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ABSTRACT

Mount Telout, situated at the edge of the Murzuq Basin, is a 325 m high

conical hill within a circular collapse structure that records 0Æ5 km3 of sand

intrusion into Silurian shales. Based on a comparison with other similar

circular collapse structures around the Murzuq Basin, it is argued that sand

injection in the form of pipes occurred during the Devonian. The overpressures

triggering the process are inferred to result from a combination of: (i) tectonic

uplift at a basin scale that initially focused regional ground water flows; and

(ii) igneous intrusion within the sand-rich Cambrian–Ordovician strata. The

palaeorelief buried under the regionally extensive Silurian shales may have

locally focused overpressures and localized sand injection at the 1 to 10 km

scale. The Mount Telout injected sandbody and related features offer

exceptional, seismic-scale outcrop analogues for sand injections that are

often identified in seismic reflection data. Large-scale sand injections might be

essential in petroleum exploration of the North African Lower Palaeozoic

basins as they form seal-bypass systems.

Keywords Circular structures, igneous intrusion, intracratonic basin, maars,
North Africa, sand injection, tectonic uplift, vents.

INTRODUCTION

Sand injectites are significant to the understand-
ing of the evolution of the shallow crust, in
particular with respect to fluid expulsion during
burial (Cosgrove, 2001; Hurst et al., 2003b; Jonk
et al., 2005a,b); their significance for hydrocarbon
exploration and production has become apparent
during the past decade, as some constitute reser-
voir-scale structures (Lonergan et al., 2000; Hurst
et al., 2005; Cartwright et al., 2007; Hurst &
Cartwright, 2007). Very large sand injectite com-
plexes (sensu Hurst et al., 2003a) are commonly
related to deep marine environments, and more
rarely to shallow marine or subaerial platform
settings (Jolly & Lonergan, 2002; fig. 2 and
references therein; Cartwright et al., 2007). These

complexes are usually characterized in subsur-
face data (Dixon et al., 1995; Lonergan et al.,
2000; Hurst et al., 2003b; Shoulders & Cartwright,
2004; Huuse et al., 2005a; Cartwright et al.,
2007). Exposures of sand injectite complexes
typically comprise composite injections that
contain multiple dykes and sills within a mud-
stone host (e.g. Smyers & Peterson, 1971; Parize &
Friès, 2003; Surlyk et al., 2007; Vigorito et al.,
2008; Scott et al., 2009). More rarely, they form
single injected bodies (Huuse et al., 2005b;
Svensen et al., 2006). Injectites can pose a major
challenge in petroleum exploration by forming
seal-bypass systems (sensu Cartwright et al.,
2007) that consist of large-scale permeable
intrusions that breach the integrity of top seals,
focusing upward fluid migrations across the
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low-permeability sealing sequences (Huuse et al.,
2005a).

The formation of sand injectite complexes is
often associated with igneous intrusions within
sedimentary basins (e.g. Planke et al., 2005).
Kilometre-scale circular structures related to
injections in the form of pipes and craters are
usually interpreted as being associated with
hydrothermal vents (Planke et al., 2005; Svensen
et al., 2006) and maar-diatremes (Lock et al.,
2007; Wall et al., 2010). For the origin of a single
pipe structure, the distinction between maar-
diatreme and hydrothermal vent is debated (for
example, South African pipes; Svensen et al.,
2006 versus Lock et al., 2007). For circular
collapse structures, such as the Silverpit Crater
(southern North Sea, UK sector), various origins
have been suggested, including a meteor impact
(Stewart & Allen, 2002), interaction between
igneous intrusion and salt tectonics (Underhill,
2004) and phreatomagmatic volcanism (maar
crater; Wall et al., 2010). The igneous models
developed from seismic data observations suggest
that venting and maar-diatremes result from the
contact between a magma and an aquifer, gener-
ating a large amount of volatiles that counter-
balance the lithostatic pressure, leading to erup-
tions/injections that form vertical conduits
(Lorenz, 1986; Planke et al., 2005; Svensen et al.,
2006; Wall et al., 2010). Diatremes of maars are
usually considered to contain numerous hyalo-
clastic clasts compared with vent pipes, although
the rock descriptions are often very similar
(Svensen et al., 2006; NGCD in Auer et al.,
2007). The igneous and venting processes usually
occur within the first kilometre of burial (Lorenz,
1986; Jamtveit et al., 2004). The upper part of the
system at the Earth’s surface is diagnostic be-
tween the two volcanic phenomena, although
being rarely preserved in sedimentary basins due
to subsequent erosion (Planke et al., 2005).

This study provides the first description of
kilometre-scale circular structures associated
with sandstone intrusions within the North Afri-
can Lower Palaeozoic rocks. Mount Telout (also
called Adrar Titersine) is an isolated conical high
situated in the centre of a circular collapse
structure at the Algerian–Libyan national border,
on the western margin of the Murzuq Basin (‘T’ in
Fig. 1). It is argued that Mount Telout is a large-
scale, injected sandbody. The intrusion cross-
cuts the Silurian mudstones, including the Lower
Silurian ‘hot shale’ that sourced and sealed the
Lower Palaeozoic petroleum system of North
Africa (e.g. Boote et al., 1998; Davidson et al.,

2000; Lüning et al., 2000; Le Heron & Thusu,
2007).

Other, less well-preserved circular features that
crop out across the region are also described.
A group of kilometre-scale circular depressions
sealed by the Lower Devonian sandstones are
exposed on the south-west rim of the Murzuq
Basin close to In Ezzan (Algeria), 200 km to the
South of Mount Telout (‘I’ in Fig. 1; Beuf et al.,
1971). Other circular structures, including the
Qararat al Lefet structure (Jacqué, 1963) are
situated on the eastern side of the Murzuq Basin
in the El-Meherschema area (‘M’ in Fig. 1),
500 km to the east of Mount Telout.

A formation model for the Mount Telout
injected sandbody is suggested by using the In
Ezzan and El Meherschema exposures as ana-
logues for the top (Earth’s surface) and root of the
Mount Telout structure, respectively. The model
contributes to the characterization of some seis-
mic-scale structures that are identified accurately
only in the subsurface (e.g. Planke et al., 2005;
Cartwright et al., 2007; Wall et al., 2010). The
origin of overpressures of sufficient magnitudes to
cause kilometre-scale sand intrusion is discussed
in the context of the intracratonic Murzuq Basin.

GEOLOGICAL SETTING

In North Africa, multi-phase Palaeozoic to Meso-
zoic tectonic uplifts created several intracratonic
basins. The present geometry (principally due to
Cretaceous tectonics) bears little relation to the
original broader North Gondwana platform geo-
metry (Galeazzi et al., 2010). During the Early
Palaeozoic, the platform had an off-shelf gradient
toward the NNW (Beuf et al., 1971; Boote et al.,
1998; Coward & Ries, 2003; Ghienne et al.,
2007a). In the study area, the platform is tran-
sected by cross-shelf tectonic highs considered to
have formed principally during the Late Silurian
to Carboniferous, the highs being marked by
several regional hiatuses (Bellini & Massa, 1980;
Klitzsch, 1981; Eschard et al., 2005; Galeazzi
et al., 2010).

The three studied areas are situated along the
rim of the present-day Murzuq or Murzuq-Djado
Basin. Two of these, the Mount Telout and In
Ezzan areas, are located in the western and south-
western Murzuq Basin, respectively (‘T’ and ‘I’ in
Fig. 1). The margin of the basin is defined here by
the occurrence of the Tihemboka High, a SSW–
NNE trending structural high that separates the
Murzuq and Illizi basins in western Libya and

1322 J. Moreau et al.

� 2011 The Authors. Journal compilation � 2011 International Association of Sedimentologists, Sedimentology, 59, 1321–1344



eastern Algeria (e.g. Abugares, 2003; Sikander,
2003; Galeazzi et al., 2010). The El-Meherschema
structures are located on the eastern margin of the
Murzuq Basin (‘M’ in Fig. 1), in an area related to
the Tibesti-Sirt Uplift. The area has been tecton-
ically active during the Mesozoic, but had also
been uplifted several times during the Palaeozoic,
which resulted in several stratigraphic unconfo-
rmities (Jacqué, 1963; Klitzsch, 1963; Bellini &
Massa, 1980; Abugares, 2003; Sikander, 2003).
During the Lower Devonian, the cross-shelf highs
of the Gondwana platform were tectonically
active (Beuf et al., 1971; Massa, 1988; Fabre et al.,
2005). In particular, faults sealed by sediments
are reported in northern Niger (Aı̈r area; Fig. 1)
and in the El-Meherschema area (Massa, 1988;
Moreau et al., 1994).

Remains of volcano edifices and other signs of
volcanic activity on the present Earth’s surface
are not described in the Lower Palaeozoic of the
Murzuq Basin. However, Lower Devonian igne-
ous activity is indicated in northern Niger and
South-east Algeria (in the vicinity of the In Ezzan
area) where basic lavas, sills and tuffs are located

at the base of the Devonian succession (Fabre
et al., 2005 and references therein). Additional
evidence of Palaeozoic magmatic activity is given
by Moreau et al. (1994). In the Aı̈r area (500 km
south-west of In Ezzan) 28 ring complexes are
present, including ring dykes and the biggest
exposed cone sheet in the world, intruding
through the Precambrian rocks of a Panafrican
suture. Radiometric dating of these synchronous
features provided an age of 407 ± 8 Ma, strictly
within the Lower Devonian Epoch (Moreau et al.,
1994). The Aı̈r igneous intrusions are divided into
three types (Moreau et al., 1994): (i) the Taghouaji
type is mainly composed of alkaline and peral-
kaline syenites and granites, with or without
associated metaluminous granites; (ii) the Goun-
daı̈ type mainly consists of acid volcanic rocks
(rhyolitic tuffs and ignimbrites) with quartz sye-
nite ring dykes; and (iii) the Ofoud type is
characterized by a large proportion of basic rocks
varying from troctolites and leucogabbros to true
anorthosites, intruded by peralkaline syenites
and granites. The presence of ignimbrites and
tuffs in the Goundaı̈ type rings is an indicator of
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Lower Devonian volcanic activity. In the Eastern
Murzuq Basin, volcanic activity is indicated
indirectly by hydrothermal precipitates within
the Qararat al Lefet structure (Massa, 1988). The
anorogenic volcanic activity of the Aı̈r area is
interpreted as resulting from stress regime change
within the craton, which reactivated the Pan-
african sutures with a normal offset component,
facilitating the intrusion of magma (Moreau et al.,
1994; Liégeois et al., 1998).

In the Murzuq Basin, the Lower Palaeozoic
succession is 1 to 2 km thick (Fig. 1; Bellini &
Massa, 1980; Davidson et al., 2000). Like else-
where in the inner North African platform, its
base is a Cambrian–Ordovician transgressive
sedimentary package comprising a sand-
dominated fluvial to shallow-marine succession
(Fig. 1; e.g. Eschard et al., 2005; Ghienne et al.,
2007b; Galeazzi et al., 2010). The Cambrian–
Ordovician succession is truncated by the upper-
most Ordovician erosionally based glaciogenic
unit (Ghienne et al., 2007b; Le Heron & Craig,
2008). In its upper part, the Lower Palaeozoic
succession forms a regressive package comprising
a storm-dominated, mudstone-prone, up to 500 m
thick Early Silurian succession (shale, siltstones
and subordinate sandstone intervals), transition-
ally overlain by shallow-marine sandstone-
dominated strata (Fig. 1; Bellini & Massa, 1980;
Klitzsch, 1981; Eschard et al., 2005; Galeazzi
et al., 2010; Moreau, 2011). During the Late
Silurian and the Early Devonian, the Tihemboka
High and the El Meherschema were subsiding
less than the surrounding areas, leading to lateral
pinch-out of the sedimentary units and to
localized erosion that produced a pre-Devonian
regional unconformity (the ‘Caledonian’ uncon-
formity; Massa, 1988; Eschard et al., 2005; Galeazzi
et al., 2010). The Lower Devonian sandstones are
composed of two fluvial-dominated sequences
separated by a shallow-marine interval of Pragian
age (Galeazzi et al., 2010).

Within an otherwise layer-cake succession, the
Upper Ordovician glaciogenic sediments form
regional-scale heterogeneities. During the Late
Ordovician glaciation, the western Murzuq Basin
and its southern extension in Djado (Niger) were
affected by large incisions due to intensive ice-
stream erosion (Moreau et al., 2005; Denis et al.,
2007; Ghienne et al., 2007b; Le Heron & Craig,
2008; Moreau, 2011). The depressions that re-
mained after the final ice-sheet retreat were filled
partly with proglacial outwash facies, and also
focused the subsequent Early Silurian sedimen-
tation (Moreau, 2011). Consequently, the Silurian

is up to 200 m thicker within the palaeo-ice
stream pathways, compared with the ‘standard’
thickness (Štorch and Massa, 2006; Moreau,
2011). At the regional scale, the lower Silurian
mudstones are expected to form a wedge at the
western ice-stream boundary (Moreau, 2011). Due
to repeated uplifts and the lack of intense glacial
erosion in El Meherschema, the Lower Palaeozoic
succession is thinner than in the Mount Telout
and In Ezzan areas. The thickness of the present-
day El Meherschema Silurian mudstone succes-
sion does not exceed 125 m.

To summarize, Silurian shales separate the
Cambrian–Ordovician sandstones and the Silu-
rian–Devonian sandstones, forming a low-perme-
ability unit with regional and local thickness
variations. The base of the Silurian shales is the
main hydrocarbon source rock and constitutes the
seal for the Ordovician reservoirs within the
Murzuq Basin (Davidson et al., 2000; Lüning
et al., 2000; Le Heron & Thusu, 2007; Moreau,
2011). Therefore, the occurrence of regional
wedges of this seal unit is of importance in
focusing the upward fluid migrations that are
potentially confined within the Cambrian–Ordo-
vician strata.

METHODS

The study is based on mapping of the circular
collapse structures in the Mount Telout, In Ezzan
and El Meherschema areas using aerial photo-
graphs, Landsat imagery and SRTM digital eleva-
tion models (source of the remote sensing data:
Global Land Cover facility; http://www.landcov-
er.org). The new maps were cross-checked with
available geological maps (e.g. Beuf et al., 1971).
Visualization and analysis of the remote sensing
data were made with Microdem (including topo-
graphic profiling). In addition to remote sensing,
field observations of the outcrops have been
carried out in the Mount Telout and El Meher-
schema areas. The field data of In Ezzan originate
from Freulon (1964) and Beuf et al. (1971). The
three-dimensional visualization and the volume
calculation of the injected versus collapsed areas
of the Mount Telout were realized with PETREL
software (Schlumberger). The mass-balancing
technique uses the digital elevation model on
which the Ordovician–Silurian topographic sur-
face in the deformed area is extrapolated. The
volume of Mount Telout above the extrapolated
surface and the volume between the surface and
the present-day topography are extracted to real-
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ize the mass balance calculations. In addition,
structural measurements of the observed sand-
stone pipes and dykes have been made on the
highest exposed part of Mount Telout. The mea-
sured poles to planes and the pipe orientations
have been plotted on a stereonet and their general
trends extrapolated using a Dimitrijevic diagram.
The samples collected in the El Meherschema
area were observed in thin section under a
petrographic microscope.

DESCRIPTION OF THE STRUCTURES

Mount Telout

Geometry
Mount Telout is situated inside a circular depres-
sion 6 to 7 km in diameter (Fig. 2). The circular
depression has four distinct concentric zones
(Fig. 2B): (i) the plain surrounding Mount Telout
comprises glaciogenic Upper Ordovician strata
that are overlain by Silurian mudstones; the strata
dip outwards (<2�) as Zone b is approached;
(ii) a ca 2 to 3 km wide flat zone that forms an area
40 to 60 m lower than Zone a and is filled with
Quaternary sediments; (iii) Upper Ordovician
glaciogenic sandstone and siltstone beds up to
75 m higher than Zone b, with dips up to 10�,
paraconformable to Zone d; and (iv) a massive
sandstone body 1Æ5 km in diameter, forming a
crudely conical, ca 250 m high geomorphic fea-
ture with an extensive scree cover hampering the
direct observation of the contact between Zones c
and d. On the southern side of Mount Telout,
three prominent steep promontories (subvertical
morphologies) are visible on the digital elevation
model (Fig. 3).

The pre-erosional geometry and original height
of the topmost part (cone/cylinder?) is unknown.
However, as the contact with the Late Ordovician
rocks at the base of the hill appears to slope
radially outwards (Zone c/Zone d interface;
Figs 2 and 3), the current conical morphology of
the hill is probably close to its original geometry.
Considering the regional thickness of the Silurian
shales (about 200 to 250 m; Moreau, 2011), the
height of Mount Telout (325 m from the plain)
exceeds the thickness of the Silurian shales
(Figs 1 to 3). Therefore, the projected top of
Mount Telout would be within the Silurian–
Devonian sandstones (Fig. 1).

In order to estimate the volume of the exposed
sandstone body (Mount Telout sensu stricto;
Zone d) versus the collapsed volume correspond-

ing to the caldera-like circular depression (Zones
b and c), the projection of the local Ordovician–
Silurian boundary is used as datum (transparent
surface in Fig. 3). The net volume of excess
sandstone in Zone d is the volume above the
datum (0Æ15 km3), while the collapsed part (Zones
b and c) lies below it (0Æ52 km3; Fig. 3). The total
surface area of the subcircular structure is ca
23 km2 of which 2Æ5 km2 is above datum and
19 km2 is below, and the volume ratio excess/
collapse is about 30% (Fig. 3).

Internal structures and grain size of Zone d
The groundmass of the hill (Zone d) is made of
structureless, poorly sorted medium-grained
sandstone with scattered, angular 0Æ5 to 3 cm
long-axis, siltstone clasts of probable Late Ordo-
vician age (siltstones are absent here in the
preglacial strata; Radulović, 1984). Tabular sand-
stone bodies crop out within the main hill
groundmass and appear as prominent landforms.
The landforms are steeply inclined (60� to 90�),
£2 m wide and up to 20 m in lateral extent with
some branching patterns (Figs 3, 4A and 4B). The
sandstone bodies are interpreted as sedimentary
dykes of poorly sorted medium-grained sand-
stone intruded within the Mount Telout ground-
mass (Fig. 3). The subvertical dykes usually
radiate from the centre of the structure, locally
protruding from the undifferentiated groundmass
(Fig. 5). The non-vertical dykes define a N340
trend in addition to the general radial pattern of
the vertical dykes (Fig. 5B). Where dyke or pipe
walls are exposed, they are either smooth or
ornamented by flute-casts, other soft-sedimentary
flow-related structures, or small-scale fractures
(Fig. 4C). Subvertical pipes up to 5 m in diameter
also emanate from the groundmass (Fig. 4D).

Interpretation
The 10� upward-converging dips of the Upper
Ordovician strata (Zone c) surrounding the mas-
sive sandstones of Zone d (Fig. 2) are strong
evidence for the upward movement of the Zone
d material. The flute casts ornamenting the walls
of the dykes and pipes indicate a turbulent flow
consisting of low density fluidized sand (Allen,
1982). Similar structures have been described by
Diggs (2007) and Surlyk et al. (2007). The three
prominent structures visible on the southern
side of Mount Telout are interpreted as large-
scale dyke swarms radiating from the mound
groundmass. Mount Telout itself is an anoma-
lous sandstone volume intruding the regionally
extensive Silurian shales and sandstones.
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The Mount Telout conical structure is, there-
fore, interpreted as a sand intrusion cross-
cutting the basal Silurian shales and the upper
Silurian sandstones. The circular depression that
characterizes Zones b and c is interpreted as
being a collapse structure associated with and

coeval to the process of injection, resulting from
the volume transfer from the base of the system
towards the Earth’s surface. As the Late Ordovi-
cian strata preserved in Zone c are tilted, the
sands that constitute the groundmass of Mount
Telout must originate from lower stratigraphic
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levels. The presence of siltstone clasts within
the groundmass attests that the Late Ordovician
glaciogenic rocks have been partly remobilized.
However, the volume relationships suggest that
the preglacial Cambrian–Ordovician sandstones
have been injected upward (cf. Discussion).
Because strata dipping toward the centre of the
structure have not been observed, normal fault-
ing between Zones b and a (Fig. 2) rather than
sagging is inferred.

The volume difference between the exposed,
injected part of Mount Telout (0Æ15 km3) and the
volume deficit below the datum surface
(0Æ52 km3) is interpreted as indicating partial
preservation of the injection system (Fig. 3).
Seventy per cent of the sandstone volume remo-
bilized has, therefore, been eroded. Consequently,
the current Mount Telout outcrop is only the

underlying expression of a larger system devel-
oping further up into the sedimentary pile.

Conical mounds associated with fluid escape
structures are known from hydrothermal vent
complexes in the subsurface (e.g. Planke et al.,
2005; Fig. 6). By analogy, Mount Telout is inter-
preted as being the geomorphic expression of a
mound (sensu Planke et al., 2005) with the
present-day erosion surface at the base of the seal
(dotted line in Fig. 6). The large-scale geometry of
mounds is analogous with Mount Telout (Fig. 6;
Planke et al., 2005): a ca 200 m high, kilometres-
wide conical intrusion within a 100 m thick seal;
a zonation from undeformed (Zone a) to collapse
structures and upward dipping host rock (Zones b
and c) to a massive body forming the core of the
intrusion (Zone d). By analogy, Mount Telout
forms part of a hydrothermal vent system sourced
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from an underlying conduit providing fluids and
sediments that escaped close to the depth of the
Silurian–Devonian contact (at the Earth’s sur-
face?). The fluids forming the mounds originate
from igneous intrusion within sedimentary basins
and are intimately associated with extensive
volcanic activity (Planke et al., 2005).

The large collapse structure surrounding the
subvertical intrusion is analogous to the architec-
tures observed in maar-diatreme systems (Wall
et al., 2010). However, no volcanic rock has
been observed within the structure. Considering
phreato-magmatic analogues, i.e. hydrothermal
vents (Planke et al., 2005) and maar-diatremes
(Wall et al., 2010), igneous intrusions should be
present at deeper unconsolidated stratigraphic
levels. As the sedimentary pile underlying the
mound is not very thick in the study area
(maximum 600 m of Cambrian–Ordovician sand-
stones; Fig. 1), the possible igneous intrusion
should be relatively close to the mound structure

within the unconsolidated sands. The absence of
meso-scale volcanic clasts is, however, in favour
of a hydrothermal vent interpretation (Svensen
et al., 2006; Lock et al., 2007).

The internal architecture of Mount Telout
showing dykes and pipes cross-cutting the
groundmass is analogous to the exposed cylin-
drical sand injection of the Witkop III in South
Africa (Svensen et al., 2006). The cross-cutting
relationship implies a two-phase process. The
initial phase of the formation of the mound
corresponds to a disorganized sand movement,
which started breaching the seal formed by the
Silurian shales, and resulted in most of the
sandstone emplacement preserved today as the
Mount Telout groundmass. The first phase corre-
sponds to the erosion associated with the push-
up of the Late Ordovician and the basal Silurian
strata (the outward dips in Fig. 2). In a similar
way to salt diapirs, the upward-directed force
may have been responsible for the formation of a

Flow

A B C

D

Fig. 4. Injection features at the top of Mount Telout. (A) Branching of two dykes, hammer for scale is 30 cm long. (B)
Step-fractures on a dyke wall emanating from the massive groundmass (arrow). (C) Pipe structure. (D) Flute cast on a
dyke wall showing upward flow of the sand injection located in the northern slope of Mount Telout. Locations of (A),
(B) and (D) are shown on Fig. 5.
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dome deforming the Earth’s surface (Stewart,
2006). The dykes and the pipes result from a
distinct second phase, which is associated with
intensive piping and fracturation (dykes). The
preferential N340 trend of the non-vertical dykes
coincides with the orientation of an underlying
glacial palaeorelief corresponding to a 200 m
high, 10 km wide and 65 km long sandstone-

cored glacial landform oriented N340 and sealed
by the Silurian shales (Moreau et al., 2005;
Moreau, 2011). As no evidence for faults has
been observed in the area during field work, on
aerial photographs, or on satellite images
(Landsat), it is argued that the presence of the
underlying glacial morphology directly influ-
enced the orientation of the non-vertical sand

Fig. 5. Spatial distribution of dykes and pipes on the top of Mount Telout. (A) Structural map showing the high
density of the measured injections protruding from the groundmass of Mont Telout. The grey lines represent the
projection of the strike of the measured dykes. Circles = pipes. The topography is from an SRTM image (http://
www.landcover.org). (B) Stereonet of the measured dykes and pipes. The majority of the injections are subvertical.
The orientation of the mean plane for the non-vertical structure (best fit plane N340) is parallel to the underlying Late
Ordovician glacial ridge (Moreau, 2011) and to the structural grain of the area (Radulović, 1984).

Palaeo-sea-floor

Se
al

2 km

 ca 400 m

Zone d analogue

Zone b and c analogue

Zone a and c analogue

Telout topographic
surface analogue

Fig. 6. Line drawing of a seismic reflection profile from the Norwegian shelf, modified from Planke et al. (2005). The
profile illustrates the architecture of two hydrothermal mounds which are analogous to Mount Telout. Comparative
elements are emphasized by the presence of a similar zonation as in Mount Telout, illustrated by the different grey
shadings. The estimated erosion surface which would create the same geomorphic signature as for Mount Telout is
indicated by the dotted line.
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injections during the second phase of the injec-
tion process. In this model, the dykes and pipes
reflect seal failure and upward sand routing
through the sedimentary succession. These fea-
tures are the expression of the major mass transfer
from the underlying source of sand and fluids to
the Earth’s surface, responsible for the evacuation
of 70% of the volume missing in Mount Telout.

A phreato-magmatic system and the presence of
a glacial palaeotopography in the underlying
succession that resulted in significant thickness
variations in the Silurian seal are, therefore,
thought to trigger and localize the formation of
the Mount Telout conical injection and the related
collapse structure. However, in Mount Telout,
neither the structures associated with the basal
trigger system nor the uppermost part of the sand

injection complex is exposed. Other outcrops
with similar circular structures in the In Ezzan
and El Meherschema areas are, therefore, investi-
gated in order to find analogues of the unexposed
deeper and shallower parts of Mount Telout.

The In Ezzan circular synclines

In south-eastern Algeria (In Ezzan area; Fig. 1), a
number of contiguous circular depressions are
found (Fig. 7). The depressions are 5 to 10 km in
diameter, and include an up to 70 m thick
atypical infill (Fig. 8). The depression structures
are circular synclines associated with the folding
of an up to 400 m thick sedimentary succession
that includes Cambrian to Lower Devonian sed-
imentary rocks (Figs 8 and 9). In the centres of the
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Fig. 7. A geological and geomor-
phological map of the In Ezzan area
showing the circular synclines
within the Lower Devonian. The
topography is from an SRTM image
(http://www.landcover.org). The
geology is modified from Beuf et al.
(1971), updated with the panchro-
matic channel of a Landsat scene
(http://www.landcover.org).
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structures, the vertical offset of the boundary
between the Ordovician sandstones and the Silu-
rian shales is >200 m relative to the adjacent,
non-deformed areas (Fig. 9). Nearby, Cambrian–
Ordovician rocks are highly fractured and host
igneous intrusions several tens of metres wide
(rhyolites and basalts; Beuf et al., 1971; Figs 7
and 9). Igneous intrusions have not been reported
within the Silurian shales (Fig. 7). This complex
of circular structures was not investigated in the
field due to the present inaccessibility of the area.
The description is based on Freulon (1964) and
Beuf et al. (1971), and on Landsat and SRTM data
interpretations (Figs 7 and 9).

In the cross-stratified Silurian and Devonian
sandstones, stratal dips toward the edges of the
structures are very steep (up to 40�) but become
subhorizontal toward the centre (Fig. 8; Beuf
et al., 1971). Drag folds deform the Cambrian–
Ordovician sandstones around the collapsed
structures (Fig. 9). Within the depressions, slump
processes have affected the sandstones of the
Devonian fluvial succession. In the depression
centre, graded sandstone beds interfingered with
slumped intervals and other structureless sand-
stones are organized in thinning-upward, several
metres thick sequences. Structureless sandstones
frequently contain plurimetric blocks (Fig. 8). In
some of the structures, the infill sequence ends
with cross-bedded sandstones (Fig. 8) that later-
ally truncate the Lower Devonian, pre-deforma-
tion, cross-stratified sandstone beds over the
edges of the depression. The deformation and
the infilling sequence are sealed by sandstones
containing Skolithos burrows.

Interpretation
Beuf et al. (1971) interpreted the In Ezzan com-
plex as a syntectonic sedimentary system involv-
ing circular synclines related to cauldron

subsidence. This interpretation is not supported
by the difference in the normal offset at the top of
the structure (70 m of deformed infill) and at the
base (>200 m at the Ordovician–Silurian bound-
ary; Figs 8 and 9). As at Mount Telout, material is
missing between the Ordovician–Silurian bound-
ary and the basement because the offsets are not
of equal magnitude. The internal architecture of
the uppermost part of the circular synclines
indicates a complex history. The structure is
interpreted as being analogous to the upper,
missing part of Mount Telout.

The circular ‘synclines’ are inferred to result
from sand remobilization from a Cambrian–
Ordovician parent sandbody. The sand passed
through the Silurian/lowermost Devonian sedi-
ment pile, extruding parts of the remobilized
Cambrian–Ordovician sands. Contrary to Mount
Telout, magmatic intrusions are exposed around
the synclines (Fig. 7), suggesting a direct rela-
tionship between sand mobilization and igneous
activity. Lower Devonian igneous activity is
described from the Aı̈r area (Fabre et al., 2005;
Moreau et al., 1994).

The transgressive upper sandstones are region-
ally conformable with the lowermost Devonian
sandstones (Galeazzi et al., 2010). However, the
Lower Devonian edges of the synclines were
eroded during deposition of the infill and the
Pragian transgressive event (indicated by the
bioturbated Skolithos sandstones; Fig. 8). Conse-
quently, the edges of the synclines had a positive
relief, which was subsequently eroded during the
transgressive event. This doming phase is pre-
served only at the edge of the cylindrical struc-
tures, the centre being collapsed due to the
evacuation/transfer of material.

The infill itself comprises three different types
of sedimentation (Fig. 8): (i) slumped and folded
Devonian sandstones at the base; (ii) liquefied

Upper Sandstones (Devonian)

1·25-2·5 km

<70 m

Silurian sandstones

SENW

Pragian ravinement surface

Graded massive beds
Structureless sandstones with blocks
Slumped and folded Lower Sandstones

Lower Sandstones (Devonian)

Fig. 8. Section of the infill inside one of the circular synclines (modified from Beuf et al., 1971). The architecture of
the syncline illustrates the deformation within lower Devonian and Silurian deposits under the infill. The infill is
tripartite, indicating three distinct sedimentary processes. According to Beuf et al. (1971), the graded massive beds
are interfingered with the structureless, block-bearing sandstones. The activity of the syncline stops before the
Pragian transgression as shown by the overlying abrasion of the ravinement surface.
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sand flow with a massive appearance including
very large blocks of different origins (including
the underlying Silurian shales); and (iii) graded,
massive beds in the centre. The slumped unit is
probably associated with the sliding of the Devo-
nian sediments during doming and/or collapse of
the structure. The large exotic blocks transported
within the sandy mass flows could originate from
rock falls at the edge of the structure reworked

during collapse phases, and/or from the extru-
sion. The sandy mass flows correspond to a
liquefaction of the sands. These unconsolidated
sands could originate either from the liquefaction
of the underlying sandstones, an input from the
Devonian fluvial system entering a lake situated
in the centre of the syncline, or extruded sands.
Beuf et al. (1971) suggest that this part of the infill
was formed due to the collapse of the syncline
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Fig. 9. Architecture of one circular syncline described in Beuf et al. (1971). The map is a shaded illumination relief
extracted from an SRTM image (http://www.landcover.org). The geological units are from the map of Beuf et al.
(1971), updated with a photointerpretation of the panchromatic channel of a Landsat scene (http://www.landcov-
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edges as the sand bodies pinch out toward the
margins. As the present geometry does not record
all of the different deformation phases, a sourcing
from the centre by extrusion or a syn-tectonic
fluvial input cannot be ruled out, and a combi-
nation of the three processes is likely. The graded
massive units suggest a non-tractive flow (no
sedimentary fabric; Allen, 1982) associated with
the recursive phases of decreasing depositional
energies during the formation of the clast-bearing
sediments (the units are interfingered; Fig. 8).
Considering that evidence is lacking of both
tractive flow, characteristic of a fluvial-induced
flow (Allen, 1982), and of lateral facies changes to
a fluvially related deposit indicating a delta, it is
unlikely that the graded unit results from a fluvial
input within a lake (hypothesis of Beuf et al.,
1971). The graded deposits are, therefore, inter-
preted as being the product of a progressive
extrusion of the remobilized sands into a water
body. This interpretation accords with the spatial
restriction of the sand bodies to the centre of the
synclines.

As some of the sand volume is missing, it is
inferred that ‘syntectonic’ sedimentation oc-
curred outside the collapsed structure and that
parts of the volume were evacuated by fluid
release. The fluids may have been responsible for
the formation of a water body, at least during the
deposition of the graded beds. The relationship
with the volcanic intrusion is not clear as intru-
sions are only reported within Cambrian–
Ordovician sandstones and the structure is sealed
by an Early Devonian deposit. However, the
nature of the sedimentation (slumps, large-scale
folding and large clasts) and the geometry of the
depression surrounded by drag-folds are strik-
ingly similar to the sedimentary architecture of
the ‘soft-substrate’ maar-diatremes in Auer et al.
(2007). In any case, the In Ezzan igneous intru-
sions are possibly associated with the Devonian
volcanic activity described by Fabre et al. (2005)
and Moreau et al. (1994).

The El-Meherschema circular structures

In the Djebel Meherschema, along the Tibesti-Sirt
Uplift in the eastern Murzuq Basin, numerous
circular structures have been identified within
the Cambrian–Ordovician sandstones (Fig. 10A).
A spectacular circular structure is present in the
Qararat al Lefet, cross-cutting intensively frac-
tured Cambrian-Ordovician sandstones (Fig. 10A
and B). The fracturing is polyphase (cross-cutting
in Fig. 10A), being at least partly of Early Devo-

nian age (Massa, 1988). Several inferred similar
circular structures are found at the prolongation
of or at the intersections of lineaments (Fig. 10A
and B). The structures are circular, ellipsoidal, or
form aligned small-scale subcircular structures
(cf. to the south of Wadi Yousef in Fig. 10).

Inside the circular structures, strata are tilted
toward the centre with a low dip angle
(Fig. 11A). The sediments contained within the
structures are characterized by highly ferrugi-
nous massive sandstones and matrix-supported
sandy breccia with small (<5 cm) clasts, the
percentage of which is variable (5 to 25%;
Fig. 11F). The clasts are principally made of
white feldspars. The sandstones are mainly
massive and contain numerous millimetre-wide
vesicles (Fig. 11D and E). To the top of the
circular structure infill, the sandstones display a
disorganized, faint subhorizontal to oblique
lamination suggesting sediment flows (Fig. 11B).
Thin sections of the breccia show banding of
light-coloured, transparent layers and darker
layers, each containing clasts oriented parallel
to the bands (Fig. 12A). The transparent bands
are mainly composed of subequant quartz
<1 mm in size (Fig. 12A) and silt-sized dark
matrix. The colour of the darker bands results
from the matrix containing silts, very fine-
grained quartz, and subsilt-sized to pebble-sized
fragments of basalts (Fig. 12A and E). In both
bands, the finer grains are more angular and less
sorted than the larger grains (Fig. 12A, B and F).
Glass is also present in the matrix between the
grains, where it contains vesicles and shows
reaction margins with the surrounding quartz
grains (Fig. 12E). Overgrowth of fibrous clay
minerals (zeolites?) is observed in coronas
around the rare pyroxenes (Fig. 12C). The py-
roxenes have been partially altered into biotite
and occasionally into chlorite (Fig. 12C). Some
of the samples display a microquartzitic matrix
between the brecciated grains, often with pre-
cipitation of an iron-rich phase (Fig. 12F).

At the base of one of the circular structures, a
mafic intrusion has been identified. In photo-
micrographs, the mafic intrusion presents a
sub-ophitic texture marked by lath-shaped pla-
gioclase (Fig. 12D). Intruding the sandstone mass,
vertical, isolated and thin (<0Æ5 m) sandstone
dykes with flute casts at their margins can be
observed (Fig. 11B, D and E). Some sandstone
dykes and a peculiar sill structure of unknown
origin have a very high degree of ferruginiza-
tion, making the distinction between sedimen-
tary and volcanic rocks rather difficult in the
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field (Fig. 11C to E). In addition, two dykes
present peculiar contacts with the main sand-
stone mass: sharp contacts with sharp-edged
clasts and a hummocky contact surface (Fig. 11D
and E). At the rim of one circular structure,
fluidization and deformation of the cross-

bedded Cambrian–Ordovician sandstones can
be observed (Fig. 11G).

As in the In Ezzan area, the intrusion
deforms the upper part of the Cambrian–Ordo-
vician sandstones and is sealed by Devonian
sandstones (Fig. 11B). In El Meherschema, the
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Fig. 10. (A) Geomorphological map
of the fractures and the circular to
subcircular structures in the Djebel
Meherschema (Eastern Murzuq
Basin). The fracturation is visible
principally in the Cambrian–Ordo-
vician sandstones. Most of the
depression rims overprint the frac-
turation (B). (B) Landsat image of
the Djebel Meherschema area
(http://www.landcover.org). The
circular structures are depressions,
the lineaments are ridges. Rims of
the circular structures are slightly
higher than the surrounding plain.
The square within the Qararat al
Lefet structure indicates where
Massa (1988) observed indicators of
hydrothermal activity. The other
squares represent the structures
visited, all containing breccias.
Lines point to the position of the
pictures or samples of Fig. 11.

Fig. 11. Facies and architecture of El Meherschema circular structures. (A) Geomorphic expression of a circular
collapse structure, for location see Fig. 10B, cars for scale. (B) Sandstone dyke cutting through conglomeratic vesicular
sandstones. At the top, the capping unit corresponds to the Devonian sandstones, sealing this structure. Hammer for
scale is 30 cm long, for location see Fig. 10A. (C) Ferruginous sill within the Cambrian–Ordovician sandstones.
Hammer for scale. N24�00Æ662¢¢ E15�42Æ244¢¢. (D) A sandstone (?) dyke within vesicular sandstones. The sharp margins
(dotted line) and basaltic clasts indicate brittle failure and possibly an explosion at the magma/water contact. For
location see Fig. 10A. (E) A sandstone (?) dyke wall within vesicular sandstones. The hummocky aspect of the contact
(white arrows) indicates a fluid–fluid type interface and fluidization of the host rock. Hammer for scale. (F) Macroscopic
view of the conglomeratic vesicular sandstones contained in the circular structure. Notice the pebble-sized feldspars
originating from the magmatic activity. For location see Fig. 10B. (G) Liquefaction of the Cambrian–Ordovician
sandstones directly in the vicinity of a circular structure (Qararat al Lefet, location Fig. 10A). The liquefaction probably
results from the shockwave generated by a phreatic eruption. Pencil for scale (ca 15 cm long).
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Silurian shales are very thin or not preserved.
No significant glacial topography has been
identified in the area. At a regional scale, there

is no record of volcanic material except
in the breccia found within the circular struc-
tures.
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Interpretation
At El Meherschema, the circular structures are
exposed in a lower stratigraphic position (Cam-
brian–Ordovician sandstones) than at the Mount
Telout and In Ezzan outcrops. In a similar way to
the other two areas, the El Meherschema struc-
tures are collapse structures (Fig. 11A) sealed by
undeformed Lower Devonian sandstones (Fig. 11

B). As in the In Ezzan area, the structures show a
relationship between the fracturing inside the
Cambrian–Ordovician sandstones and the intru-
sion by igneous rocks (Fig. 10A and B). The main
difference results from the presence of a breccia
inside the structures, composed of infrequent,
angular volcanic clasts within large amounts of
fluidized sands of Cambrian–Ordovician age.

A B

C D

E F
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The relationship between the circular structures
and the fracturing is similar to the southern North
Sea maar crater arrangement (Wall et al., 2010),
and the main infill of the circular structure is
analogous to the observed rocks in the deep parts
of maar-diatremes (NGCD in Auer et al., 2007).
Therefore, the El Meherschema circular structures
are interpreted as recording maar-diatremes, ac-
tive during the Early Devonian.

In addition to the diagnostic signature of maar-
diatremes, evidence of fluid flow and sand remo-
bilization is present (dykes, sills and microscopic
bandings). Massa (1988) showed that the Qarara
El Lefet underwent precipitation from hydrother-
mal fluids. At outcrop scale, the high degree of
ferruginization in the diatremes and in the
observed sand-prone injections is interpreted as
being the result of hydrothermal fluid precipita-
tion, during or after emplacement of the struc-
tures. The mineral alterations to fibrous clays,
biotite and chlorite, and the precipitation of iron
and microcrystalline quartz observed in thin
section confirm the presence of hydrothermal
activity (Massa, 1988; Svensen et al., 2006). Flow
banding, fine-grained brecciation and concentric
zonation of brecciation are characteristics of flows
during sand injection (Scott et al., 2009, and
references therein).

The vesicles in the sandstone attest to the
presence of (hypercritical?) fluids during forma-
tion of the structures. The presence of hot fluid is
also indicated by the reaction bands at the contact
with the sand grains and the glass elements in thin
section (Fig. 12E). In addition, the two types of
contacts visible on dykes are documented at the

magma/sand interface (Baer, 1991; Schofield et al.,
2010; Fig. 11D and E). The hummocky, slightly
bulbous dyke walls suggest that the host rock was
acting in a ductile fluid/fluid fashion, while the
sharp contacts indicate a brittle mode for dyke
penetration (Baer, 1991; Schofield et al., 2010).
The clasts in Fig. 11D are usually interpreted as
resulting from explosion at the water/magma
contact (Baer, 1991). Massa (1988) showed that
the Qararat al Lefet underwent precipitation from
hydrothermal fluids (Fig. 10B). In the absence of
thin sections from the dyke walls, it can only be
speculated that the dykes contained partly molten
material, partly high temperature fluids, forming
intermediate features between the end-members of
igneous and sand intrusions.

Maar-diatremes form by violent phreatomagmat-
ic eruptions associated with high amplitude shock-
waves, pushing water away from the diatreme
(Lorenz, 1986; Cas & Wright, 1987). The liquefac-
tion facies observed directly outside the structures
(Fig. 11G) are potentially the expressions of the
shockwaves. The restriction of the igneous intru-
sion to the lowest part of diatremes is described in
the model of Lorenz (1986), showing the progres-
sive deepening and widening of the maar-dia-
tremes through repeated eruptions progressively
draining the ground water deeper and limiting
upward igneous penetration (Wall et al., 2010).

DISCUSSION

Despite different geographical locations and geo-
morphic signatures, the circular structures

Fig. 12. Thin section analysis of El Meherschema circular structures infill. In all panels the scale bar = 1 mm. (A) to
(D) Plane-polarized light, (E) and (F) cross-polarized light. (A) Flow banding on a 1 to 2 mm scale defined by
variations in clast grain size and grain-compositional segregation. The sample is mainly composed of quartz grains of
different sizes ‘Qz’, minute plagioclase grains ‘Pl’ and glass ‘G’. Some porosity remains (‘Ø’, blue dye) and the glass
contains vesicules ‘V’. The central coarse-grained band predominantly consists of well-rounded fine to coarse-
grained quartz that, when elongate, tends to be oriented parallel to the margins of the bands. Grain shapes vary from
equant to elongate and the finest grains tend to be more angular. The darker bands consist of silt to very-fine quartz
and fragments of glass that vary in grain size from sub-silt to pebble size. The large glass fragments are well-rounded,
their long axes are frequently oriented parallel to the band margins. (B) Characteristic structure of sand flow within
an injection, showing concentric centripetal brecciation of the quartz grains characterizing piping. Note that the
angularity of the quartz grains increases with decreased grain size. (C) Hydrothermal alteration of a pyroxene mineral
‘w-Px’. The pyroxene is surrounded by an alteration rim formed of fibrous clay minerals (‘F’; zeolites?) and its core is
partly altered into biotite (brown colour). (D) Mafic intrusion photomicrograph showing a sub-ophitic texture, de-
fined by the plagioclase laths within the ground mass ‘b’. The long axes of the pyroxenes ‘Px’ are also oriented in the
flow direction. (E) Photomicrograph of a contact between the glass matrix and a quartz grain (with a 530 nm wave
plate). The glass ‘G’ is here in situ (not a fragment) and contains a vesicle ‘V’, attesting to the presence of melt and
fluids within the sandstones. The contact with the quartz ‘Qz’ is jagged and shows a diffuse boundary (white arrows)
indicating a reaction between the glass and the quartz grains. The reaction boundary can be interpreted as a chilled
margin. (F) Photomicrograph (with a 530 nm wave plate) of hydrothermal precipitation of microquartz ‘lQz’ and an
iron-bearing phase ‘Fe’ between the quartz grains ‘Qz’.
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encountered in the three outcrops, Mount Telout,
In Ezzan and El Meherschema, share common
characteristics (Table 1); these suggest that the
subcircular/cylindrical structures probably result
from a shared process affecting the edges of the
Early Devonian basins in South-west Libya. This
process, related to igneous injections, triggered
kilometre-scale sand injections accompanied by
large-scale collapse structures surrounding them.
According to the preliminary conclusions, the
geometry of the whole system can be obtained by
combining the information gathered from the
three outcrop architectures (Fig. 13). The correla-
tion highlights the system characteristics: the
injections are broadly cylindrical at a very large
scale, there is a rheological control in the system,
the entire process probably occurred in several
phases, and there is an interaction between
volcanism and sand injection with a progressive
transition between the two systems.

Geometries of the sand intrusions

At Mount Telout, three types of sand injections
are present: dykes, pipes and the mound itself
(a conical, vertical conduit), cross-cut by the
dykes and pipes. In El Meherschema structures,
the diatremes (vertical conduit) are only cross-cut
by sandstone dykes. The dykes are the result of
fracture propagations, whereas the vertical con-
duits and pipes result from brecciation, upward

liquefaction and erosion, propagating from the
tips of igneous intrusions (Cosgrove, 2001; Jamt-
veit et al., 2004). The cross-cutting relationships
indicate that the fracturation (dykes) took place
after the formation of the main vertical conduit
(the mound and the diatremes): contrary to the
models of Nichols (1995) and Wall et al. (2010),
evolution of the structures occurred at a constant
depth.

Upward erosion of seal lithologies (the
Silurian) by upward-moving, agitating, fluidized
sands was the first process occurring at Mount
Telout (Obermeier, 1989; Vigorito et al., 2008;
Scott et al., 2009). As long as the seal is not
bypassed, the upward moving sandstones should
build up pressure at a focus point and deform the
overlaying and surrounding strata. The initial
doming phase of the Mount Telout and In Ezzan
structures was formed by this process. Cylindrical
‘pipe’ structures similar to Mount Telout are,
therefore, expected within the unexposed cores of
the In Ezzan circular synclines.

As doming indicates that the sand intrusions
were still confined, the subsequent dyke forma-
tion was responsible for the breach of the Silurian
seal integrity. This hypothesis is supported by the
similarity of the observed relationships between
diapir emplacement and radial fault patterns
(Stewart, 2006) with the radial pattern of the
dykes observed at the top of Mount Telout
(Fig. 5). Comparison with diapir/fault kinematics

Table 1. Comparison of the characteristics between the circular structures of Mount Telout, In Ezzan area and El
Meherschema area.

Characteristics Mount Telout In Ezzan El Meherschema

General architecture Mound within a ring-shaped
depression

Circular synclines Subcircular diatremes

Collapsed units; normal
offset

C–O, base Silurian; ca 60 m C–O to Lower Devonian;
70 to 200 m

C–O; ?

Uplift at rims Yes + around the mound Yes ?

Sand remobilization Mound, dykes and pipes Inferred by volume balance
and extruded deposits

Dykes, microscopic flow
structures

Association with igneous
intrusions

Inferred by analogy with
Planke et al. (2005)

Lower Devonian volcanism
+ local igneous injection
in the C–O

Direct within diatremes
+ volcanoclastics

Devonian tectonic setting Tihemboka Arch Tihemboka Arch Sirt-Tibesti uplift

Silurian shale thickness
changes

Wedging out eastward
(450 to 200 m)

Wedging out eastward
(450 to 200 m)

Wedging out westward
(10 to 125 m)

Locally 250 to 500 m ? Locally absent

C–O = Cambrian–Ordovician.
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suggests that the secondary radial fracture process
occurs due to the extensional forces at the top of
the dome, the fractures propagating downward
into the Silurian shales, inducing the formation of
the circumferential collapse structures (Stewart,
2006).

In order to form pipe structures (hydrothermal
or maar-diatremes), the pressure caused by fluid
expansion at the tip of an igneous intrusion must
be higher than the lithostatic pressure, conditions
commonly achieved within the first kilometre of
burial (Lorenz, 1986; Jamtveit et al., 2004). This
depth is comparable with the burial depth of
the Cambrian–Ordovician sandstones during the
Early Devonian within the Murzuq Basin (Fig.
1B). It validates the observation of the igneous
injections being strictly contained within the
Cambrian–Ordovician sandstones (no observation
of volcanic dykes or pipes within the Silurian and
above). The Cambrian–Ordovician sandstones are
regionally extensive, several hundreds of metres
thick strata that presently define a good aquifer in
the Murzuq Basin (Fig. 1B; Crossley & McDougall,
1998). Therefore, the sandstones are considered
to have also had a good permeability during the
Devonian, probably hosting an aquifer. In addi-
tion, the sandstones probably were partly uncon-

solidated during the formation of the injections,
as it is the source of all the injected material. In
order to be unconsolidated at ca 1 km of burial
(Fig. 1B), it is likely that the Cambrian–Ordovician
sands were water-saturated and sealed by the
Silurian shales during the Devonian. Two ques-
tions arise: (i) Why do the volcanic dykes not pass
through the Silurian? (ii) Why are the injections
not widespread throughout the basin?

Igneous intrusion focusing

The unconsolidated and water saturated
Cambrian–Ordovician beds sourcing the sand
injections are, rheologically, very different from
the competent Silurian shales higher in the
sedimentary succession. In terms of palaeogeo-
graphy, all the outcrops are situated at the edge of
a Devonian basin. It has been argued that high
pore fluid pressures in sandstones in structurally
elevated positions can be attributed to a hydraulic
connection with deeper parts of the basin, as pore
fluids flow from deep regions toward elevated
regions results in overpressures in the shallower
structures (Darby et al., 1996; Yardley & Swar-
brick, 2000; Flemings et al., 2002). According to
Thomson & Schofield (2008), the presence of an

Mount Telout

In Ezzan
Earth surface

El-Meherschema

Silurian Shales

Cambrian-Ordovician Sdsts

Basement

Silurian Sdsts
Devonian Sdsts

Glaciogenics

Injectites/extrudites

Disturbed series

Lower Devonian

Marine sandstones

Igneous
 material

Igneous
 clasts

Radial fracturing

1 km

100 m

Fig. 13. A scaled block diagram,
showing the different outcrop
geometries (Mount Telout, In Ezzan
and El-Meherschema) and a model
of the structure just after an erup-
tion. Sdsts = sandstones.
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unconsolidated, water-saturated and preferably
overpressurized sedimentary layer during mag-
matic intrusion constrains the intrusion within
the layer, permitting the lateral propagation of
sills over tens of kilometres within the layer. This
phenomenon is suggested to have focused the
magmatic intrusions into the regionally extensive
Cambrian–Ordovician sands. Close to the study
area, igneous sills have been reported in northern
Niger and South-east Algeria (Fabre et al., 2005).
However, it is possible that closer sills exist but
have been misinterpreted or overlooked due to
the desert weathering (Fig. 11C). To summarize, it
is argued that within the Cambrian–Ordovician,
regional overpressures at the basin edge and
igneous sill injection created the large-scale cir-
cular structures.

The peculiarity of Mount Telout is its isolation,
suggesting the existence of an additional focusing
parameter. Contrary to the other outcrops (Table 1),
an underlying Late Ordovician glacial ridge is
present in the Mount Telout area. The glacial
ridge forms a ca 200 m high antiform, cored
mainly by glaciogenic sediments and Cambrian–
Ordovician sandstones (Moreau et al., 2005), and
sealed by the Silurian shales. Consequently, if
there is a hydraulic connection with the deeper
strata, the pore fluid pressure at the apex of the
glacial ridge should be high, favouring the con-
finement of an igneous intrusion within the ridge
(Thomson & Schofield, 2008). Therefore, the
presence of the buried large-scale topography
sealed by Silurian shales is a secondary factor in
focusing the overpressures and the cylindrical
injection systems.

The sedimentological distinction between
maar-diatremes and hydrothermal vents is diffi-
cult and often debated (Svensen et al., 2006; Auer
et al., 2007; Lock et al., 2007). In the studied
structures, the Mount Telout and In Ezzan syn-
clines show more affinity with hydrothermal vent
complexes, while the El Meherschema structures
bear a closer resemblance to maar-diatreme sys-
tems (Table 1). Volcanic activity at the Earth’s
surface is only expressed in the vicinity of the
studied area (Fabre et al., 2005), not directly
within the Devonian intervals at the tops of the
In Ezzan or the El Meherschema structures.
However, maars are related to phreatic eruptions
and lava is rarely extruded to the surface, the
volcanic activity being expressed by igneous
intrusions deep within the diatreme, hyaloclas-
tics within the diatreme and a tuff ring at the
surface (Lorenz, 1986; Cas & Wright, 1987; Auer
et al., 2007). The quantity of volcanoclastics at

the Earth’s surface is relatively variable (0 to
100% in Cas & Wright, 1987) and tuff rings form
positive reliefs. The surface expression of volca-
nic activity therefore has poor preservation
potential, especially in the highly dynamic Devo-
nian fluvial environment of the study area (Beuf
et al., 1971, Fabre et al., 2005).

By comparing the models from the literature,
the main difference between maars and hydro-
thermal vents is that maars are considered to
result from igneous intrusion within shallower
sediments than in the case of hydrothermal vents
(Lorenz, 1986; Jamtveit et al., 2004; Planke et al.,
2005). Considering that the thickness of the
Silurian is extremely reduced in the El Meher-
schema compared with the other two areas
(Table 1), it is logical that the El Meherschema
structures show more characteristics of maar-
diatremes. However, it is considered that maar-
diatremes and hydrothermal vents are two
end-members of the same phenomenon. The
percentage of volcanic clasts is suggested to be
indicative of the depth of the magma-sediment
interaction and of the distance between the
eruptive source and the observed injection struc-
ture.

FORMATION MODEL

Compiling all the information gathered from the
three outcrops (Table 1), a formation model for
the structures is proposed (Fig. 14). Each studied
outcrop was situated at the edge of a Devonian
basin associated with a local pinch-out of the
Silurian shale (regional seal); this led to over-
pressured ground water flow toward the struc-
tural highs within the partly unconsolidated
sands of Cambrian–Ordovician age. The nature
and the rheology of the Cambrian–Ordovician
sands led to focusing and confinement of Lower
Devonian igneous intrusions. The contact be-
tween the magma and the ground water created
phreatic eruptions via the vaporization of the flu-
ids contained within the Cambrian–Ordovician
succession, generating sufficiently high pore fluid
pressures to counteract the lithostatic pressure. In
Mount Telout, an additional focusing factor in the
form of a buried glacial topography may have
been in play, resulting in local changes in the
lithostatic pressures and the seal thickness. The
Mount Telout and In Ezzan outcrops show that
the seal did not break at first but rather was
progressively eroded by underlying flow move-
ments pushing up and doming the sedimentary
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pile. The doming participated in the radial frac-
ture propagation downward that eventually brea-
ched the seal, and in the formation of the
circumferential collapse structure. The Cam-
brian–Ordovician sands were transported upward
to the Earth’s surface along the fractures, forming
dykes and pipes. During this phase, turbulent
flow is expected (flute casts; Fig. 4). The extru-
sion process contributed to the transfer of 0Æ5 km3

of material in the Mount Telout outcrop (Fig. 3),
and probably far more in the In Ezzan complex
where the collapse of the Cambrian–Ordovician
strata is of larger extent (200 m; Fig. 9). At the

Earth’s surface, the successive eruptions led to
phases of doming and collapse, with sedimenta-
tion outward from the structure. The deformation
phases were probably responsible for the inten-
sive folding and collapse of the host rock into the
craters of In Ezzan. In a relatively short time, the
Devonian fluvial system reworked the uplifted
rims of the structures, filling the available space
within the crater. The products of the vents were
probably also participating to the crater infill. The
system was then sealed during the Pragian (Lower
Devonian) by transgressive shallow marine sedi-
ments.

River

Water table base

Basement
Ground water flowStratified sands

Shales

Liquefied sands
Massive sands

0. Igneous intrusion within a 
structural high

1. Phreatic eruption, seal erosion, 
doming and radial fracturation

2. Seal failure, intrusion and 
extrusion of sand and fluids. 
release of the pressure by the 
expulsion of materials.

3. Collapse of the dome, and 
filling of the crater by vent 
products and local 
(re-)sedimentation.

Igneous material

T.

I.

M.
Fig. 14. A model for the formation
of the cylindrical sand injections in
the Murzuq Basin at the Devonian
time. The setting starts when high
pressure ground water flows into the
Cambrian–Ordovician sands from
the basin centre toward the basin
edges during the Early Devonian
(Stage 0). The ground water pressure
might be even higher if remnant
Ordovician topography is buried by
the Silurian shales (seal). Stage 2
can be dismissed if the water pres-
sure is dispersed in a shallower
aquifer (no extrusion). Stages 1, 2
and 3 can be repeated several times
as long as the regional overpressure
is not released. Finally, the topo-
graphy is flattened by a complete
infilling of the depression and the
erosion of the crest by the fluvial
system and the following Pragian
marine transgression.
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CONCLUSION AND IMPLICATIONS

The injected sandbody forming Mount Telout
demonstrates that post-depositional, kilometre-
scale sand remobilization in the form of cylindri-
cal/conical clastic intrusion may occur in cra-
tonic platform settings. Such structures raise
several fundamental issues for petroleum explo-
ration. Although of limited spatial extent relative
to the basin scale, they probably constitute
significant seal bypass systems (Cartwright et al.,
2007), capable of rupturing top seals, transferring
pore fluid overpressures upwards and linking
initially unconnected clastic stratigraphic units
with reservoirs. In hydrocarbon-rich sedimentary
basins, large-scale injectites that generate kilo-
metre-scale heterogeneities in seal sequences are,
therefore, of significance in reconstructing and
modelling fluid pathways during both early dia-
genesis and, if they remain open, during later oil
or gas migration, until their vertical continuity is
broken by deformation or their pore space
becomes cemented (e.g. Jonk et al., 2005b).

If the inferred emplacement of the intrusive
magmatic bodies at depth can be ascertained, for
example, by using subsurface datasets, it can be
confirmed that large sand injection complexes are
not limited to large igneous provinces, such as the
Karoo Basin in South Africa or the Vøring and
Møre Basins in the North Atlantic (Planke et al.,
2005; Svensen et al., 2006). Usually no igneous
activity is assumed if lava flows are not exposed.
However, igneous intrusions can be focused and
confined within particular sedimentary intervals
and only be expressed at the Earth’s surface via
phreatic eruptions or hydrothermal vents (for
example, Vøring Basin; Planke et al., 2005). The
phreatic and hydrothermal processes are both
capable of triggering the formation of large-scale
sand injections. Circular geomorphic structures
are common in the Sahara and their interpretation
should, therefore, be updated according to the
Murzuq Basin examples (e.g. Paillou et al., 2006).

In the future, a systematic analysis of kilometre-
scale collapsed circular features at a regional
scale may provide a better understanding of large-
scale sand intrusions in intracratonic basins. On
two-dimensional exploration seismic lines, such
structures should be dominated by vertical geo-
metries. Such architectures can, however, be
ambiguous and associated with acoustic artefacts,
hampering the precise seismic interpretation.
Based on the interpretation presented in this
paper, the authors may nonetheless predict that
kilometre-scale sand intrusions can be identified

within the Lower Palaeozoic tectonic uplifts
buried by Mesozoic deposits in North Africa.
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