubago, Valiibierana and Estds sites and the main
physiographic and structural features mentioned in the text. The non-
shaded area with a light grey tone corresponds to the Maladeta granodio-
ritic batholith. The Vielha (1929 earthguake and the Ribagorza (1373)
carthguake have been marked with star symbols.

[48]: [497); {b) The M 7.9 Denali Fault earthquake of 2002
[50]: {¢) The earthquake that struck Central Italy in 1703 [S1]:
(d) The 1980 Irpina (Italy, M 6.9} and El Asnam {Algeria,
M, 7.2 earthquakes [52]; {e) The M 5.7-6 Umbria-Marche
{Apenines) seismic sequence of 1897 [53]: (f) Possibly, the
Chile earthguake of 1835 [54].

Demonstrating in a particuiar area that the kinematies of

sackung features is con{roiled by earthquake shaking events
would require: (a) identifying evidence of episodic displace-
ment in the sackung features: (b) obtaining tight absolute
dates for those displacement events; (¢) establishing the
contermnporaneity of the displacement events between different
sackung features, and especially with independently-dated
earthquakes [91. Testing this hypothesis could be of great
interest for seismic hazard assessments, since investigation
of sackung features might allow improving the paleoseismic
catalogues and providing estimates of carthquake recurrence
intervals. Such a record of secondary palcoscismic evidence
would be of special utility in areas where seismogenic faults
are buried, blind or have poor geomorphic expression.

McCaipim and Hart [9] identified stratgraphic evidence of

ey
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2-4 prehistoric displacement events in 3 trenches dug across
ridge top sackung depressions close to the San Andreas and
San Gabriel Faults in Cahifornia. However, the age brackets
for these events where too old, or not tight enough to make
a satisfactory correlation with any particular paleocarth-
guake. The time brackets for the sackung faulting events
overlapped several prehistoric earthquakes or were older
than the available paleocarthquake chronologies derived
from trench studies.

In a previous work, Gutiérrez-Santolalla er al. [4] analysed
sackung features in the neighbouring Estds and Vallibierna
glacial valleys, in the Spanish Pyrenees. Trenching across
a sackung trough in each of these valieys and radiocar-
bon dating of sediments provided the following findings:
{a) The formation of the sackung troughs and scarps, at ¢a.
3.9 and 7.6-7.8 ka in Vallibierna and Fstds sites, respectively,
occurted more than 3 kyr after the deglaciation of the val-
leys (16-13 ka); {(b) Upward fault truncation by undeformed
deposits in the trough fili of Vallibierna site provides evidence
of a faulting event occurred between 5.6-2.7 ka suggesting
that the kinematics of this sackung has been governed by an
episodic displacement regime. Based on these data, the authors
hypothesized that although debutressing of the valley walls
by deglaciation predisposed the slopes to sackung formation,
the creation and development of these features was controiled
by strong seismic shaking.

In this work we analyse the sackung features developed in
the El Ubago glacial valicy and present the results of a trench
dug across an uphiil-facing scarp and trough. The trench was
placed at a distance of 2.2 km from the Vallibierna trench
site, on the opposite flank of the same ridge (IFig. 2}. One of
the main reasons for selecting the El Ubago valley, situated
very close to the previously studied sackung features, was
to obtain additional data on sackung development in the
area which could be compared with the results presented
in the previous study. The new information could help to
reinforce or challenge our previous interpretations. The
aim of the work is to (a) characterise the geomorphelogy
of the sackung features in the El Ubago valley, (b} mfer
the kinematic history of the trenched sackung consiraining
the timing of its initiation and subsequent displacement,
and (¢) compare these results with the poorly constrained
available glactal chronologies and with those obtained from
the Vallibierna and Estds sites,

2. Geological setting, ncotectonics and seismic activity

The Pyrenees, with a dominant WNW-ESE structural
and topographic grain, is an Alpine orogen resulting from
the collision of the Iberian and European plates from Upper
Cretaceous to Miocene times. The stady area is located in the
so-called Axial Zone of the Pyrenees, which constitutes the
topographic core of the meuntain range | 55]. This geological
unil, interpreted as the crestal area of an antiformal sbucture
generated by the stacking of south-verging Alpine thrusts [35],
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constitutes a major basement oulcrop consisting of strongly
deformed Paleozoic sedimentary and metasedimentary rocks
{affected by the Variscan and Alpine orogenies) and late
Variscan granodioritic plutons [36, 57, 38].

The Pyrenees cannot be considered as an active plate
margin since the present-day rate of convergence obtained
by means of GPS measurements does not exceed 0.5 mm/
yr [59]. However, the Pyrenean range is one of the most
seismically active areas in Western Europe [60] and has
been the scenario of destructive earthguakes in the past |6,
62, 63]. some of them of M, >0,

The post-orogenic tectonic evolution of the Pyrences has not
yet been well deciphered. High-precision levelling [64] and GPS
data analyses {59, 65] are being performed but do not provide
reliable enough records about relative movements across the
chain. The available information on the neotectonic regime of the
Pyrenees come from 1) evidence of late Miocene to Quaternary
active rectonics and 2 data derived from borehole breakouts and
focal mechanisny solutions. These latter data have been recently
analysed by Sitch er «. [65] and De Vicente ef al. |66], showing
that the Pyresnean range is dominated by extension., except in the
easternmost parl, in which they infer a strike-shp regime.
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The neotectonic activity observed in the Eastern and
Western parts of the range shows a variety of faulting regimes.
In the Western sector, the Lourdes Fault is the structure with
amajor concentration of minor and moderate seismic events.
Threst faulting and normat faulting associated to flexural slip
along this E-W ortented and S-dipping fault [67] and right
lateral strike-slip faulting {63] have both been proposed to
explain the deformation. In the surroundings of this system.
some other evidences of recent tectonic activity have been
found [68, 69]. At the Fasters sector, the stratigraphic and
geomorphic evidence of neotectonic activity is more abun-
dant, indicating and B-W extension folowed by N-S com-
pression. This evolution led to the formation of neotectonic
basins controlled by Taults with geomorphic expression such
as the Emporda, Tech, Amer (alse known as Brugent}, the
Urgellet-Escaldes and Tet-Cerdanya-Conflent fault systems
[e.g. 70.71,72,73].

Despite the reported evidences of neotectonic activity along
faults with geomorphological expression. there is a noticeable
lack of paleoscismic data. To our knowledge, the only data
on paleoccarthguakes obtained by trenching across a fault in
the Pyrenees are those published by Alasset and Meghraoui
[67] at the Lourdes Fauit. Information on secondary paleo-
seismic evidence is also scarce. Rodriguez-Pascua [74] has
documented three Late Quaternary stratigraphic levels with
paleoseismites in the Tirvia glacio-lacustrine basin, about 60
km E of the study area.

In the central Spanish Pyrenees, the B-W mrending North
Maladeta Fauit, located about 18 km to the NE of the study
area, has been identified as the most probable source of the M
5.3 Vielha earthguake of 1923, and as a possible source for
the Ribagorza earthquake of 1373 {75, 76], with an estimated
magnitude of M, 6.2 [77. 02]. However. no evidence of recent
surface rupture has been found associated to this structure,
whose geomorphic expression can be traced for at least 17.5 km
{(Fig. 2). Its activity as a normal fault has been recorded since the
Late Miocene, with a maximum vertical slip rate of 0.06-0.08
mm/yr {76} Based on the mappabie length of the fault trace
(17.5 ki) and applying the empirical relationships of Wells
and Coopersmith [78], a potential magnitude of M, 6.520.3
has been estimated by Ortuiio er «l. {76] for the maximum
carthquakes that could generate this fauit.

It the Maladeta granodioritic massif, 4 km to the NE of
the studied sackung features, several antislope scarps 3-6
km long {79] and the 360 m long scarp of the Puerto de
Vielha Fault [8] have been attributed to recent reactivations
of pre-existing faults, most likely secondary structures. One
of these morpho-structures. the Coronas Fault, is Jocated
6 km to the north of the sackung feature analysed in this
work (Fig. 23, Regretfully, intense glacial erosion makes
difficult the preservation of geomorphic and stratigraphic
evidence of surface ruptures, and thus, estabiishing the tim-
ing of the faulting events. In a core from Barrancs Lake,
located about 10 km NI of the i Ubago site (Fig. 2}, Cruz
et al. [80] identified two lake lowstands dated at 15340+30
and 2300240 ¥C yr BP. These authors propose that these

lowstands, recorded by peat units that interrupt sharply
a continuous sedimentation of rythmites and rurbidites,
represent the sudden desiccation of the lake due fo drainage
through fractures opened during earthquakes.

The analysed sackung features are located in the northern
slopes of the El Ubago glacial valley (Fig. 2). The bed-
rock, primarily composed of tightly folded Silurian and
Lower Devonian black slates with limestone intercalations,
constitutes the core of a NW-SE-trending and S-verging
anticlinoriun. The bedding has a general dip into the slope
and strikes roughly parallel to the ridge crest (Fig. 3).
Southeast of the Roques Truncades Stream, the slates are
overlain by more competent Lower Devonian limestones
(Dalle Limestone) affected by folds and thrusts (Fig. 3).
This limestone unit reaches a cumulative thickness of ca.
300 m in the El Ubago valley [81].

3, Glacial evolution and geomorphology

The El Ubago glacial valley is located in the Remdscaro
drainage basin, excavaled on the eastern margin of the main
Escra glacial valley (Fig. 2). This basin, hanged about 300 m
above the Esera vailey due to glacial overdeepening, comprises
two main subbasing drained by the El Ubago and El Ampriu
streams. Both streams join close to Cerler village forming the
trunk Remdscaro stream. The evolution of this basin during
the last glacial phase has been reconstructed by Bordonau [82]
based on geomorphic and stratigraphic evidence, although
there is no geochronological data available from the area.
According to this author, during the *premaximum phase”,
hefore the ice reached its maximum extent (pleniglacial), the
Esera glacial valley dammed the drainage of the Remdscaro
watershed, forming a glaciolacustrine basin next to the left
Jateral moraine of the Esera glacier and downstream of the
El Ubago and El Ampriu local glaciers. In the subsequent
“maximum phase”, the Eif Ubago and Bl Ampriu glaciers
joined with the main Esera glacier overriding and deforming
the sediments deposited in the previcusly existing juxtaglacial-
proglacial lake. This phase is recorded by glacial tll deposited
over sirongly deformed glacielacustrine and glaciofluvial
deposits {82]. During the “deglaciation phases”, the Ei Ubago
and Bl Ampriu glaciers disconnected from the Esera glacier
and a new glaciolacustrine basin formed next to the Esera
glacier lateral moraine {82}, Moraine ridges mapped around
the junction of the Remiscaro. El Ubago and El Ampriu
streams indicate an initial phase in which the El Ubage and
the E Ampriu glaciers merged sharing the same terminal
moraine, and a later one in which they were separated. In
the headwaters of the basin (Ballberdera, Basibé, Gallinero)
we have identified recessional moraines which correspond
10 younger deglaciation phases of unknown age.

An aspect of special interest for our study is o determine
the approximate time at which the EI Ubago glacier underwent
a retreat large enough fo leave the studied slopes free of any
significant glacial loading. The traditional Late Pleistocene-
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Fig, 4: (A) General view of the slopes between the Estivafreda and the Roques Truncades streams. Note the overall convex profile interrupted by a large
keystone graben in the upper part. Arrows peint to uphill-facing scarps. {31 Closed depression and pond (Ardonés Pond) in a ridge top depression NW of
Estivafieda Peak. (C) Roques Troncades Peak split by a sackung scarp, (D) Graben structure Nanked by uphill- and downhill-facing scarps in the upper parl
of the slope located SW of Estivalreda Peak.

Holocene giacial chronology of the Spanish Pyrenees, largely
based on radiocarbon datings and morpho-topographic cor-
relations [83], maintain that the Pyrencan glaciers reached
the maxinwm extent (pleniglacial) at around 50-45 ka. long
beiore the global LGM, and that the episodes of “high altitude
glaciers™ and “cirque glaciers™ occurred at 16-15 and 14-13
ka, respectively, According to this chronological scheme, the
main retreat of the E] Ubago glacier might have occurred
between 16 and 13 ka.

Recently, Pallas ef al. [84] have proposed a new glacial
chronelogy for the Pyrenees based on some previously reported
radiocarbon ages and new Be datings from the Noguera
Ribagorzana valley, adjacent to the east of the FEsera valley.
These authors argue that the traditional chronology is largely
based on unretiable radiocarbon dates and that the beginning
of the last deglaciation probably occurred after 25 ka. Surface
exposure “Be dating of glacial Jandforms indicates that the
main glacier disappeared before 11.7 = 1.5 "WBe ka in the
Bessiberri glacial trough, a fributary valley of the Noguera
Ribagorzana valley. Since the Bessiberi valley has the same
orientation as the El Ubago valley but with the headwaters at
a higher altitude, according to this chronology., deglaciation in
the £l Ubago valley should have cccuwrred before 12 ka.

The northern slopes of the E Ubago glacial valley, with a
maximum lecal relief of 700 m, show a conspicuous convex
jongitudinal profile indicative of post-glacial gravitational
deformation (Figs. 3 and 4A). The area affected by Jandsiides
and deep-seated gravitational slope deformation [83] covers
approximately 4.4 km* We estimate a probable volume of
about 600 him? for the mass affected by gravitational instabil-
ity, being one of the largest mass movements documented in
the Pyrenees. Based on the geomorphic configuration of the
slopes in the El Ubago glacial valley, we estimate that the ice
reached a maximum thickness of around 150 m in the streteh
in which the studied sackung is located. Considering that the
density of the glacial ice is around 0.9 gfem?, a stress release
of about 13.5 kg/em? (1.3 MPa) can be estimated for the rocks
focated on the valley bottom.

Southeast of the Roques Truncades stream. where the slates
are overlain by a thick limestone unit, the slope shows a com-
plex landslide with clearly identifiable limits (Fig. 3). In the
southern sector of the slope, plastic deformation and possibly
shding of the slates have caused the gravitational spreading
of the overtying limestone controlled by NE-SW trending

Jjoints, The progressive lateral and vertical displacement of

the limestone blocks has generated a stepped topography with
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NE-SW trending trenches, fissures and sinkhole alignments.
In the northern sector of the slope, the slates, devoid of any
hmestone caprock, show a tongue-shaped landshide at the
foot of an arcuate head scarp. It seems that both sliding along
well-defined failure planes and flowage are involved in the
displacement of this landslide with fresh appearance.

The slopes between the El Clotet and the Rogues Truncades
streams show obvious geomorphic evidence of gravitational
deformation (Fig. 3). To the NW of Estivafreda Peak, the
undulating ridge top has a 225 m long depression with a
permancnt pond (Ardonés Pond) bounded by NW-SE trend-
ing downhill- and uphill-facing sackung scarps {Fig. 4B).
The Tuca de Roques Truncades Peak is split by a 720 m
long upsiope-facing scarp ("Roques Truncades” means cut
rocks; Fig. 4C). In this sector of the valley the slopes show
an anomalous profile. The upper part of the slopes shows a
steep downhill-facing scarp up to 90 n high above a relaively
flat zone which resemble the head scarp of a landslide (Fig.
4A). In the SW flank of Estivafreda Peak there is a 300 m
wide depression with convex topography bounded by an
arcuate downhili-facing scarp and an antislope scarp 650 m
long (IMigs. 3 and 412). This morphostructure corresponds to
a large keystone graben controlled by a deep-scated sliding
surface and a NE-dipping antithetic normal fault. Probably.
the SW dipping sliding surface does not reach the base of the
slope and gives way to a continuous ductile deformation, as
suggests the lack of a clear landslide toe at the base of the
slope. The intermediate and lower portions of the slopes have
a convex profile with a progressive downhill increase in the
gradient, which may be related fo glacial erosion and post-
elacial outward bulging (Figs 3 and 4A). The lower sector of
the slopes is affected by some landstides, most likely favoured
by the oversteepening induced by gravitational deformation
and strcam undercutting (Fig. 3).

The uphill-facing scarps have been mapped by means
of aerial photograph interpretation and field surveys using
118,000 and 1:5,000 scale images. Although they occur
along the whole profile of the slopes, they are more frequent
in the intermediate sectors (Fig. 3). We have identified 28
aphili-facing scarps ranging from 60 to 720 m in length and
with an average length of around 200 m. The great majority
of the scarps have a NW-SE trend paraile! to the structural
and topographic grain, and some show a slight valleyward
convexity. Although the maximum height of the scarps is
highly variable, reaching more than 5 m, none of them show
a fresh appearance. This indicates that they have not expe-
rienced noticeable reactivations in recent times. Some sack-
ung scarps control or block the drainage and the associated
Hnear depressions may host small ephemeral ponds (Fig. 3).
Locally, some sackung features have been transformed into
benches due to degradation of the scarps and aggradation in
the treughs, including the accumulation of soliffuction lobes
(Fig. 5A). The highest concentration of sackung scarps is
located between the El Clotet and the Estivafreda streams,
where the trench site is located. Here, the slope has a local
relief of 500 m and an average gradient of 17° (Fig. 3} In

Fig. 5: (A) Sackung scarp and trough transformed inte a bench overridden
by active solifluction lobes. {B} Fresh cover collapse sinkhole probably
related to downward migration of the colluvial deposit through open
fractures in the bedrock.

this sector, a fresh collapse sinkhole 1.2 m across and 1 m
deep has been mapped on the prolongation of a sackung scarp
(Fig, 5B). This subsidence feature may be related to downward
migration (suffusion, raveiling) of colluvial deposits through
exiensional fissures in the hedrock.

4. The studied sackung scarp and troagh

4.1. Geomorphology

The sackung scarp and trough in which we dug the trench
is located at 2,380 m in elevation and has a generat N105E
strike. This sackung feature is associated o another uphiil-
facing scarp t¢ the NW with a N140E orientation (Figs. 3
and G). Both features, with an ¢levaton difference of about
I3 m. show a left stepping en echelon arrangement with a
closed depression in the transler zone (Fig, 6). The ridge of
the trenched sackung has a mostly subdueed rounded geometry
reaching a maximum height of 1.3 m above the frough. The
excavation of the trench revealed that the main fallure plane is
located approximately beneath the ridge crest, coinciding with
a lincar change from bare to turf-covered ground (Fig, 7TA).
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Fig. 6: Detailed geomorphelogical map of the trenched sackung
features. This sketeh was produced by direct mapping on graph paper
in the fickd using a laser distanciometer and compass.

The sackung trough is drained by two scarcely incised lon-
gitudinal drainages that show a sharp bend in the scarp tips.
The bottom of the trough, with a slight ENE inclination, is
flanked by scarps a few decimetres high at both sides. The
southern scarp seems to be related to fluvial incision and the
northern one corresponds 1o the front of solifluction lobes that
have overridden part of the depression (Fig, 6 and 7B).

In the step-over zone, the sackung ridge dies out and is
replaced by two nearly flat surfaces cut across bedrock. These
benches are interrupted by a very shallow alluvinm-covered
incision that acts as the spill way of the adjacent pond. The pond
is bounded on its northern margin by a prominent downhili-

facing scarp (Fig. 6). This could be the surface expression of

a synthetic failure plane that accommodates the deformation
in the transfer zone. The adjacent sackung shows two ridges
with a right stepping arrangement and the trough seems (¢
have been largely covered by colluviun.

4.2, Trenching strategy and methodology

The selection of the trench site {(42° 35°21.91 "N, 0° 35°
22.47E) was based on several reasons. taking info account
that the excavation had to be performed by hand: (1) We
expected to find failure planes near the surface, since the
sackung scarp. with a limited height (1.3 m). did not seem
1o have a thick colluvial cover; (2) The sackung ridge and
trough were relatively narrow: (3) Although there were narrow
sackung troughs at a higher elevation with clear evidence of
ponding, we thought that it would be more probable to find
charcoal at a lower elevation.

The trench, about 10 mIong, 3.2 m deep and 8.9 m wide.
was oriented perpendicular to the sackung with its southern
end coinciding approximately with the sackung ridge. 1t was
excavated using picks, hoes. shovels and buckets. A reference

erid with horizontal and vertical strings spaced 0.5 m apart
was placed on the SE wall of the rench, which was logged
on graph paper. We only found charcoal for AMS radiccarbon
dating in three stratigraphic levels (Fig. 8).

4.3 Trench strasigraphy, structire and geochionology

The trench dug across the uphill-facing scarp and the adpa-
cent trough reveals that these landforms have been created by
normal dip-slip displacement on at Jeast two major N-dipping
faules (F} and 1F2) and tilting of the drownthrown blocks (Fig.
8). Fault F1 fies beneath the crest of the rounded sackung ridge
and is manifested at the surface by a sharp rectilinear limit in
the turf vegetation that covers the unconsolidated sediments of
the trough fill and not the footwall bedrock (Fig. TA). Fault F2,
with an attitude of NI38ESTNE measured in the NW wall of
the trench, is located beneath the medial sector of the subdued
sackung scarp. This fault plane is coated by a thin film of clay
showing striations indicative of pure dip slip displacement
{Fig. 9). Three minor N-dipping failures have been also mapped
between faults F1 and F2. The top of the bedrock shows a
vertical separation of 3.2 m in the trench.

The trough i}l reaches 3.0 m in thickness at stations
5.5-6 of the log horizontal scale. A slightly larger thick-
ness may be expected at station § where the structural and
depositional axis of the trough seems to be located (Fig, 8).
Three main sedimentological facies have been identified in
the unconsolidated deposits of the sackung trough: (a) Very
massive and homoegeneous argillaceous pond deposits with
granules in which it has heen very difficult to differentiate
stratigraphic units and breaks due to the scarcity of textural
and colour changes. (b} Subangular and poorly sorted peb-
ble and granule gravels shed from the sackung scarp and
interpreted as colluvial wedges that record free face forma-
tion by rapid displacement events. (¢) Roughly stratified
and moderately sorted sandy granule and pebble gravels
derived from the uphill slope of the sackung trough. This
deposit is aseribed to sheetwash and slopewash processes
related to severe rainfall events. In the sector of the trench
associaled 1o the sackung scarp these facies are arranged in
three cyclic depositional sequences consisting of a fower
colluvial gravel unit and an upper lacusirine argillaceous
tnit. These sequences record scarp creation or rejuvena-
tion events with free face formation and colluvial wedge
deposition. followed by long quiescence periods of scarp
degradation and expansion of lacustrine deposition.

The bedrock exposed in the trench (unit B) is made up of
densely jointed and highly fissile ampetitic states of Silurian
age {811 Bedding shows an apparent dip of about 10-159
towards the trough. About 25 m o the Sk of the trench site,
stratification in the slates exposed at the sackung ridge is
roughly parallel to the orientation of the scarp and dips gently
into the stope (N130ETONE). Between the two major faults,
we have recognized a 10 em thick brownish black unit of
weathered bedrock (regolith) composed of slate fragments
with inderstitial elay with no detrital components (unit R).
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Fig. 7: (A): General view of the wench and sackung scarp and tough. The sharp Hnear change

from tewf-covered ground 1o bare bedrock coincides with the Tault ¥1 of the wench,
(B) Longitudinal view of the sackung scap and trough. An en echelon sackung scarp

in the background and located at a higher elevation.

The oldest depositional sequence of the trough fill {1a and
ib) lies on bedrock or regolith in the hanging wall of faulc

FFi (Fig. 8). The lower unit of this sequence (Ia) consists of

subangular and peoorly sorted granule and pebble gravels
with a sandy and clay matrix. This unit reaches a maximum
thickness of 30 cm between stations 7-8 of the log horizon-
tal scale. The upper unit is a dark brownish grey clay with
grealer thickness in the downthrown side of fault F2 (35-40
cmy than in the upthrown side, where it has been partially
eroded. A charcoal sample collected in the hanging wali of
fault ¥2 at about 20 cm above the base of the wrough fil] has
yielded an age range of 15,190-14.900 cal. yr BP {errov at
103, This stratigraphic sequence records the first depositional
cyele in the sackung trough ereated by displacement on fault
F1. Unit la is interpreted as a colluvial deposit shed from a
scarp oreated by displacement on faudr IF1, The facustrine
unit Iy indicates that the sackung trough hosted an enclosed

depression with a pond from its first stage
of development. Units Ta and Ib are offset
by Taults FE and FF2, as well as by the three
subsidiary normal fauits mapped between F1
and [F2. These structures, not obvious in the
densely jointed bedrock, have been inferred
based on the steeped geometry of the top of
the gravel unit [a and the apparent concordant
drape folding of the overtying and more ductile
argillaceous unit Ib.

The second stratigraphic sequence is faulted
by IF2 and restricted to the hanging wall of this
fault (Fig. 8). Its Tower colluvial unit (ITa) is
made up of subanguiar pebble and granuie
gravel with a clayish sand matrix. This unit
records the erosion of a free face created by
a second displacement event over fault F1.
The op of the upper Jacustrine unit of this
depositional seguence (part of Hb-111b1) is
defined by the base of the overlying colluvial
wedge (Hla) between F2 and station 6. North
of station 6 we have not been able to identify
any stratigraphic change that would allow us
to map the limit between the second and thizd
depositional sequences. For this reason, unit
1Ib-HIbT includes the upper unit of the second
depositional sequence and the lower part of the
upper unit of the third depositional sequence,
Stratigraphically below the colluvial wedge
[Ha. unit 1Ib-111b1 contains & 5 cm thick bed of
subrounded granules with brown clay matrix
affected by & synform with a minimum ampli-
tude of 50 cm and axis at station 3, The origin of
this structure could be related ro fault drag and
tilting associated to fauit F2 and deformation of
the ductife clay sediments over a hypothetical
south dipping fault focated somewhere below
the northern himb of the synform, Part of the
amplitude of the synform could be syndepo-
sitional if the bed was accumulated on the concave bottom
of a pond. An age range of 8,370-8.320 cal. yr BP {error at
10} has been obtained from charcoal fragments found near
the base of unit Hb-111Ib1.

The voungest stratigraphic sequence truncates fault F2
and overlie unconformably unit Ib and unit Ib-11161 south of
station 6 (Fig. 8). As it has been indicated above, we have not
been able to map the base of this stratigraphic sequence N of
station 6 due to the massive nature of the argitlaceous pond
facies. Nonetheless. the angular unconformity identified in the
“active margin® of the trough might grade into a conformable
conlact towards the depositional axis of the trough, The lower
unit of this depositional sequence (111a) corresponds (o a 80 ¢m
thick colluvial wedge composed of subanguiar pebble granule
gravel with a rough fabric inclined towards the sackung trough.,
This it 15 juxtaposed o bedrock of the upthrown block of
Fi. The boundary between these two units, located over FI,
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Fig. 8: Log of the SE wall of the trench and topographic profile of the slope at the tench site. Calendar ages correspond 10 ranges at 16, 'Fhe location of the

trench is shown in figures 3 and 6.

has been interpreted as & depositional free face contact based
on the lack of shear fabrics and its refatively low inclination
{~307). The wedge-like geometry of the “tip” of the colluvial
wedge Iila between stations 5.5 and 6 is interpreted as a sharp
lateral facies change that records a slight progradation of the
colluvial wedge over the lacustrine facies and later expansion
of the lacustrine deposits over the colluvial facies. Unit Illa
records the rejuvenation of the sackung scarp and trough by
displacement on faults FL and F2. The lacustrine upper term of
the youngest depositional sequence corresponds to the upper
part of unit lHb-ITTh 1, and units F1IL2 and Hib3. Units 1b-11Tb]
and HIb2 are separated by an oxidation surface less than 0.5
cm thick that may represent a desiccation episode of the pond.
Charcoal associated with this oxidation horizon that overtaps
uni Illa has yielded an age interval of 5.320-5.290 cal. yr BP
(error at ba). Unit b2, up 1o 50 em thick, is composed of
brownish dark grey massive clay with traces of root bioturba-
lion at the top filled with sediment derived from the overlying
unit. Unit HHIH3, about 1 m thick, consists of dark grey massive
clay with scattered granules (Iacustrine Tacies) interdigitated
with roughly stratified sandy granule and pebble gravels with
a black clay matrix derived from the northern margin of the
trough (sheetwash and slopewash facies). Units ITb2 and 111b3
overiap unit Hla reflecting the expansion of the pond over the

colluvial wedge as detrital input decreased as a consequence of
the degradation of the sackung scarp (Fig. 8). The sharp change
in the depositional style occurred between units b2 and 11ib3
without any evidence of deformation might be attributed to
climate change or o natural or anthropogenic reduction in
the vegetation cover of the slopes. The top of the trench wails
shows an organic-rich soil up to 20 cm thick (unit 8).

4.4, Trench interpretaiion

Three displacement events have been inferred based on the
cotluvial wedge stratigraphy and fault puncation relationships
cbserved in the trench. The sequence of faulting events and
depositional cycles has been depicted in a series of diagrams
(Fig. 10y, For simpliiication, these sketehes do not incorporate
the ductile deformation and titing observed in the french and
assume a constant horizontal geometry for the bottom of the
pond developed in the sackung trough.

The first displacement event (event X) cormesponds 0
the faulting event that created the sackung scarp and rough
(Fig. 10}, Surface rupture on fault F1 created an antislope
scarp high enough to generate a colluvial wedge {In} more than
30 em thick and an enclosed basin with facustrine deposition
(11b). The thickness of the first depositional sequence (40 cm)
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provides a minimum value Tor the ttal vertical displacement
and accommodation space created 1n this first event. The radio-
carbon age obtained from unit Ib, 20 cm above the hase of the
trough, provides & minimum age of 15.190-14,900 cal. yr BP
for event X (Fig, 8). A rough estimate of ca, 16.9 ka can be
obtained for the age of the sackung trough by extrapolation
1o the bottom of the trough fill using the sedimentation rate
calculated with the two youngest calendar ages. Regreifully,
the lack of reliable chironological information on the glacial
evolution of the Ef Ubago valley precludes establishing any
relationship between this fauiting event and the debutressing
of the slopes induced by the retreat of the glacier

The second and penultimate displacement event (PE,
event Y) is recorded by the sharp change from lacustrine to
colluvial deposition that represents the base of unit la (event
horizon Y). Reactivation of fault FI, and possibly displacement
on the minor failures mapped between F and F2, rejuvenated
the sackung scarp causing the deposition of a coliuvial wedge
(Ha) maore than 40 cm thick over the pond (Figs. 8 and 10).
The calendar ages obtained from vnits [b and 1Ib-111b1 provide
a poorly constrained bracketing calendar age of 15-8.3 ka for
event Y. The depositional seguence induced by this event,
defined by the bases of units 1la and Hla, reaches 90 cm in
thickness. This figure provides a minimum measure for the
total vertical displacement attained in this event, assuming
that subsidence between displacement events was null or
negligible. This assumption is supported by the {act that the
unconformily that truncates fault F2, more than 5.3 ka old.
does not show any evidence of deformation (Fig. 8}.

Both faults FI and F2, and possibly the subsidiary failure
planes Jocated between them, underwent displacement in the third
and most recent deformation event (MRE, event Z). The collapse
of the free face, partially underlain by unconsolidated deposits,
produced a new colluvial wedge (111a} that tuncates fault 1:2
{Figs. 8 and 10). Most likely, the tilting that displays the block
between laulis F1 and F2 occurred in this event as suggests the
inchnation towards the trough of the colluvial wedge 1lia. Fault
2, with a vertical displacement of about 160 em, deformed the
awo previous depositional sequences and possibly contributed to
the formation of the syncline that displays wnit [b-11b1 below
unit 1Ha. Part of the amplitude of this fold could be syndeposi-
tional as suggests the concave base of the units deposited after
the MRE. Vertical offset on fault F1 was most likely higher than
the thickness of colluvial wedge 1Ha (80 cm). The thickness of
the third depositional sequence provides a minimum verlical
displacement of 175 cm for the MRE. The available calendar
ages provide a poorly constrained time bracket of 8.3-5.3 ka for
this event. This time interval overlaps with the ages obtained {or
the creation of the sackung features in Vallibierna (5.9 ka) and
Fstés (7.8-7.6 ka) sites and with the time range of 5.6-2.7 ka
obtained for the displacement event recorded al the Vallibierna
site (4], located 2.2 kim 1o the NE,

The vertical separation of 3.2 m measured on the top of
the bedrock and the age estimated for the sackung trough and
scarp by extrapolation (10.9 ka} yield a minimum vertical dis-

placement rate of 0.19 mm/yr. This figure may be significantly

Fig. 9: Fault plane F2 exposed in the NW wall of the wench, The plane
was coated with a striated fitm of clay.

lower than the actual value due to the following reasons: (a)
The wench does not exposes all the deformation. The top of
the bedrock dips aboul 7° to the N for an unknown distance
in the hanging wali of fault F2, (b) An originally horizontal
geometry is implicitly assamed for the top of the bedrock
before the creation of the sackung on an inclined bedrock
slope, (¢} The casily erodable slate bedrock has undergone
significant erosion in the footwall of fault 1.

The thickness of the depositional sequences (40, 90, 180
cm) and of the coliuvial wedges (=30, >40, 80 cm) indicate
an increasing amount of deformation with each displacement
evenl, A similar rend has been inferred by McCalpin and Hart
[9] in a ridge fop depression in the San Gabriel Mountaing of
California (Blue Ridge site). As these authors interprel, such a
trend may be related Lo the progressive weakening of the slopes
by eacl successive gravitational failure event (strain softening).
Go the other hand. the age of the MRIE (evem Z} and the sub-
dued morphology of the sackung reveals that this feature was
a0l reactivated during the historical damaging seismic events
recorded in the area, including the Ribagorza carthquake of
1373 (M, 6.2}, whose epicentral area was located at about 14
kinz from the study area [77, 611, This indicates thal the ground
acceleration caused by those earthguakes at the site was below
the eguilibrium threshold of the sackung slope.
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[Fig. 10: Simplitted diagrams showing the inferred sequence of fanhing
events and depositionad episodes. These sketches do not incorporate
ductile deformation. tilting and the subsidiary {aifure planes and assume
& constani harizontal geometry for the bottom of the pond developed

in the sackung trough.

5. Discussion

FFour main external factors could be invoked to explain
the episodic displacement recorded in the studied sackung:
{a) Stress release due to glacial retreat: (b} Postglacial fluvial
downcutting and undermining; {¢) Climatically-induced water
table rise; (d} Strong seismic shaking.

(a) Regretfully, there is no direct chronological information
on the glacial evolution of the EI Ubago valley. According to
the glacial chronology proposed by Bordonau er al. [83], the
studied sackung was created before the deglaciation of the val-
fey, Following the chronological framework proposed by Patlds
¢t af. [84] for the adjacent Noguera Ribagorzana valley, the
temporal relationship between the deglaciation of the El Ubago
valley {pre-12 ka) and the formation of the sackung scarp (ca.
16.9 ka) cannot be ruled out. Obviously, deglaciation-induced
unloading can not be invoked to explain the penultimate and
the most recent events identified in the sackung trench.

(b) Fluvial incision and undermining can be ruled out since
the evidence of downeutting and laterai erosion in the El Ubago
Stream is minimal compared with the size of the slope and the
volume affected by deep-seated gravilational deformation.

{¢) Despite deep-seated gravitational slope deformations
are not as sensitive o climatic factors as small and shallow
mass wasting processes, some authors hypothesize that the
kinematics of sackung features may be controlled by hydro-
climatic factors that lead to an increase in the pore water
pressure (e.g. [86]). Johnson and Cotton [20] document the
aseismic reactivation of a ndge top graben in the Santiago
tandslide (Aneheim Hills, California) during a period of high
water table associated with intense rainfall. Additionally, some
works document a reasonable temporal correlation between
phases of higher landslide activity, including deep-seated
mass movements, and specific climatic periods (e.2. [87, 88]).
However, as Mova ef af. [89] point out, the geochronological
data on landslides m the Pyrenees 1s to scarce {or the identi-
fication of temporal clusters. l would be also interesting 10
correlate the Taiture events inferred for the studied sackung
with other paleoclimatic proxies (e.g. [90]). However. the ages
obtained for those events are not tight enough to establish any
significant temporal relationship. The age of the first failure
event has been estimated by extrapolation and the bracketing
ages of the penultimate and most recent displacement events
cover leng time spans (0.7 and 3 kyr). Consequently, the
temporal and causal retationship between the displacement
events recorded in the sackung and climatic riggers cannot
be demonstrated or ruled out.

(d) Several arguiments suggest that the creation and sub-
sequent recurrent reactivation of the studied sackung have
been triggered by strong seismic shaking:
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(a) In this sector of the Pyrences, the sackung features
show a clear spatial association with the seismogenic North
Maladeta Fault (Ortuiio, pers. comn.), strengly suggesting
that their origin and kinematics is controlied by large carth-
quakes generated on this structure. McCalpin and Hart [9]
determined that the frequeney of sackung oceurrence, as it
happens with other slope failures. increases with decreasing
distance to active Taults.

(b) The recurrence of displacement events of about 5.6 kyr.
seems to be more consistent with the expectable millennial
recurrence inlerval of large morphogenetic earthquakes in the
area. than with the returmn period of ¢climatic events.

{c) According to the glacial chronology proposed by
Bordonau er al. [9]. the generation of the sackung scarps
previously studied in the neighbouring Estds and Vallibierna
valleys occurred more than 5 kyr after the retreat of the
glaciers [4].

Reegretfully, we cannot demonstrate or invalidate the hypoth-
esis of the coseismic displacement for our studied sackung due
1o the lack of independent paleoseismic information and the
poor time constraints obtained for the displacement events [ 13,
G]. However, we consider that the presented data supports this
postulate. which constitutes an interesting challenge for further
investigations. Althcugh evidence of coseismic displacement
associated with sackung would not provide mformation on the
seismic source and the earthquake magnitude [91]. it might help
to improve the calalogue of large paleoearthquakes providing
information on carthquake recurrence intervals and the age of the
MRE. For example, if the displacement events recorded in the
anatysed sackung would correspond to secondary paleoseismic
evidence (as defined by McCalpin and Nelson, [92]}. we could
speculate that the recurrence of large earthquakes, most likely
with an intensity at the site higher than that of the 1373 event,
is on the order of 5.6 kyr. We couid also indicate that the MRE
with an intensity high enough to cause the gravitational failure
of the slope would have an age range of 8.3-5.3 ka. This kind
of inferences would be of great interest from the seismic hazard
perspective [9], especially iz an area like the Pyrences, where
the geomorphic and stratigraphic markers of neotectonic and
palecseismic activity are very scarce, largely due (o intensive
recent glaciation.

6. Conclusions

The northern slopes of the El Ubago glacial valley have
been affected by post-glacial gravitational deformation and
landslides. Deep-seated gravitational slepe deformation is
manifested at the swrface by outward bulging. ridge top depres-
sions, twin ridees, uphiil- and down-hiil {facing scarps. a large
graben depression and a collapse sinkhole. The length of the

antislope scarps range {rom 60 te 720 m. The area affected
by gravitational deformation covers approximately 4.4 kny?
and may invoive a volume as large as 600 hm?,

The trenched sackung trough and scarp have been cre-
ated primariiy by dip-slip displacement on failure planes
dipping into the slope. The three depositional sequences of
the trough fill, each consisting of a lower colluvial wedge
unit and an upper lacustrine unit, record three displacement
events followed by long periods of quiescence, The timing of
the first faudting event (event XD, responsible for the creation
of the sackung, has been estimated by extrapolation at 16.9
ka. It has not been possible o establish any chronclogical
relationship between this event and the deglaciation of the
vatley, of unknown age. The timing of the PE and the MRE
faulting events (BEvents Y and Z) have been constrained at
15-8.3 and 8.3-5.3 ka. The scarcity of datable material in the
trough filt has not allowed us to provide tighter bracketing
ages. The age range of event Y overlaps with the ages obtained
for the creation of the sackung features in Vallibierna (5.9
ka) and Lstds (7.8-7.6 ka) sites and with the lime range of
5.6-2.7 ka obtained for the displacement event recorded at
the Vallibierna site {4], located at about 2 km on the other
flank of the same ridge. In addition, the amount of deforma-
tien increases in each successive event. This trend could be
related 1o the progressive weakening of the siopes caused by
recurrent deformation events. The available data has allowed
us o caleulate a minimam vertical slip rate of 0.19 mnyyr
for the sackung scarp and a recwrrence interval of about 5.0
leyr for the faulting events.

Episodic displacement in the studied sackung with a mil-
lennial recwrrence interval and the spatial association of the
sackung features in this sector of the Pyrenees witl the North
Maladeta Fault, suggests that the generation and reactivation
of the sackung scarps in the area could be controlled by streng
seismic shaking. Such a potential secondary paleoseismic
record could be of great utility for seismic hazard assessments
in the Pyrences, where intense glacial erosion and possibly the
blind or buried character of seismogenic Taults makes difficult
to perform conventienal paleoseismic investigations.
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