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Figure 1. Geological sketch map of Murzuq Basin, with location of
Figure 3A (study area). Inset map shows maximum extent of Or-
dovician ice sheet (dotted line), with data control points (large
dots) and main ice-flow orientations (arrows).

ABSTRACT
Landsat images, ASTER digital elevation models, aerial pho-

tographs, and field investigations in the western Murzuq Basin
(Libya) and the adjacent Tassili N’Ajjers (Algeria) provide paleo-
geomorphological evidence for the existence of a Late Ordovician
ice stream at least 200 km long and 80 km wide. This includes
mega-scale glacial lineations, an associated subglacial meltwater
drainage system, and ice-front features. This first comprehensive
description of a pre-Cenozoic ice stream may help to identify other
examples in the Proterozoic to Paleozoic glacial record. Recon-
struction of the extent and behavior of former ice sheets, and res-
ervoir prospect analysis in glacially related successions, have to
take into account the potential occurrence of ice streams.

INTRODUCTION
Ice streams are the most dynamic components of contemporary

ice sheets. Their location and temporal evolution are of critical impor-
tance in the reconstruction of Pleistocene ice masses (Bennett, 2003;
Clark and Stokes, 2003). Pre-Tertiary ice sheets were of magnitudes
comparable to those of the Cenozoic (Crowell, 1999; Ghienne, 2003).
Thus, the occurrence of paleo-ice streams should be expected. How-
ever, while a limited number of Paleozoic ice streams have been de-
scribed previously (Visser et al., 1997), relatively low quality exposure
means that they have been located using widely separated ice flow
indicators and facies distributions. In contrast, the Sahara affords ex-
cellent exposures of Upper Ordovician strata that are suitable for geo-
morphological analysis. In this paper we describe key geomorpholog-
ical evidence for an ancient ice stream based on criteria developed for
Pleistocene glaciation. Subglacial bedforms at the 0.1 to .10 km scale,
in association with a meltwater drainage system, are interpreted in
terms of firm paleogeomorphological evidence for the occurrence of a
440 Ma ice stream.

LOCATION AND GEOLOGIC SETTING
During the Late Ordovician, ice masses repeatedly covered most

of the western Gondwana platform. An ice sheet flowing northward
from the continental interior extended continuously from Mauritania to
Arabia (Ghienne, 2003). Between the Hoggar Massif and the Murzuq-
Djado Basin, Late Ordovician glacial deposits crop out continuously
over 700 km (Fig. 1). The orientation of these outcrops (NNW-SSE)
is roughly parallel to the local ice-flow orientation inferred from abun-
dant striated surfaces and streamlined bedforms (Beuf et al., 1971;
Deynoux and Ghienne, 2004). The study area focuses on a 200-km-
long segment of this outcrop located near the town of Ghat on the
western rim of the Murzuq Basin (eastern Tassili N’Ajjer, Algeria, and
Wadi Tannezuft area, Libya; Fig. 1). Here, four major crosscutting gla-
cial erosion surfaces (GESs) (Fig. 2) record four successive glacial
advances. A fifth GES (last re-advance subordinate to the fourth GES)
is recognized in the south. Across the region, each surface defines the
lower boundary of a deglaciation sequence deposited during ice sheet
recession and culminating in an interglacial period (Ghienne, 2003).
This study focuses on the geomorphology of the fourth and fifth GESs.

METHODOLOGY
Subglacial bedforms have been characterized at various scales

from field study and Landsat image interpretation (panchromatic im-
ages archived in the Global Land Cover Facility: http://
glcf.umiacs.umd.edu/) and supplemented by aerial photograph analysis.
An orthorectified ASTER digital elevation model (20 3 40 km)
has been exploited in GOCAD in order to characterize the three-
dimensional geometry of the successive GESs in the vicinity of Ghat.

Glacial Lineations
The distribution of subglacial bedforms was mapped out from the

above data sources (Fig. 3A). Lineations are parallel to the intrafor-
mational glacial striae examined at outcrop and are hence parallel to
ice flow (Deynoux and Ghienne, 2004). A flow set (Stokes and Clark,
2003) of abundant glacial lineations of common orientation is identified
on both the fourth and fifth GESs (in black, Fig. 3A). Subglacial bed-
forms become more scattered, less uniformly oriented, and generally
shorter westward of a well-defined boundary (Fig. 3A) that corresponds
to the flow set margin. Silurian and younger deposits conceal its eastern
margin. Therefore, the flow set is 200 km in length and at least 80 km
in width (Fig. 3A).

Studied GESs comprise superimposed mega-scale glacial linea-
tions (MSGLs) that have distinct length to width (i.e., elongation) ratios
and amplitudes (Table 1); elongation ratios increase as amplitude de-
creases. Attenuated drumlins, only present in the fifth GES, show small
elongation ratios relative to amplitude (Table 1). At the largest scale,
GESs are corrugated by kilometer-wide elongate ridges that separate
straight valley-like depressions (Table 1; Figs. 2, 3A, and 3C).

The different types of bedforms (large and narrow MSGLs, atten-
uated drumlins and ridges) are erosion features that cut into earlier
glaciogenic sediments. Lineations are generally cored by deformed gla-
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Figure 2. Geological cross section in Ghat area (location in Fig. 3B). Cross section traverses ridge (largest scale subglacial bedform)
and subglacial channels. Fourth glacial erosion surface (GES, major glacial advance) underlies fourth depositional glacial sequence.
Fifth GES, preserving full glacial paleotopography, results from local re-advance in context of overall retreat. DEM—digital elevation
model.

M
Figure 3. Ice-stream–generated features. A: Geomorphological map shows subglacial bedforms that are 0.1 to .10 km in length; their
consistent orientation and close comparison to Pleistocene subglacial bedforms suggest that eolian and/or tectonic origin can be dis-
counted. Parallel mega-scale glacial lineations (MSGLs) are concentrated within flow set but are more scattered to west. From south to
north, three assemblages of subglacial bedforms are recognized: (1) 50–100 km south of Ghat, MSGLs are sinuous and parallel; (2) in Ghat
area, ridges and MSGLs are well developed, and often overprinted by attenuated drumlins and subglacial channels (cf. B); (3) 50–100 km
north of Ghat, lineations are rare; ridges are shorter and cut by sinuous, ;5-km-wide, 50–150-m-deep incisions interpreted as tunnel valleys.
Ice-front–related features (tens-of-meters-high glaciotectonic folds and thrusts, 0.2–1-km-wide proglacial channels) are also shown.

ciofluvial sand (now consolidated sandstones; Deynoux and Ghienne,
2004). However, ridges are preferentially cut into a 60–80-m-thick suc-
cession of mud-dominated deltaic facies.

Distribution of Lineations, Meltwater Channels, and Ice-Front
Features

Within the flow set, regional variability in the nature, size, and
shape of the subglacial bedforms is observed. South of Ghat (50–100
km), the flow set is sinuous. Convergent flow patterns are evident in
places where large and narrow MSGLs plunge into the flow set (Fig.
3D).

In the Ghat area, parallel ridges and superimposed large and nar-
row MSGLs show a dense assemblage of high elongation ratio (.10)
lineations (Figs. 3A, 3B). They are locally overprinted by fanning and
attenuated drumlins (Fig. 3A) of the fifth GES. Moreover, anastomos-
ing networks of subglacial channels are observed cutting into
mudstone-cored ridges (Figs. 2, 3B).

Farther north (50–100 km from Ghat), ridges are shorter. Large
and narrow MSGLs are rarely observed (Fig. 3A). Here, mudstone-
cored ridges are truncated by large subglacial channels interpreted as
tunnel valleys (Ghienne and Deynoux, 1998; Le Heron et al., 2004).

Glaciotectonic folds and thrusts occur at the latitude of Ghat and
northward (Fig. 3A). One example, 20 km NW of Ghat, is of particular
interest because it defines the maximum extent the ice sheet reached
during the fifth glacial advance (Fig. 3A). Southward, fanning attenu-
ated drumlins are observed and northward, abundant sandstone chan-
nels spread out, representing a coeval proglacial fluvial network (Fig.
2B).

Evidence for a Late Ordovician Ice Stream
Subglacial streamlined bedforms are widely recognized in the Late

Ordovician glacial record of the Sahara (Beuf et al., 1971; Le Heron
et al., 2005) and are interpreted as indicating fast-flowing ice. Inde-
pendently, small (4–10 km in width) ice streams have been inferred
from the occurrence of glacial valleys. However, similar structures are
now best reinterpreted as tunnel valleys (Hirst et al., 2002). In the study
area, MSGLs with high elongation ratios (from 10 to 100) are directly
analogous to Pleistocene subglacial bedforms (references in Table 1).
They indicate the very high ice velocities that characterize fast-flowing
ice streams (e.g., Clark, 1993). Using criteria developed by Clark and
Stokes (2003) to recognize an ice stream footprint, we observe the
following features in common with Pleistocene ice streams: (1) the
flow set has distinctive dimensions (.200 km in length, .80 km in

width); (2) MSGLs are concentrated within the flow set (Fig. 3A); (3)
the western (observed) margin of the flow set is sharply defined, ,1.5
km in width, and includes convergent flow patterns (Fig. 3D); and (4)
deformable bed conditions are present throughout the study area (Dey-
noux and Ghienne, 2004).

South of Ghat, the sinuous flow set with large and superimposed
narrow MSGLs (Figs. 3A, 3D) is compared favorably to the bundle
structure imaged by Canals et al. (2000). Subglacial channels joining
northward into tunnel valleys are comparable to the meltwater drainage
systems identified below former Antarctic ice streams (Lowe and An-
derson, 2002; O’Cofaigh et al., 2002).

Temporal Evolution of the Late Ordovician Ice Stream
Crosscutting relationships of subglacial bedforms allow the mul-

tiphased evolution of the ice stream to be reconstructed. The largest
scale ridges and the development of large MSGLs (1, Fig. 4) probably
occurred at the ice maximum. These features were then overprinted
conformably by further narrow MSGLs (2, Fig. 4). The extreme elon-
gation ratio of the narrow MSGLs indicates that the highest ice veloc-
ities were reached during this phase, possibly by a surge. This stage is
probably synchronous with relatively deep marine ice fronts in the
Ghadames Basin (Fig. 1). This phase was followed by a meltwater
incision phase (3, Fig. 4), concomitant with active ice front recession.
Minor re-advance (forming the fifth GES) molded discordant attenu-
ated drumlins (4, Fig. 4). Both the fan-shaped distribution of attenuated
drumlins (4, Fig. 4), which reflect dispersive flow and lower ice ve-
locity (Clark and Stokes, 2003), and close association with proglacial
fluvial channels indicate a continental ice sheet terminus. These chang-
es are interpreted as the transition from a marine terminating, ‘‘rubber-
stamped’’ paleo-ice stream (phases 1–3) to one that became terrestrially
terminating and ‘‘smudged’’ (phase 4; Clark and Stokes, 2003).

This chronology, in particular incision of the lineations by sub-
glacial meltwater, is comparable to sequences of events determined
from seafloor imagery of Antarctic sediments (Anderson et al., 2002;
O’Cofaigh et al., 2002). The final phase, whereby a continental to very
shallow marine ice front develops, resembles the behavior of ice sheets
during the Last Glacial Maximum in the Northern Hemisphere (e.g.,
Boulton et al., 2001). In the study area, a warm-based ice sheet is
inferred from the occurrence of an ice stream, in agreement with sub-
glacial deformation of water-saturated sands (Deynoux and Ghienne,
2004). However, thermal conditions beyond the flow set are less well
known and transitions between warm and cold-based ice are expected
to have occurred (Le Heron et al., 2005).
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B: Landsat data (location in A) showing MSGLs on second and fourth glacial erosion surfaces (GESs, bottom left corner of image) and
network of sinuous channels cutting into ridge (right of image), interpreted as subglacial meltwater drainage system. Channels are 0.4–1
km wide, 40–60 m deep, locally overdeepened with striated floors, and are filled with sandstone and/or exotic clast–bearing sandy diamictite.
C: Three-dimensional reconstruction (GOCAD) of flow set surface near its western margin (location in A), showing two ridges separated
by valley-like depression. D: Western margin of ice stream showing convergence of large and narrow MSGLs into flow set (location in A).
Inset shows topographic profile of fourth GES (thick line); to east, latter is covered by latest glacially related deposits.
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TABLE 1. CLASSIFICATION OF THE SUBGLACIAL STREAMLINED BEDFORMS ACCORDING TO SHAPE CRITERIA, AND ANALOGY IN THE PLEISTOCENE

Streamlined bedforms Amplitude
(m)

Width
(km)

Length
(km)

Elongation ratio
(W/L)

References to Pleistocene analogs

Ridges 50/120 3/15 .50 4/.10 Canals et al. (2000)
MSGL

Large 10/30 0.2/0.8 .5 5/20 Anderson et al. (2002); Canals et al. (2000); Clark (1993); Evans el al. (2004);
Narrow 1/20 00.1/0.05 1/5 k20 O’Cofaigh et al. (2002); Sejrup et al. (2003); Stokes and Clark (2003)

Attenuated drumlins 1/20 0.001/0.05 0.01/0.2 4/10 Clark (1993)

Note: W/L—width/length; MSGL—mega-scale glacial lineations

Figure 4. Spatial and temporal relationship between ridges, mega-
scale glacial lineations (MSGLs), attenuated drumlins, and melt-
water drainage system. Numbers refer to sequence of events pro-
posed in text.

CONCLUSION AND PERSPECTIVES
Outstanding three-dimensional exposures allow geomorphological

criteria developed from Pleistocene studies to be applied successfully
to a Late Ordovician case study. We consider that attenuated subglacial
bedforms concentrated in a flow set with distinctive size, boundaries,
and landforms provide firm evidence for an Ordovician ice stream. In
the absence of proven topographic or tectonic control, the flow set
appears to be related to a ‘‘pure’’ ice stream (Bennett, 2003). What
controlled its location? MSGLs have been recognized in the study area
on several vertically stacked glacial erosion surfaces separated by com-
plete deglaciation sequences (Figs. 3A, 3B). This observation indicates
that ice streams developed repeatedly in the same place and suggests
that a determining factor should exist. As a working hypothesis, we
propose that the Ghadames Basin was a preglacial embayment north
of the study area. Rather than a simple topographic focus of the initial
ice-flow lines, the occurrence of muddier, easily deformable subglacial
sediments and/or a calving pull process in relatively deeper water
(Stokes and Clark, 2004) could have accelerated the ice flow, triggering
fast-flowing ice and localizing the ice streams.

The recognition of ice streams is crucial for reconstructing the
dynamics of the Late Ordovician ice sheets. Furthermore, this study
may help recognition of ice stream footprints both elsewhere in the
Late Ordovician record and in other ancient ice age records. This dis-
covery is particularly noteworthy for petroleum geologists, since Late
Ordovician glaciogenic rocks are major north African reservoirs: ice
streams may induce preferential basin-scale erosion, focus sediment
delivery, and influence reservoir architecture. Other time-equivalent ice
streams await discovery.
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