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Introduction

Striated pavements are glacial features
generally observed on hard rock sur-
faces. They are commonly superim-
posed on larger landforms such as
roches moutonnées, and result from
subglacial abrasion by debris-laden
ice. In the pre-Quaternary geological
record, such striated pavements, over-
lain by diamictite (tillite) horizons,
provide convincing evidence of former
glaciations. However, a number of
striated surfaces appear to have been
formed on unlithified deposits (out-
wash sandstones or diamictites), ques-
tioning their mode of formation,
preservation potential and palaeo-
environmental significance. Such
soft-sediment striated surfaces are
generally interpreted to have been
formed by the mechanical action of
ice in three different ways: (1) by
subglacial erosion of a debris-rich
glacier sliding over frozen or compac-
ted sediments (e.g. Westgate, 1968);
(2) by scouring and plastic deforma-
tion beneath a nearly buoyant moving
glacier at its grounding zone (e.g.
Visser, 1990); and (3) by the scouring
action of drifting icebergs (e.g. Rocha-

Campos et al., 1994), sea ice (e.g.
Héquette et al., 1995), or shore, estu-
arine or river ice (e.g. Collinson, 1971;
Dionne, 1985). Observations on
impressive striated surfaces within
Late Ordovician glacial deposits in
Mauritania (Deynoux, 1980; Ghienne,
1998) and Libya (M. Deynoux et al.,
work in progress), and comparison
with structures already described in
Algeria (Beuf et al., 1971) and Saudi
Arabia (Vaslet, 1990; Senalp and Al-
Laboun, 2000) (Fig. 1), allow us to
propose a fourth process based on the
existence of décollement planes in
subglacial unlithified deforming beds.

Geological setting

In the three studied areas, the Hodh
in the Taoudeni Basin of Maurita-
nia, and the Gargaf and Ghat areas
in the Murzuq Basin of Libya, the
Late Ordovician glacial drift forms
discontinuous outcrops filling up to
150-m-deep broad palaeodepressions
or N–S- to WNW–ESE-orientated
palaeovalleys cut into Cambro-Ordo-
vician sandstones.

In the Hodh area, the glacial
deposits consist of a lower continen-
tal succession onlapped by an upper
marine succession (Deynoux, 1980,
1985; Ghienne, 1998, 2003) (Fig. 2).
The continental succession is made
up of cross-bedded sandstones form-
ing 0–100-m-thick erosion-based
bodies overlain by 0–50-m-thick
poorly exposed horizons made up of

unstratified argillaceous microcon-
glomeratic sandstones with polymict
striated pebbles to boulders. The
striated surfaces occur in the upper
part of the sandstones that were
deposited by glaciofluvial streams in
an outwash plain. Intercalated argil-
laceous deposits are either subglacial
tillites or proglacial tillite-reworking
debris flows.

In the Gargaf area, the glacial drift
is made up of a succession of three
stratigraphic units (Fig. 2). The lower
unit forms a coarsening-up sequence
comprising storm-dominated shelf to
shoreface deposits with glaciomarine
influence. The middle unit is made up
of fluvial sandstones with fine- to
coarse-grained meander belt and
flood-related deposits. The upper unit
consists of an imbrication of coarsen-
ing-up depositional systems, including
several fluvial-dominated to wave-
influenced coarsening-upward deltaic
deposits. The middle and upper units
are separated by an erosional glacial
and transgressive surface, which dis-
plays the striations.

In the Ghat area, the sedimentary
succession is roughly similar (Fig. 2).
The striated surfaces occur in associ-
ation with low-relief erosional surfaces
atop cross-bedded fluvial sandstones.
These surfaces display drumlin-like
alignments, up to 10mwide and several
kilometres long, identifiable on aerial
and satellite images with a constant
NNW–SSE trend (Fig. 3). They are
onlapped by coarsening-up delta-like
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successions, starting with microcon-
glomeratic, argillaceous sandstones
including lonestones.

Characteristics of the striated
pavements

Stratigraphic occurrence

At the regional scale, the striated
surfaces are found at the transition
between glaciofluvial sandstones and
overlying mudstones to argillaceous

sandstones, which display evidence of
glacial input (diamictites interpreted
as subglacial tillite or tillite-reworked
debris flow, or dropstone-bearing
shelf to prodeltaic deposits). However,
at the outcrop scale, the striated
surfaces are generally not found pre-
cisely at the interface between these
two contrasting lithologies. In many
examples, they are observed in the
upper part of the fluvial sandstones,
over flat horizontal to slightly undu-
lating surfaces (Fig. 4a). These
surfaces are laterally overlain by dis-
mantled patches decimetres to a few
metres thick of chaotic structureless to
highly deformed sandstones that were
called �grès bousculés� by Deynoux
(1980) in Mauritania. These disturbed
sandstones are petrographically sim-
ilar to the underlying fluvial sand-
stones. They comprise decimetre- to
metre-scale folded structures (inclu-
ding unrooted sheath folds), rare
intraformational sheared clasts or
sandstone masses, and dewatering
structures such as pipes (Fig. 4b) and
vertical sand sheets. In the Ghat area
the �grès bousculés� form the above-
mentioned drumlin-like alignments
(Fig. 3).

Additional striated surfaces, with
similar characteristics and orienta-
tions, can be found at different super-
imposed horizons within apparently
undeformed fluvial sandstones, up to
several metres below the uppermost
striated surface (Fig. 4c). In the Ghat
area, several vertically superimposed
surfaces were observed with strictly
parallel striations within a 20-m-thick
cross-stratified, sandstone succession.
In these intraformational occurrences,
it is possible to observe that the base

of the overlying sandstone bed shows
exactly the negative counterpart of the
underlying striations.

Detailed features of the striated
surfaces

Striae are no more than a few milli-
metres deep, but can be traced over
several metres in length. They are
straight features with in a few cases
local individual gentle curvature. They
consist of the juxtaposition of parallel
ridges and troughs (Fig. 4e). In cross-
section, ridges, a few millimetres to
1 cm in width, are flat, bumpy or
sharp, whereas troughs are generally
narrower and sharper with often a
V-shaped symmetric profile. They are
commonly superimposed on large and
shallow grooves (Fig. 4a).

Associated structures

Sandstones beneath a striated surface
very often show small-scale extensional
step fractures (Biju-Duval et al., 1974).
Primary sedimentary laminations are
displaced. Step fractures immediately
below striated surfaces are character-
ized by a uniform orientation that is
perpendicular to the striae direction
and these fractures do not interrupt
the striated surface (Fig. 4d). Most
fractures dip up-glacier. In rare finer-
grained and silty intercalations,
small-scale sheath folds and extension-
al crenulation cleavages were observed
several metres below the �grès bous-
culés�. Relatively rare features also
occur on the striated surfaces. They
were observed on the uppermost sur-
faces overlain by the �grès bousculés�.
They consist of thin sand flows

Fig. 1 Large-scale distribution of the main Late Ordovician palaeo-ice flow indicators on the northern Gondwana platform.

Fig. 2 Synthetic logs of the glacial suc-
cessions with location of the striated
surfaces.
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covering the striations (Fig. 4a), or
filling small orthogonal trough-dissect-
ing ridges and connecting troughs on
the striated surfaces. Short gouges with
lateral ridges and ploughmarks at their
downstream head, inscribing the stri-
ated surfaces, were also observed
(Fig. 4f).

Orientation

At a regional scale, the striae orienta-
tion, as well as indicators of the sense
of movement (crescent-shaped frac-
tures, ploughed grooves), is consistent
with larger-scale ice-flow indicators
such as glaciotectonic thrust ridges,
glacial valleys and streamlined subgla-
cial bedforms. They are also consis-
tent with palaeocurrents measured in
the glaciofluvial sandstones. At the

continental scale (Fig. 1), this homo-
geneity of orientation supports the
palaeogeographical reconstruction of
an ice sheet flowing from the south
over the North Gondwana platform
(Beuf et al., 1971; Deynoux, 1980,
1985; Vaslet, 1990; Ghienne, 1998,
2003).

Interpretation

Striated surfaces are intraformational
structures, as shown by their superim-
position with their negative counter-
parts, that occur at various horizons
within proglacial outwash sandstones.
Because most of the previously
described Late Ordovician striated
pavements were observed on the pre-
sent-day exposed upper part of the
sandstones, a subglacial abrasion

process has usually been proposed
(e.g. Beuf et al., 1971; Senalp and Al-
Laboun, 2000). However, accurate
observations show that, in fact, these
uppermost exposures are generally
laterally overlain by the �grès bous-
culés� that are easily dismantled due to
their disturbed and chaotic nature.
Accordingly, an origin by subglacial
abrasion would imply a purely sandy
till origin for the �grès bousculé�. Their
disturbed aspect may fit with such an
interpretation, but this cannot be
applied to the undisturbed intervening
sandstones between the underlying
striated surfaces. The superposition
of several striated surfaces within the
same sandstone succession would
represent repetitive glacial advances
or repetitive uplift of a nearly buoyant
tidewater glacier. However, the

Fig. 3 Sketch map from a Landsat satellite image of the drumlin-like alignments in the Ghat area. The rose diagram refers to striae
and step fracture orientations measured on superposed striated surfaces in a 5-m-thick exposure of glaciofluvial sandstones (same
location as for Fig. 4c). Satellite image from Nasa Geocover Website (zulu.ssc.nasa.gov/mrsid/).
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V-shaped profile of individual striae
cannot be explained either by sand-
sized or clast-sized erosional in-ice
tools. Sand grain settlement in a
standing water body or even sand
deposition from meltwater flow over
frozen pavement might also be envis-
aged. Both scenarios do not fit with
the fluvial and homogeneous nature of
the intervening sandstones and would
not favour preservation of perfect
striated pavements. Scouring by free-
floating glacial ice masses was alter-
natively proposed by Woodworth-Ly-
nas and Dowdeswell (1994) for the
Late Ordovician striated and grooved
surfaces reported by Beuf et al. (1971)
in Algeria and by Vaslet (1990) in
Arabia. In addition to the absence of
specific characteristics, the intraform-
ational character of the striations,
their constant regional orientation
and the fluvial nature of the associated
sediments do not support this inter-
pretation.

The intraformational character of
the striations, and their association
with folds, step fractures and plough
marks strongly suggest that they were
produced within a shear zone affecting
unlithified sediment several metres

thick. The striated surfaces corres-
pond to brittle shear planes in gran-
ular material (Mandl et al., 1977;
Passchier and Trouw, 1996). Associ-
ated step fractures are interpreted as
Riedel shears within which fractures
dipping up-glacier are more common.
Structures indicative of ductile defor-
mation (sensu Van der Wateren et al.,
2000) are poorly developed and are
mainly represented by fold structures
in the �grès bousculés�.

Shear zones in subglacial or progla-
cial deformable sediments are well
known in Quaternary deposits (e.g.
Hart and Boulton, 1991; Van der Wat-
eren, 1995; Boulton, 1996a; Van der
Wateren et al., 2000). Deformed beds
occur when a glacier moves over un-
lithified sediments, within which a high
pore-water pressure is generated. This
leads to a coupling between the ice
sheet and the underlying sediment. The
Ordovician striated surfaces exist al-
most everywhere within a 700-km-wide
area behind the inferred maximum ice-
front position. Their distribution and
usual association with drumlin-like
alignments suggest formation within a
subglacial peripheral zone of the ice-
sheet of the order of 1000 km in width.

In most of the subglacial deforma-
tion models, strain rates decrease
gradually with depth. Although the
lower contact of the shear zone does
not generally correspond to a sharp
discontinuity above the underlying
undeformed substratum, this contact
corresponds to a sliding décollement
surface in several Quaternary exam-
ples (Boulton, 1987; Hart and Boul-
ton, 1991; Boulton and Dobbie, 1993;
Van der Wateren, 1995). Superposed
striated surfaces in the Ordovician
examples could be interpreted either
as successive basal décollement planes
occurring at different depths depend-
ing on pore-water pressure and basal
shear stress, or as simultaneous shear
planes within a brittle shear zone. The
absence of subsequent deformation in
association with the striated surfaces
in the deeper horizons supports the
latter interpretation. Finally, Late
Ordovician superposed striated surfa-
ces are interpreted as concurrent
intraformational décollement surfa-
ces, within a subglacial brittle shear
zone in unlithified deforming sand
beds (Fig. 5).

Field observations have shown that
Ordovician subglacial shear zones

Fig. 4 Examples of striated surfaces; black arrows indicate the palaeo-ice flow orientation. (a) Striations superimposed on large
and shallow grooves in the Ghat area. In the background behind the circled hammer, the striae are covered by a thin sand sheet
(dotted line) flowing from the lateral ridge of a groove. (b) Sandstone pipes in the Gargaf area, reflecting fluidization and water-
escape within the �grès bousculé�. (c) Five superimposed striated surfaces (white arrows) in a less than 2-m-thick cross-bedded
glaciofluvial sandstone in the Ghat area. (d) Step fractures (parallel to the dashed line) perpendicular to the immediately overlying
striae. (e) Typical view of a striated surface in the Gargaf area. Note the bumpy and V-shaped aspect of, respectively, the ridges
and intervening troughs, and the local gentle curvatures (white arrow). (f) Gouge with lateral ridges and frontal plough mark
scribing a striated surface in the Hodh area. Hammer for scale.

Fig. 5 Interpretative sketch for the origin of the striated surfaces and associated structures.
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are made up of two superimposed
deformation zones. In the lower one,
which includes the striated décolle-
ment planes, Riedel shears (step frac-
tures) and discrete small-scale sheath
folds affecting only finer-grained
intercalations, brittle deformation
predominates in compacted fairly
well-drained (or frozen?) sands. The
upper deformation zone, which cor-
responds to the �grès bousculés�, is
characterized by pervasive deforma-
tion including large-scale unrooted
sheath folds and drumlin-like align-
ments. Here, the combination of
higher shear stress with pore-water
overpressure may explain a more
ductile style of deformation. If the
amount and nature of strain is suffi-
cient to disorganize the geometric
relationships between the sediment
grains, at least part of the �grès bous-
culés� can be considered as a defor-
mation till (Elson, 1957; Boulton,
1996b). This is compatible with the
formation of drumlin-like alignments
(Boulton, 1987, 1996a).

The presence within the �grès bous-
culés� of folded Riedel shears and rare
intraformational clasts (some made up
of pieces of striated surfaces), capable
of scribing gouges with plough marks,
indicates that the lower limit of this
relatively more ductile horizon was
able to cut down into the underlying
brittle shear zone. A comparable pro-
cess was described as excavational
deformation by Hart and Boulton
(1991) and as subglacial erosion be-
neath extensional ice flows in (Boulton
1996a) model. The application of the
latter model to the Ordovician setting
might suggest that the striated surfa-
ces were possibly formed up-ice from
the glacial equilibrium line.

The appearance of non-deformed to
poorly deformed water-escape struc-
tures at the upper part of the sand-
stones and generally in association
with the �grès bousculés�, as well as
the development of well-preserved liq-
uefaction structures (convolute bed-
ding, incipient sand flows dissecting
the striations), suggests that intra-
formational liquefaction and dewater-
ing represent final processes in the
evolution of the shear zone. Some
observed channels, which cut into the
�grès bousculés� and underlying stri-
ated sandstones, might represent a
late subglacial drainage system. It is
suggested that dewatering in the

underlying sediments occurred during
ice-front retreat, leading to locking of
the deformation, and finally to fossil-
ization of the subglacial shear zone.
Dewatering may be related either to
compressional ice flows replacing ex-
tensional ice flows during the concom-
itant retreats of both the ice-front and
the glacial equilibrium line, or to other
conditions resulting in a more efficient
subglacial drainage during ice-sheet
recession.

Conclusions

Most of the striated surfaces observed
in the Late Ordovician glacial drift in
northern Gondwana, and probably
some of those in pre-Pleistocene glaci-
ations elsewhere, correspond to décoll-
ement surfaces in subglacial unlithified
deforming beds. The intraformational
character of the décollement surfaces
favours their preservation, whereas
actual glacial pavements and typical
subglacial deposits (diamictites) have
a low preservation potential when
exposed to subsequent fluvial erosion
or to the ravinement by waves during
post-glacial transgression.

Even if striated surfaces are not true
glacial pavements, they can be used to
confirm the existence of an overriding
glacier, and to define its palaeo-flow
trend. The recognition of subglacial
soft sediment deformation in Late
Ordovician ice-sheet dynamics has
inferences for the former ice-sheet
characteristics such as its thermal
regime, ice thickness and subsequent
isostasic effect, terrestrial or marine
setting, erosive and depositional beha-
viour. Accordingly, this new interpret-
ation of the Late Ordovician striated
surfaces offers novel perspectives that
will encourage a new approach to the
glaciofluvial sandstones and associ-
ated structures in pre-Pleistocene
glaciations.
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