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coastal sequence. Geological and geomorphological data 
suggest that coastal uplift probably occurred since the Mid-
dle Miocene. It resulted in the emergence of the Algiers 
massif, followed by the Sahel ridge massif. The Sahel ridge 
has asymmetrically grown by folding from west to east and 
was affected by temporal variation of uplift. Compared 
to previous study, the location of the Sahel fold axis has 
been shifted offshore, near the coast. The Chenoua fault 
vertical motion does not offset significantly the coastal 
sequence. Mean apparent uplift rates and corrected uplift 
rates since 120  ka are globally steady all along the coast 
with a mean value of 0.055 ±  0.015  mm/year (apparent) 
and of 0.005  ±  0.045  mm/year (corrected for eustasy). 
Mean apparent coastal uplift rates between 120 and 400 ka 
increase eastward from 0.045 ± 0.025 to 0.19 ± 0.12 mm/
year (without correction for eustasy) or from 0.06 ± 0.06 
to 0.2  ±  0.15  mm/year (with correction for eustasy). In 
addition, the combination of structural and geomorphic 
data suggests a low uplift rate for the southern part of the 
Algiers massif.

Keywords  Marine terrace · Rasa · Drainage · Coastal 
uplift · Morphometric indices · Sahel · Algeria

Introduction

Tectonic inversion of passive margins by compression 
generally implies diffuse deformation with tilting, fold-
ing, or motions on both new reverse structures and inher-
ited faults formed during the rifting phase (Sten et al. 1989; 
Cloethingh et al. 1989; Wolin et al. 2012). Determining the 
location of active structures is consequently difficult but 
essential because strong earthquakes may occur in these 
areas often densely populated. The North African margin is 

Abstract  The North Africa passive margin is affected by 
the ongoing convergence between the African and Eurasian 
plates. This convergence is responsible for coastal uplift, 
folding, and reverse faulting on new and reactivated faults 
on the margin. The active deformation is diffuse and thus 
rather difficult to locate precisely. We aim to determine 
how a coastal landscape evolve in this geodynamic setting 
and gain insights into active tectonics. More particularly, 
we evidence and quantify coastal uplift pattern of the Che-
noua, Sahel, and Algiers reliefs (Algeria), using sequences 
of marine terraces and rasas and computing several mor-
phometric indices from the drainage pattern. Upper and 
Middle Pleistocene uplift rates are obtained by fossil shore-
line mapping and preliminary U/Th dating of associated 
coastal deposits. Extrapolation of these rates combined to 
analyses of sea-level referential data and spatial relation-
ships between marine terraces/rasas and other geologi-
cal markers lead us to tentatively propose an age for the 
highest coastal indicators (purported the oldest). Values 
of morphometric indices showing correlations with uplift 
rate allow us to analyze uplift variation on area devoid of 
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one of the best examples of inverted passive margin (Ser-
pelloni et  al. 2007) presently affected by active compres-
sion (Leprêtre et al. 2013 and references therein) and major 
seismic events (Ms: 7.3 El Asnam event in 10/10/1980,Mw 
6.8 Boumerdes event in 05/21/2003; Harbi et  al. 2004; 
2007). Active deformation is evidenced by emerged 
sequences of fossil shorelines described from southwestern 
Morocco to eastern Libya along a 4 500-km stretch of coast 
(e.g., Pedoja et al. 2011, 2013, 2014 and reference therein). 
The coast located to the west of Algiers city (Algeria) 
exhibits particularly well-preserved coastal sequences and 
presents active structures that need to be better character-
ized since this densely populated region has been affected 
by strong earthquakes (Harbi et  al. 2004, 2007; Heddar 
et al. 2013) (Fig. 1a).

In order to determine the segmentation of active faults 
and fold systems as well as their deformation rates, we pro-
pose a cross-analysis of coastal sequences (marine terraces 
and rasas) with a quantitative geomorphic study of the 
regional drainage pattern. Emerged coastal land presents 
some advantages to infer tectonic motions because the 
staircase morphology of the sequence, its associated drain-
age pattern, and the lithology are rather simple; moreover, 
the climate regime is homogeneous. Mapping and dat-
ing the fossil shorelines aim to constrain the local chron-
ostratigraphy and to quantify coastal uplift rates for differ-
ent time periods and at different location along the coast. 
Then, correlations between morphometric parameters and 
uplift rates (e.g., Nexer et al. 2015) on catchments located 
along the same stretch of the Algerian coast, as well as on 
the hinterlands, allow to complete information on uplift 
gradient especially where no sequence of fossil shorelines 
are present. Besides the tectonic issue, this approach also 
allows to investigate the geomorphic evolution of the stud-
ied zone.

Settings

Geodynamics

We studied a 70-km-long coastal stretch, located west of 
Algiers, along the Mediterranean shores (Fig.  1a). This 
coastal stretch belongs to the passive margin of the Alge-
rian back-arc basin which opened during the Oligocene 
because of the southward rollback of the Tethyan oceanic 
slab subducting under the southern boundary of the Kab-
ylian blocks (Carminati et  al. 1998; Frizon De Lamotte 
et  al. 2000; Jolivet and Faccenna 2000; Duggen et  al. 
2004; Mauffret et  al. 2004; Schettino and Turco 2006). 
These blocks, separated by NW–SE strike-slip faults, 
originated from Eurasia and were pulled southward by 
slab rollback until they collided with the African plate 

during the Lower Miocene (Raymond 1976; Bouillin 
1992; Bracène and Frizon de Lamotte 2002; Schettino 
and Turco 2006). The spreading of the Algerian basin 
ended at ~20–16  Ma, during the collision between the 
Kabylian blocks and the African plate, and synchronous 
with a slab break-off event (Carminati et al. 1998; Maury 
et  al. 2000; Rosenbaum and Lister 2004; Schettino and 
Turco 2006). During Middle Miocene (Langhian–Ser-
ravalian), the Tellian nappes associated with the Kabylian 
blocks collision were sealed by marine deposits affected 
by NNW-SSE extension (Aïté and Gélard 1997). This 
extensional phase was recorded in the Mitidja region 
(Boudiaf 1996). This period of quiescence ended during 
Late Miocene times when the Eurasia–Africa conver-
gence reactivated the margin by compression (Thomas 
1976; Domzig et al. 2006; Yelles et al. 2009; Strzerzynski 
et al. 2010).

The present convergence rate between Eurasia and 
Africa is ~4–6  mm/year (Fig.  1a) (Nocquet and Calais 
2004). Its strike changed from N–S to NW–SE, ~3  Ma 
ago (DeMets et  al. 1990; Rosenbaum et  al. 2002; Calais 
et al. 2003; Stich et al. 2006; Serpelloni et al. 2007). This 
shortening is accommodated by faulted and folded struc-
tures located onshore and offshore (Thomas 1976; Philip 
and Meghraoui 1983; Ambraseys and Vogt 1988; Domzig 
et  al. 2006; Yelles et  al. 2006; Strzerzynski et  al. 2010; 
Medaouri et al. 2012). The most famous fault in Algeria is 
the NE–SW sinistral reverse Oued Fodda fault, commonly 
known as El Asnam fault, which generated the strongest 
earthquake so far in the western Mediterranean, on October 
10, 1980 (Ms: 7.3) (King and Vita Finzi 1981; Meghraoui 
et  al. 1988) (Fig.  1a). Other strong earthquakes (M  >  7) 
affected northern Algeria in recent times (e.g., Harbi et al. 
2004, 2007), including the Mw 6.8 Boumerdes event 
(05/21/2003) which probably induced 20–30 cm of coseis-
mic coastal uplift (Meghraoui et  al. 2004; Maouche et  al. 
2011) and reactivated offshore structures (Déverchère et al. 
2005, 2010) (Fig. 1a).

Geology

We studied the structures (“folds” and faults) located 
between the Chenoua and Algiers massifs (Fig. 1b) which 
are relics of Kabylian blocks spread along the coast during 
Miocene times (Durand-Delga 1969). The Algiers massif 
consists of a crystalline metamorphic basement, whereas 
the Chenoua massif exhibits the sedimentary cover of the 
Kabylian blocks, the latter sediments being Mesozoic to 
early Eocene marine deposits (Peucat et  al. 1996). The 
Algiers massif is bounded to the north (i.e., offshore) by 
a reverse south-dipping active fault located at the foot of 
the margin (Yelles et al. 2009). To the south (i.e., onshore), 
the massif is bounded by two anticlines associated with 
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a potential southern blind south-verging reverse fault 
(Fig. 1b) (Harbi et al. 2004; Domzig et al. 2006). The Che-
noua massif is bounded to the south by a north-dipping 
onshore reverse fault bent northeastward in the offshore 
domain and reactivated in 1989 (Meghraoui 1991). East of 

this structure, two offshore, NE–SW-trending, en-echelon 
anticlines are most probably associated with a reverse fault 
affecting Pliocene sedimentary units (Zanclean–Piacen-
zian) (Domzig et al. 2006; Yelles et al. 2009; Strzerzynski 
et al. 2010).
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Fig. 1   Settings of the Algerian margin. a Geodynamics of the west-
ern Mediterranean. Blue line corresponds to the marine terrace and 
rasa mapping area. Pink areas correspond to Kabylian blocks. Black 
arrows with value in mm/year indicate the convergence vector 

between Africa and Europe (Nocquet and Calais 2004). Black line 
with triangles indicates the thrust front of this convergence. b Geol-
ogy of the Sahel ridge area, west of Algiers (redrawn from Strzerzyn-
ski et al. 2010; Maouche et al. 2011)
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The 60-km-long WSW-ENE Sahel ridge extends 
between the two massifs (Fig. 1b) and corresponds to the 
northern boundary of the Middle Miocene to Quaternary 
intra-continental Mitidja basin (Glangeaud et  al. 1952; 
Aymé et al. 1954). Different interpretations of this structure 
have been proposed. For Glangeaud (1932), Meghraoui 
(1991), and Maouche et  al. (2011), it corresponds to an 
anticline associated with the propagation of a south-verg-
ing fault. For Aymé et  al. (1954) and Yassini (1975), the 
ridge consists in a southward dipping monocline affect-
ing the Mio-Pliocene sedimentary series (marls and sand-
stones Tortonian-Zanclean and Piacenzian in age). The 
deformation would be associated with the north-dipping 
blind thrust observed on the southern flank of the Sahel 
ridge (Meghraoui 1991; Maouche et  al. 2011; Heddar 
et  al. 2013). Modeling of recent gravity data highlighted 
a deep, steep north-dipping tectonic contact-oriented NE–
SW between the Sahel ridge and the Mitidja basin (Hamaï 
2011). Between the NE–SW Sahel ridge and the southern 
fold of the Algiers massif, the Mazafran River forms an 
across-strike valley (Fig. 1b).

Exposed on the eastern flank of Mazafran river valley, 
the boundary between the Miocene and Pliocene series 
consists in an erosional discordance on which continen-
tal conglomerates lay down (Aymé et  al. 1954; Yassini 
1975). The Pliocene deposits around the Mitidja basin 
have been interpreted as the infilling of canyons resulting 
from the sea-level rise after the Messinian salinity crisis 
(5.9–5.33 Ma) (Rubino et al. 2007). In the Algiers massif, 
the Pliocene units (maximum elevation of ~300  m) were 
considered by Rubino et  al. (2007) to be a Gilbert-type 
delta showing a transition from marine to continental envi-
ronments, evidenced by bottom set, foreset, and topset fea-
tures (Gilbert 1899; Clauzon and Rubino 1992). The Plio-
cene deposits of the eastern flank of Mazafran river valley 
are considered as located upstream to the Algiers massif 
Pliocene outcrops but belonging also to the Gilbert-type 
delta deposits (Rubino et  al. 2007). The Piacenzian age 
(3.6–2.6 Ma) of the marls (Yassini 1975) chronologically 
constraints the filling of the Algiers canyon. The transition 
between marine and continental deposits within the Plio-
cene units is related to the highest Pliocene-Quaternary 
highstand (the so-called Mid-Pliocene warm period high-
stand (3.3–2.9  Ma, e.g., Rovere et  al. 2014)) in Mediter-
ranean regions (Clauzon et  al. 1996; Mocochain et  al. 
2006; Rubino et  al. 2007). The Pliocene Gilbert-delta 
surface was probably abandoned following to a sea-level 
fall due to the Late Cenozoic intensification of glacio-eus-
tatic cycles, synchronic with the development of the large 
ice sheets in the Northern Hemisphere (Clauzon et  al. 
1996; Rubino and Clauzon 2008), that started at ~3.3 Ma 
(Kleiven et al. 2002) and widespread at 2.6 Ma (Gibbard 
et al. 2010).

Previous studies on marine terraces west of Algiers

The northern flank of the Sahel ridge exhibits a staircase 
morphology (e.g., De Lamothe 1911). Up to the twenty-
first century, only the associated sediments and malacologi-
cal contents of the terraces and rasas were described (De 
Lamothe 1911; Glangeaud 1932; Aymé 1952; Saoudi 1988; 
1989); the general distribution of the fossil shorelines west 
of Algiers being mapped recently (Maouche et  al. 2011; 
this study). The initial chronomorphostratigraphy along 
the Sahel shores included three main stages of terrace for-
mation following to the “old Mediterranean” Pleistocene 
terminology: the Sicilian-Calabrian (~120  ka–2.6  Ma), 
Tyrrhenian (~10–120  ka), and Versilian (<~10  ka) stages 
(De Lamothe 1911; Glangeaud 1932; Aymé 1952; Saoudi 
1989). Strombus bubonius fossils found in the deposits of a 
low terrace (elevation <10 m, ~6 m as suggested in Saoudi 
1989) were dated using the U/Th method at two sites 
between Tipaza and Aïn Tagourait and yielded two ages of 
140 ± 10 ka and 125 ± 10 ka (Stearns and Thurber 1965) 
(Fig. 1b). This dating led the authors to correlate the lowest 
terrace to the last interglacial maximum (MIS 5e ~120 ka). 
This interpretation allows to calculate low uplift rates 
(~0.1  mm/year) for this coastal stretch, similar to those 
estimated in several places along the North Africa margin 
(e.g., Meghraoui et  al. 1996; Morel and Meghraoui 1996; 
Pedoja et al. 2013, 2014).

Recently, Maouche et al. (2011) through 14C dating and 
a postulate on the elevation of Stearns and Thurber’s (1965) 
sampling reassessed the coastal uplift rate to be ~0.84–
1.2  mm/year since 140  ka and ~2.5  mm/year for the last 
31 ka. These authors interpreted their results as the incre-
mental folding uplift since the Late Pleistocene and pro-
duced a model of fault-related fold growth in order to esti-
mate the coseismic surface deformation and the possible 
occurrence of large earthquakes with Mw ≥  7. Members 
of our team (Pedoja et al. 2013) raised major issues on the 
methods and results of this paper (Pedoja et al. 2013). The 
new data brought in the present work will help deciphering 
the timing and paleogeographical evolution of this densely 
populated coastal stretch.

Methods

Coastal sequences as indicators of tectonic activity

Staircase coastal sequences are widespread geomorphic 
markers (Lajoie, 1986; Murray-Wallace and Woodroffe 
2014; Pedoja et  al. 2011, 2014). Such sequences con-
sist of “stacked” successive fossil shorelines represented 
by landforms such as marine terrace (erosional, deposi-
tional, and constructional) and notches (Pedoja et al. 2011; 
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Murray-Wallace and Woodroffe 2014). The fossil shore-
lines can be well individualized, compound or present as 
rasa. Compound marine terraces correspond to a succes-
sion of two fossil shorelines for which the cliff separating 
them is reduced, lower than the cliff separating two well-
individualized strandlines. Rasas are sequences of terraces, 
generally erosional (fossil rocky shore platform) wherein 
shoreline angles are not discernible (Pedoja et al. 2014 and 
reference therein). Rasas were well defined bv Guilcher 
(1974) who distinguished two morphological types of rasas 
in function of theirs junctions toward the continent: those 
limited by an elevated cliff or scarp and those limited by 
a lower cliff or scarp or even no noticeable break of slope. 
He assumed the strandflats to be high-latitude rasas where 
gelifraction and post-Holocene glacial isostatic adjust-
ment (GIA) are important shaping factors, and he associ-
ated the planation surfaces of the rasas or strandflats to be 
created, over a long time by a mixture of repeated marine 
erosion and continental phenomenon. Pedoja et al. (2014) 
made the correlation between the Cenozoic sea-level trends 
and coastal staircase morphology. The staircase shaping of 
coasts increased during the Pliocene and Pleistocene as a 
consequence of the intensification of eustatic sea-level 
oscillations, as inferred from the isotopic record (Lisiecki 
and Raymo 2005). The formation of rasas was therefore 
promoted before and during early Pleistocene times, dur-
ing periods of faster oscillations and lower amplitudes in 
sea-level fluctuations than since the Middle Pleistocene. At 
many coastal sites, there is a slight difference between the 
lower part of the sequence that formed during the Holocene 
to middle Pleistocene as individualized strandlines and/or 
compound terraces as compared to the upper part (rocky 
or sedimentary rasa) (Pedoja et al. 2014). These raw mor-
phological differences between the lower and upper part of 
the sequence is an asset to explore the lateral continuity of 
individual shorelines.

The interpretation of Upper and Middle Pleistocene fos-
sil shorelines, such as marine terraces, as being formed dur-
ing separated highstands of interglacial stages correlated 
with marine oxygen isotopic stages and/or substages (MIS 
or MISS) (James et  al. 1971; Chappell 1974; Bull 1985; 
Ota, 1986) is now widely applied to coastal sequences. 
Each marine terrace is characterized by its shoreline angle, 
i.e., the angle between the fossil marine abrasion platform 
and the associated paleo sea-cliff. The shoreline angle of a 
terrace represents the maximum extension of a transgres-
sion and therefore an indicator of sea-level highstand. This 
correlation of the shoreline with a known highstand in sea 
level allows the quantification of mean coastal uplift rates. 
On the field, generally only the inner edge (i.e., the terrace 
surface next to the shoreline angle) of the terrace is accessi-
ble, the shoreline angle being tapped, buried, and/or eroded 
(e.g., Lajoie 1986).

We mapped and determined the elevations of shoreline 
angles and inner edges on the field with the use of baro-
metric altimeters (48 sites), and we have correlated them 
step by step when necessary (vegetation, access) using 
2.5-m-resolution SPOT satellite images and 20-m-reso-
lution SPOT DEM extracting the slope images in order to 
highlight topographic breaks associated with fossil shore-
line. The margins of error in the shoreline angle and/or 
inner edges elevations include the uncertainties associ-
ated with their measurement on the field (eroded, tapped) 
or the DEM vertical resolution and with slope evolution 
processes.

To chronologically frame the study coastal sequence, we 
dated 6 samples of mollusk shells by U/Th decay method 
applied on samples of mollusk shell (Table  1). U-series 
determination of shells samples was carried out at GEO-
TOP research centre of the University of Quebec at Mon-
treal. A piece of few grams of the shell was cut using an 
abrading device (Dremel® rotary tool). The external layer 
of the sample was removed in order to reduce the risk of 
contamination by 230Th-bearing detrital particles. The sam-
ple was then burn in a clean crucible in order to destroy 
organic matter then dissolved with a 7 N HNO3 in Teflon 
beakers, and a known amount of spike (233U, 236U, and 
229Th) was added to determine U and Th isotopes by iso-
tope dilution technique. To this solution, around 15 mg of 
Fe carrier was added. In order to concentrate the U and Th 
elements from the bulk solution, a Fe(OH)3 precipitate was 
created by adding a solution of ammonium hydroxide until 
obtaining a pH between 7 and 9. The precipitate was recov-
ered by centrifugation and then dissolved in 6 M HCl. The 
U–Th separation based on Edwars et  al. (1987) was con-
ducted using AG1X8 anionic resin bed. The Th and U-Fe 
fractions were retrieved by elution with 6 N HCl and H2O, 
respectively. The purification of the U fraction was done 
using 0.2  ml U-Teva (Eichrom® Industries) resin volume. 
The U-Fe separation was performed by elution using 3 N 
HNO3 (Fe fraction) and 0.002 N HNO3 (U fraction). The 
purification of Th was performed by elution using a 2 ml 
AG1X8 resin in 7 N HNO3 and elution with 6 N HCl. A 
final purification of Th was carried out on a 0.2-ml AG1X8 
resin in 7 N HNO3, and Th was eluted with 6 N HCl. The 
U and Th fractions were deposited on Re filament between 
two layers of graphite and measured using a VG-sector 
mass spectrometer (TIMS) fitted with an electrostatic filter 
and a Daly ion counter. Mass fractionation for U was cor-
rected by the double-spike 236U/233U (1.132), while mass 
fractionation for Th was considered negligible with respect 
to analytical error. The overall analytical reproducibility, 
as estimated from replicate measurements of standards, is 
usually better than 0.5 % for U concentration and 234U/238U 
ratios and ranges from 0.5 to 1  % for 230Th/234U ratios 
(2-sigma error range).
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The U-series disequilibrium results are shown in 
Table 1. However, the dating results were used to correlate 
the shoreline of each dated terrace with highstand, whose 
age is known from literature (e.g., Bintanja et al. 2005; Sid-
dal et al. 2006). Our sampling strategy consisted of trying 
to date the lowstanding terraces and associated deposits 
(purported the youngest) because higher (i.e., older) terrace 
have ages beyond the limit of the U/Th method.

We calculate uplift rates with and without correction for 
eustasy. The mean uplift rate (U) is calculated by using the 
following equation (e.g., Lajoie 1986):

with (E) the present-day elevation of the inner edge (or 
shoreline angle) of the terrace, (e) the paleo-elevation of 
each shoreline (i.e., eustatic component) which may cor-
responds to either the eustatic (ice-equivalent) sea level 
reached during the interglacial (e.g., MIS 5e) or interstadial 
(e.g., MIS 3), (A) the age of the associated interglacial or 
interstadial stage.

We also compute apparent uplift rates (Ua) as Ua = E/A, 
i.e., rejecting any a priori correction for eustasy (e) as in 
Pedoja et  al. (2011, 2014). Errors reported on both com-
puted uplift rates include uncertainties in the MIS ages and 
shoreline angle altitude measurements.

Global estimates of last interglacial sea levels include 
many controversial issues. For example, the sea level of last 
interglacial maximum (MIS 5e) is “traditionally” described 
as reaching +6 m APSL (above present sea level) or even 
more (e.g., up to 9 m see Hearty et  al. 2007; Kopp et  al. 
2009; Dutton and Lambeck 2012; Creveling et  al. 2015). 
But this point is debated (Pedoja et al. 2011, 2014; Murray-
Wallace and Woodroffe 2014).

Consequently, as in Murray-Wallace and Woodroffe 
(2014), we consider that, most probably, 1) MIS 5e sea 
level (124 ± 8 ka) was between +2 and +10 m higher than 
present (6 ±  4 m); 2) MIS 7 sea level (217.5 ±  27.5 ka) 
was−3  ±  3  m lower than present; and 3) MIS 9 
(324.5 ±  18.5  ka) was similar to present (0 ±  2  m) 4), 
whereas MIS 11 (390 ± 30 ka) was probably higher than 
present by 5 ± 5 m (Fig. 4). These synthetic values corre-
spond to the mean (with associated margin of error) of the 
observed ranges (both in age and in eustasy). Few studies 
provide information on interglacials older than MIS 11, and 
uncertainties in their timing, duration, and number of high-
stands are large.

In order to illustrate the various results (and perplexity 
in interpretation, see Caputo 2007) brought by the use of 
different ages and correction for eustasy, we calculate our 
upper and Middle Pleistocene uplift rates (Table  1) using 
the data from more deterministic (Bintanja et  al. 2005; 
Siddall et al. 2006; Hearty et al. 2007) or regional studies 
(Bardaji et al. 2009; Dorale et al. 2010).

U = (E − e)/A.

Nevertheless, to tentatively estimate the onset of coastal 
uplift record through the formation of a coastal sequence 
and to propose an age for the highest coastal indicators 
(purported the oldest), (1) we extrapolated our Middle 
Pleistocene uplift rates, (2) we analyzed the spatial rela-
tionships between marine terraces/rasas and the geological 
markers already recognized in the studied area, (3) we used 
sea-level referential data (Haq et  al. 1987; Lisiecki and 
Raymo 2005; Miller et al. 2005; Kominz et al. 2008) and 
bibliographical data of Mediterranean sea-level records to 
correlate these geomorphological surfaces with old, “large 
temporal wavelength” highstands.

Geomorphic indices

Morphometric parameters were extracted from the river 
network and topography of the 20-m-resolution SPOT 
DEM using Rivertools and Arcgis softwares. This morpho-
metric analysis highlights changes in tectonic uplift by tak-
ing into account the influence of lithology and excluding 
the impact of the climate since it is the same throughout 
the relatively small studied area (600 km2). Similar studies 
were already conducted in coastal California (Merritts and 
Vincent 1989; Snyder et al. 2000, 2003; Duvall et al. 2004) 
and recently in Indonesia (Nexer et al. 2015) where authors 
correlated morphological properties of drainage basins with 
uplift rates (e.g., channel length, gradient and width, basin 
area, relief, drainage density, steepness index ksn, shape 
factor, hypsometric integral).

We decide to use the morphometric indices which cor-
relate with the uplift rate in the specific conditions corre-
sponding to coastal streams draining marine terraces: the 
basin elongation ratio and the hypsometric integral (Nexer 
et al. 2015).

The basin elongation ratio (Re) represents the elonga-
tion of a catchment and is calculated through the following 
equation (Schumm 1956):

where LB is the maximum basin length and A is the catch-
ment area. We use this parameter because in an uplifting 
landscape, drainage basins tend to be elongated.

The hypsometric integral (HI) represents, for a water-
shed, the distribution of elevation as a function of the 
drainage area in a watershed (Strahler 1952; Mayer 1990; 
Keller and Pinter 2002). It is calculated with the following 
equation.

where Elm is the mean elevation, Emax the maximum eleva-
tion, and Emin the minimum elevation. HI can be viewed 
as the fractional volume of a basin that has not yet been 
eroded.

Re = (2
√
A/

√
ψψ)/LB

HI =
(

Elm − Elmin

)

/
(

Elmax − Elmin

)
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HI is an indicator of landscape evolution influenced by 
forcing factors (i.e., tectonics, climate, lithology) on topog-
raphy (Hurtrez et al. 1999). More precisely, HI is related to 
the degree of dissection of a basin. Consequently, it indi-
cates the relative dominance of incision and hillsope pro-
cesses in landscape evolution. The parameter is strongly 
sensitive to the drainage area especially when the steady-
state topography is not reached (Hurtrez et al. 1999; Cheng 
et  al. 2012). To remove these effects, we only consider 
watersheds with the same Strahler order (SH = 5) (Strahler 
1952), as advised by Cheng et al. (2012) (a SH = 1 drain is 
defined as draining a minimum area of 1400 m2).

Results

Coastal sequences analyses

Distribution of the Sahel ridge marine terraces and rasas

We surveyed the coast from El Marsa (in the Chlef Prov-
ince) to Ain Taya (Algiers Province) (Fig. 1a) and observed 
sequences of fossil shorelines (wave-cut and/or wave-built 
terraces and sometimes rasas) over a 220-km-long stretch 
of coast.

Along a ~70-km-long coastal area, Late Cenozoic 
coastal morphologies and deposits are found on the north-
ern flank of the Sahel ridge between the Chenoua and 
Algiers massifs (Fig. 1b). On the latter massif, the sequence 
reaches a maximum elevation of ~370 ±  20  m. Between 
the Chenoua and the Algiers massifs, the staircase coastal 
morphologies of the northern flank of the Sahel ridge reveal 
a sequence of paleo-shorelines conform to the present-day 
shoreline (Fig. 2a); the fossil shorelines underline a 50-km-
long embayment-orientated SW–NE. All along this coastal 
stretch, the middle and upper shorelines constituting the 
sequence (i.e., T3 to T10) are laterally continuous except 
in the Mazafran valley where the sequence is eroded by the 
river. The lower shorelines can underline smaller embay-
ments (T1 and T2) and/or be covered by aeolian deposits. 
Nevertheless, the lateral continuity of the lower shorelines 
is proved by their morphology and topographic position. 
On the southern flank of the Sahel ridge, we also observed 
extensive outcrops of coastal deposits (Fig.  3a) but with-
out clear staircase morphology. This lack might result from 
less efficient coastal erosion in this protected area, the sub-
merged Mitidja plain forming a ria.

The coastal sequence located west of Algiers is sub-
divided into a lowstanding sequence of marine terraces 
(Fig. 3b) overlooked by widespread rasas (up to 6). The 
“Tombeau de la Chrétienne” monument is built on the T7 
upper rasa that forms the top of the Sahel ridge (Fig. 3c, 
see Fig. 2a for location). T6 rasa presents a metric-scale 

petrocalcic horizon (Fig.  3d). For the lower part of the 
sequences (identified shorelines), the coastal deposits 
and morphologies reside in “typical” marine terraces 
(i.e., fossil rocky shore platform with typically less than 
1 meter of coastal deposit), but locally (i.e., inland from 
Sidi Ferruch tombolo, see Fig.  2a for location) the ter-
races are covered by several meters of sandy coastal 
deposits and resemble “wave-built” terraces (Fig.  3e). 
These lowstanding deposits and morphologies are fre-
quently covered or capped by aeolian deposits, but mor-
phological differences between the lower and upper parts 
of the sequence allow us to explore the lateral continuity 
of individual strandline.

We performed five altitudinal transects and measured 48 
elevations of fossil shorelines (Fig. 2a, b). The sequence of 
marine terraces and rasas reaches a maximum altitude of 
370 ± 20 m (Profile AT5) and includes up to 10 main fos-
sil shorelines, west and east of the Mazafran valley (Profil 
AT2-2′, AT3, AT5 in Fig. 2b). Compared to previous stud-
ies (Saoudi 1989; Maouche et  al. 2011), we describe two 
or three supplementary fossil shorelines, east and west of 
the Mazafran valley, respectively. The topographic profiles 
along the flat surfaces associated with T7, T5, and T3 fos-
sil shorelines evidence a continuous eastward increase in 
their elevations (Fig.  2a, c). For the westernmost part of 
the profiles, we calculated the inclination of T7, T5, and T3 
surfaces (i.e., their angle from the horizontal, see Fig. 2c: 
This angle is higher for the highest (i.e., oldest) rasas and 
terraces). East of the Mazafran valley, elevations of the 
same fossil shoreline are still almost constant. Over this 
20-km-long stretch of coast, T3, T5, and T7 are located, 
respectively, at 55 ± 10 m, 135 ± 20 m, and 250 ± 20 m 
(Fig. 2c).

Chronostratigraphy and uplift rates

We dated by U/Th method six samples (shells of bivalve) 
from six sites (Fig.  2a; Table  1) outcropping on the low-
standing terraces, respectively T1 (three samples: 4, 21, 48), 
T3 (one sample: 33), T4 (one sample: 10), and T5 (one sam-
ple: 11). Samples 4, 21, and 48 taken in T1 deposits yielded 
ages of 67.3 ± 1.5 ka on Chenoua transect. 102.6 ± 2.8 ka 
on Bou Haroun transect, and 130.4 ± 4.4 ka on Ain Benian 
transect.

Samples taken in T1 deposits on different sites along 
the Algiers shores yielded different ages that can lead to 
different interpretations: (1) Sample 4 suggests a possible 
correlation with a sea level during MIS 3 (~32–64  ka in 
Murray-Wallace and Woodroffe, 2014) an interstadial char-
acterized by “low” sea levels (<−50 m) (Murray-Wallace 
and Woodroffe 2014) or even to the lowstand associated 
with MIS 4 (~60–75 ka), (2) sample 21 suggests a corre-
lation with MIS 5c (~105  ka), a highstand following last 
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interglacial maximum (MIS 5e), and (3) sample 48 sug-
gests a correlation with MIS 5e (~120 ka).

At this stage of the study, we discard hypothesis 1 
(T1 = MIS 3 or even MIS 4) because (1) coastal landform 
or deposit related to lowstands have not been dated in any 
emerged sequence around the world even if, in case of long 
lasting uplift, such lowstand features should theoretically 
emerge (e.g., Pirazzoli et al. 1993). (2) Sequence including 
MIS 3 terraces are generally including an overlooking MIS 
5e terrace (see Figure 10 in Pedoja et al. 2014) and there 
are generally a couple or more terraces associated with 
the MIS 3 sea levels, what is not the case on the Chenoua 
coasts. (3) Fossil shoreline associated with the sea levels 
that occurred during MIS 3 are present on coasts experi-
encing high uplift rates (>0.5 mm/year in Murray-Wallace 
and Woodroffe 2014 and 1.18 ±  0.08 mm/year in Pedoja 
et al. 2014). (4) U/Th results on the deposits from the same 
terrace (i.e., T1 samples 21 and 48) are not consistent with 
such an age.

The young U/Th age yielded by sample 4 may probably 
be either a consequence of contamination of the sampled 
shells by post-diagenetic uranium because the (234U/238U) 
ratio of 1.22 is higher than expected for a marine shell 
evolving in a closed system [(234U/238U) ≤ 1.15], or due 
to the sampling of a shell inlayed in the hardened sur-
face on the top of the terrace that could have be formed 
after the terrace formation (Table 1). Given the result of 
samples 21 and 48, T1 fossil shoreline was surely carved 

during last interglacial period (i.e., MIS 5), but, as said 
above, this ages could relate to two different highstands 
during this period: MIS 5e or MIS 5c. Sample 21 gives an 
age associated with MIS5c but could be associated with 
MIS5e if we considered an underestimated dating induced 
by an open radioactive system [(234U/238U) ratio of 1.378] 
or by the sampling at the updated terrace surface as for 
sample 4.

We emphasize here that the chronostratigraphical inter-
pretation consists in correlating the shoreline with a known 
highstand not the deposits present on the terrace. In fact, 
these deposits could have occurred during a later high-
stand in sea level than the one which carved the shoreline. 
More dating are needed to address fully this question. At 
this stage, we tentatively correlate T1 shoreline with the 
last interglacial maximum (MIS 5e) and we propose that 
T1 deposits may include deposits associated with MIS 5c 
(and 5a?) (i.e., compound terrace). This interpretation is in 
agreement with dating of the T3 deposits (i.e., T3 = MIS 
11) and previous dating and chronostratigraphical inter-
pretation of the lower part of the sequence (Stearns and 
Thurber 1965; Saoudi 1989). Furthermore, it seems to be, 
apparently, the more realistic as MIS 5a, 5c sea level are 
considered as lower (or subequal) to the sea level during 
MIS 5e (Murray-Wallace and Woodroffe 2014). Conse-
quently due to the uplift, MIS 5e highstand should have 
been preserved from coastal erosion during MIS 5c and 
5a, but the latter stands were probably efficient relatively 
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to the carving of T1 platform or responsible for some of the 
deposits now preserved on T1.

Sample 33 taken in T3 deposits yielded an age of 
394.8 ±  41.8  ka, close to the limit of the U/Th method. 
According to this dating, we tentatively correlate the 
shoreline angle of T3 with a highstand assigned to MIS 11 
(400 ±  20 ka). Samples 11 and 10 taken, respectively, in 
T4 and T5 deposits both yielded ages outside of the dating 
range of the U/Th decay method. It probably implies that 
T4 and T5 shorelines were carved during highstands older 
than MIS 11.

Consequently, we propose the following chronostratig-
raphy. T1 (whose elevation ranges from 3.5  ±  1  m to 
8 ± 3 m) was carved during maximum of the last intergla-
cial MIS 5e, and T3 whose elevation ranges from 15 ± 3 m 

to 55 ± 10 m was carved during the highstand associated 
with MIS 11 highstand (400 ± 20 ka). These previous cor-
relations imply that T2 could be correlated with highstands 
during MIS 7, MIS 9, or both. A linear extrapolation of 
the mean apparent or corrected for eustasy uplift rate does 
not strictly favor a correlation with MIS 7 or with MIS 9 
(Fig.  4a, c). More dating are needed to fully address this 
outstanding question.

The net vertical displacements and associated uplift 
rates for each site of dated marine terraces, which include 
mean uplift rates calculated with or without correction for 
eustasy, are given in Table  1. Uplift rates are calculated 
also for two different time intervals: since 120 ka (MIS 5e) 
and between 120 and 400 ka (MIS 11) for the five profiles 
along the coast, assuming a constant uplift rate between 
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highstands and taking into account elevation and age 
uncertainties (Fig.  4a, c). Mean apparent uplift rates and 
corrected uplift rates since 120  ka are globally steady all 
along the coast with a mean value of 0.055 ± 0.015 mm/
year (apparent) and of 0.005 ± 0.045 mm/year (corrected 
for eustasy). Between 120 and 400 ka mean, uplift rates are 
increasing eastward, wherever they are apparent (increase 
from 0.045 ± 0.025 to 0.19 ± 0.12 mm/year) or corrected 
(0.06 ±  0.06 to 0.2 ±  0.15 mm/year) (Fig.  4b, d). Uplift 
rates between 120 and 400 ka located to the west (Chenoua 
and Tipaza transects) are similar with uplift rates integrated 
since 120 ka (Fig. 4b, d). Values of uplift rates between 120 
and 400 ka in the eastern zone are higher than those cal-
culated since 120 ka (Fig. 4b, d). The spatial variation of 
uplift rates between 120 and 400 ka agree with the spatial 
changes of finite uplift for older terraces and rasas (T5 and 
T7) increasing eastward (Fig.  2c). The uplift rates calcu-
lated between 120 and 400 ka are consequently better rep-
resentative of the long-term tectonic pattern than those cal-
culated since 120 ka. Significantly smaller uplift rates since 
120  ka may indicate either a quiescence or the ending of 
folding.

Morphometric analyses

Re and HI values for basins along the Algiers and Sahel 
reliefs are presented in Fig.  6a, b, respectively. We also 
added plots of morphometric values of the northern and 
southern Sahel flank catchments versus distance from 
Tipaza to Mazafran River in order to compare the morphol-
ogy of the two flanks (Fig.  6a, b). Finally, we produced 
plots showing the morphometric values of the northern 
Sahel flank catchments versus uplift of T5 marine terrace 
in order to analyze the potential linear correlation between 
these parameters. Re indices were calculated for 141 basins 
extracted from the 20-m-resolution SPOT DEM (Fig.  5a; 
Table 2). The values range from 0.31 to 0.89. The differ-
ence between the values of Re for the northern and southern 
Sahel flank catchments highlights an asymmetry between 
the two sides of the Sahel ridge (Fig. 5a). On the southern 
flank of the Sahel ridge, Re values are higher than on the 
northern flank, indicating that the northern basins are more 
elongated. Longitudinally, we detect high-to-moderate val-
ues (0.5 < Re) in the E-trending western Sahel termination 
(basins no. 1 to 35 and 82 to 114), low-to-moderate val-
ues (0.3 < Re < 0.5) in the NE–SW-trending central Sahel 
part (basins no. 36 to 49 and 115 to 141), and globally 
low-to-moderate values for catchments east of the Maza-
fran valley except for basins n° 61 to 65. The relationship 
between Re values of northern catchments and uplift of the 
T5 rasa is inferred (Re versus uplift graph of Fig. 5a). We 
detect a global slight decrease in the Re values when uplift 
increases but without clear correlation.

Hypsometric integrals were computed for 67 basins with 
a 5-Strahler order (Fig. 5b; Table 2). The values range from 
0.39 to 0.8. We separate the basins into four classes of HI 
values. West of the Mazafran valley, on the southern flank 
of the Sahel ridge, hypsometric integrals present lower val-
ues than those on the northern flank (Fig. 5b). Longitudi-
nally, we roughly divide the western Sahel into two parts 
with moderate HI values (0.4 < HI < 0.6) in the E-trending 
western Sahel termination (basins n°3 to 23 and 86 to 107) 
and high values (0.6  <  HI  <  0.9) in the NE–SW-trending 
Sahel part (basins n°33 to 48 and 116 to 139). East of the 
Mazafran valley, we determined two ranges of HI values: 
a range of low values (0.5  <  HI) for watersheds located 
in the central part (basins n° 50 to 60) of the southern 
fold of the Algiers massif and a range of moderate val-
ues (0.5 < HI < 0.6) for watersheds located in its eastern 
part (basins n°63 to 80). The hypsometric integral versus 
uplift graph of Fig.  6b presents the relationships between 
HI values of the northern catchments and the uplift of T5 
rasa. The linear correlation between the two parameters is 
not good, but generally low uplift rates deduced from T5 
elevation are associated with low HI values, whereas higher 
uplifts rates deduced from T5 elevation are associated with 
higher HI values.

Geological data

On the northern flank of the Sahel ridge, two outcrops of 
marls under marine terrace deposits strata allowed us to 
measure the strata direction and dip (Fig.  1b). The direc-
tions are N45° and N67° and the dips are 22° and 20° to the 
SE, for the sites 1 and 3, respectively (Figs. 1b, 6). Accord-
ing to the neighboring Mazafran cross section (Aymé et al. 
1954; Yassini 1975) and regional Tipaza-Kolea 1:50,000-
scale geological maps (Aymé et  al. 1962; Ficheur and 
Jacob 1911), measured strata of site 3 correspond to Upper 
Miocene marls, whereas westward, measured strata of site 
1 are associated with Lower Pliocene marls. No Upper 
Pliocene sandstones strata outcrop of the northern flank of 
the Sahel ridge. The marine deposits lay directly above the 
Lower Pliocene marls (Fig.  3d, e). On the southern flank 
of Sahel, we measured the direction and dip of the Upper 
Pliocene sandstones strata at two other sites (sites 2 and 4, 
Fig. 1b). As for sites 1 and 3, we identified and quantified 
a southward dipping (62° to the S and 31° to the SE, for 
sites 2 and 4, respectively) in agreement with a monocli-
nal structure of the onshore Sahel ridge (Fig. 6). To deter-
mine the offshore extension of the structure, we added to 
the NW–SE cross sections of Fig.  6 and interpreted seis-
mic profiles from Yelles et al. (2009) and Strzerzynski et al. 
(2010). To connect the offshore geological strata with the 
onshore geological formation exposed in the outcrop sites 
of this study and the eastern flank of the Mazafran valley 
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cross section (Aymé et al. 1954), we used the lithological 
data of the Algiers borehole (Burollet et al. 1978) of 1200 
depth located across the MS5 profile (Figs. 1, 6). The seis-
mic profiles have highlighted neighboring offshore anti-
cline. The southeastward part of the MS5 seismic profile in 
Yelles et al. (2009) allows to visualize the offshore northern 
flank of the Sahel fold.

Discussion

Proposed Late Cenozoic chronostratigraphy

The most complete sequence of strandlines (AT5, Fig. 2a, 
b) is located west of Algiers, where 10 successive terraces 
and rasas are observed between the modern shoreline and 
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Table 2   Selected catchments and values of morphometric indices

Basin number Re HI Strahler order Area (km2)

1 0.76 0.42 4 0.63

2 0.68 0.55 4 0.97

3 0.72 0.51 5 2.68

4 0.51 0.55 5 0.89

5 0.50 0.61 5 1.38

6 0.49 0.54 5 0.53

7 0.55 0.51 5 1.65

8 0.57 0.55 5 1.42

9 0.46 0.54 4 0.89

10 0.61 0.59 5 1.78

11 0.52 0.44 5 0.84

12 0.51 0.56 4 0.52

13 0.50 0.56 4 0.44

14 0.62 0.45 5 1.40

15 0.70 0.40 5 1.34

16 0.55 0.57 4 0.75

17 0.62 0.52 4 0.61

18 0.59 0.46 4 0.46

19 0.56 0.40 4 0.48

20 0.78 0.46 5 1.25

21 0.53 0.44 4 0.18

22 0.65 0.46 4 0.45

23 0.62 0.47 5 0.32

24 0.61 0.65 4 0.47

25 0.66 0.47 4 0.34

26 0.60 0.47 4 0.47

27 0.65 0.52 4 0.42

28 0.58 0.49 4 0.49

29 0.58 0.51 4 0.57

30 0.46 0.45 4 0.33

31 0.51 0.38 4 0.43

32 0.89 0.56 6 2.21

33 0.60 0.50 5 2.17

34 0.48 0.44 4 0.92

35 0.57 0.57 5 2.14

36 0.58 0.62 5 2.09

37 0.53 0.59 5 1.81

38 0.51 0.47 4 1.49

39 0.51 0.56 5 1.97

40 0.41 0.54 4 1.18

41 0.53 0.54 5 1.86

42 0.53 0.64 5 1.91

43 0.49 0.68 5 1.18

44 0.57 0.77 6 3.41

45 0.38 0.68 5 1.56

46 0.49 0.68 6 2.79

47 0.56 0.68 5 3.25

48 0.66 0.53 5 3.17

49 0.47 0.58 4 0.93

Table 2   continued

Basin number Re HI Strahler order Area (km2)

50 0.56 0.45 5 2.78

51 0.48 0.45 5 2.11

52 0.58 0.45 6 4.38

53 0.56 0.45 5 5.02

54 0.59 0.45 5 4.39

55 0.58 0.48 6 9.59

56 0.59 0.42 5 1.30

57 0.55 0.45 5 1.87

58 0.52 0.43 5 2.40

59 0.60 0.52 6 4.20

60 0.55 0.39 5 1.49

61 0.49 0.39 4 1.24

62 0.43 0.44 4 1.05

63 0.44 0.44 5 1.25

64 0.49 0.55 5 2.08

65 0.47 0.38 4 1.02

66 0.52 0.58 5 2.17

67 0.56 0.51 5 1.55

68 0.58 0.56 5 1.70

69 0.52 0.49 4 1.02

70 0.59 0.49 4 0.52

71 0.69 0.57 4 0.34

72 0.61 0.59 4 0.66

73 0.51 0.56 5 2.87

74 0.68 0.53 5 0.62

75 0.69 0.54 5 1.59

76 0.72 0.57 5 1.02

77 0.68 0.50 4 0.36

78 0.84 0.55 4 0.76

79 0.57 0.54 5 1.17

80 0.66 0.46 5 1.28

81 0.84 0.44 6 3.25

82 0.63 0.73 4 0.34

83 0.63 0.60 4 0.35

84 0.61 0.50 3 0.27

85 0.69 0.43 4 0.54

86 0.56 0.56 5 2.27

87 0.73 0.55 5 4.66

88 0.55 0.55 4 1.46

89 0.51 0.53 5 3.02

90 0.55 0.56 5 3.24

91 0.63 0.41 5 1.82

92 0.55 0.56 5 2.09

93 0.47 0.63 4 1.04

94 0.47 0.54 4 0.71

95 0.51 0.70 5 1.39

96 0.41 0.60 4 0.75

97 0.61 0.55 4 0.92

98 0.68 0.59 5 1.39
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the top of the Algiers massif at an elevation of 370 ± 20 m. 
The coastal uplift rates between 120 and 400  ka range 
from 0.07 to 0.31  mm/year (apparent) and from 0.05 to 
0.35 mm/year (corrected for eustasy) (Fig.  4). These new 
estimates agree with the estimates of Morel and Meghraoui 
(1996) of 0.11 to 0.31 mm/year using the MIS 5e highstand 
according to the U/Th dating of T1 near Tipaza by Stearns 
and Thurber (1965) and with the uplift rate estimates by 
Strzerzynski et  al. (2010) of 0.10 ±  0.02  mm/year using 
the upper surface elevation of the Pliocene deposits near 
Algiers. They are also consistent with estimates calculated 
on coasts of Northern Africa and southern Spain (up to 
0.2  mm/year) (e.g., Abad et  al. 2013, Pedoja et  al. 2013, 
2014 see references therein). By contrast, the uplift rates 
deduced by Maouche et al. (2011) (i.e., 0.84–1.2 mm/year) 
is about one order of magnitude higher.

Taking into account uncertainties and a constant uplift 
rates extrapolated up to middle-to-upper Pleistocene, the 
upper rasa (T8) might be carved between 0.9 and 4.7 Ma 
(without correction for eustasy) or between 0.8 and 6.6 Ma 
(with correction for eustasy). However, note that this age 
range is only indicative since uplift rates are not necessarily 
constant through longer geological time (i.e., >0.5 Ma).

In the Algiers massif, the three upper rasas (T8, T9, and 
T10) overlook by a minimum of ~60 m the top of the Plio-
cene Gilbert-delta filling the Messinian canyon (Rubino 
et  al. 2007). Consequently, we interpret the T8, T9, and 
T10 rasas as older than the canyon incision and filling that 
occurred between 5.9 and 2 Ma (Fig. 7). Furthermore, the 
three upper rasas are located on the Algiers massif, an 
allochthonous unit which collided as the other Kabylian 
blocks with the African plate margin during the Lower 
Miocene (Bouillin 1986). Consequently, the formation 
of the T8 to T10 rasas is certainly bracketed between the 
Messinian Salinity Crisis (5.9 Ma) and the lower Miocene 
collision (18–15  Ma) (Fig.  7). They could be associated 
with the three highstands recognized on the eustatic curves 
(Miller et  al. 2005; Kominz et  al. 2008), and recorded in 
Miocene deposits in Tunisia (Gharsalli et  al. 2013), and/
or producing abandonment surfaces (Clauzon et  al. 1996; 
Champion et  al. 2000; Besson et  al. 2005; Rubino and 
Clauzon 2008; Molliex et  al. 2011) during the late Torto-
nian (7 Ma), the Serravalien (11–12 Ma), and the Laghian 
(14–16 Ma), respectively (Fig. 7).

The interpolated age for T8 (0.8 to 6.6  Ma), calcu-
lated using the Middle-Upper Pleistocene uplift rates, is 
much younger than the age given by the above geological 

Table 2   continued

Basin number Re HI Strahler order Area (km2)

99 0.51 0.54 4 0.53

100 0.54 0.70 4 0.91

101 0.55 0.61 4 1.02

102 0.61 0.55 4 1.18

103 0.41 0.58 3 0.38

104 0.44 0.59 4 0.47

105 0.52 0.69 4 0.73

106 0.52 0.70 5 0.69

107 0.71 0.75 5 1.50

108 0.42 0.69 4 0.25

109 0.58 0.66 4 0.43

110 0.50 0.76 4 0.34

111 0.43 0.72 4 0.29

112 0.65 0.67 4 0.41

113 0.58 0.65 6 4.65

114 0.58 0.75 4 0.72

115 0.46 0.63 4 1.14

116 0.50 0.67 5 1.48

117 0.40 0.70 4 0.57

118 0.37 0.60 4 0.79

119 0.54 0.68 5 1.81

120 0.32 0.67 4 0.61

121 0.45 0.73 5 1.60

122 0.44 0.63 5 1.10

123 0.48 0.72 5 2.11

124 0.50 0.66 5 2.19

125 0.48 0.58 5 2.00

126 0.60 0.63 6 4.28

127 0.41 0.62 5 1.42

128 0.34 0.81 5 1.33

129 0.58 0.66 6 2.19

130 0.36 0.74 5 1.18

131 0.36 0.54 4 0.86

132 0.31 0.65 4 0.68

133 0.42 0.70 5 1.52

134 0.40 0.69 5 1.14

135 0.45 0.64 5 1.85

136 0.56 0.63 6 4.79

137 0.57 0.56 5 2.81

138 0.49 0.57 4 1.48

139 0.49 0.52 5 0.77

140 0.39 0.51 4 0.31

141 0.43 0.47 4 0.32

142 0.50 0.54 6 5.95

143 0.54 0.44 6 9.18

144 0.70 0.55 8 37.56

145 0.37 0.42 6 10.96

146 0.50 0.38 7 11.93

147 0.52 0.50 7 19.50

Table 2   continued

Basin number Re HI Strahler order Area (km2)

148 0.60 0.45 7 32.62
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correlations (~7  Ma). The discrepancy could suggest, if 
proved, an increase in uplift rates since the Upper Mio-
cene. This analysis suggest the onset or the activity pulse 
of an offshore fold or fault near the Algiers massif inducing 
uplift of this massif during the Pliocene/Pleistocene.

The shoreline of rasa T7 is found approximately at the 
same elevation of the top of the Pliocene Gilbert-delta. 
On the topographic map visualized by the DEM image of 
Fig. 2a, it slightly penetrates southward the northern bound-
ary of the upper pliocene sandstone unit (associated with 

topset features), indicating that it is slightly nested within 
these deposits. Consequently, the caving of rasa T7 prob-
ably occurred after the Pliocene canyon filling beginning at 
3.6  Ma (Yassini, 1975) and before the major decrease of 
the sea level associated with the intensification of the gla-
cio-eustatic cycles at 2.6  Ma (Miller et  al. 2005; Lisiecki 
and Raymo 2005) (Fig. 7).

After 2.6  Ma, the next peak in the eustatic curves 
(Miller et  al. 2005, 2011) occurred during the Gelasian 
period (~2.4  Ma) and is associated with a global high 
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aridity period (Quade et  al. 1995; Retallack 2001; Griffin 
2002) (Fig.  7). The petrocalcic horizon preserved on rasa 
T6 is probably an heritage of this arid event as observed 
elsewhere along the Mediterranean shores (Fig. 3d) (Vogt 
1984; Magaldi et  al. 1989). According to the “circular” 
geometry of the T6 shoreline angle around the Algiers mas-
sif and the T5 “straight” shoreline angle from the Algiers 
massif to the Sahel ridge, the Algiers massif was once an 
island. During late Cenozoic, this paleo-island was “inte-
grated” to the nearby mainland at the moment of formation 
of the T5 marine terrace (Fig.  8), a classical coastal evo-
lution (see Fig. 8, Pedoja et al. 2014). Ages of T5 and T4 
marine terraces or rasas purported older than T3 marine ter-
race (correlated to the MIS 11) must be bracketed between 
2.4 Ma and 400 ka.

Morpho‑tectonic interpretations and Miocene 
to Quaternary coastal evolution

We postulated that the climatic conditions are uniform 
within the studied area (~600 km2). Consequently, the 
cross-studies of the coastal sequences and the drainage 
developed on them allow us to determine how morphomet-
ric indices are sensitive to spatial variations of uplift rates 
and to the lithology.

It appears that the HI parameters are sensitive to the 
lithology: Lowest HI values (HI < 0.5) mainly correspond 
to the outcrop area of soft Pliocene marls (Fig.  5b). This 
soft lithology is rapidly eroded by the drainage system 
that can quickly propagate laterally. However, in most of 
the flanks of the Sahel ridge, almost just one lithology out-
crops (Fig. 1b); therefore, the variations of the morphologic 
parameters on these areas are more likely reflecting the tec-
tonic signal.

We detect rough correlations between the two geo-
morphic values of the northern Sahel catchments and the 
uplift of the T5 rasa (Fig. 5). Consequently, uplift gradient 
on zones without marine terrace shoreline angles, as the 
southern flank of the Sahel ridge or the southern part of the 
Algiers massif, could be inferred from the analysis of the 
values of two morphometric parameters.

The Sahel ridge has been interpreted as an anticline 
ending westward near Tipaza (Aymé 1952; Saoudi 1989; 
Maouche et al. 2011) (Fig. 1b). Folding started before the 
Pliocene because the upper Miocene/Pliocene discordance 
(higher dip of Miocene strata in comparison with Pliocene 
strata) observed on the cross section of the Sahel ridge 
along the Mazafran valley indicates that upper Miocene 
strata were already deformed before the Pliocene (Aymée 
et al. 1954). This timing of folding is also highlighted for 
the eastern neighboring offshore anticlines with similar 
discordances observed on seismic profiles (MS6 profile for 
Yelles et al. 2009; Figure 11 profile for Strzerzynski et al. 

2010) (Figs.  1b, 6). Consequently, these two anticlines 
already existed during the Late Miocene. According to the 
interpreted age of the upper rasa T7 on top of the Sahel 
ridge (3.6–2.6 Ma), we suggest that the emergence of the 
Sahel ridge would began between 3.6 and 2.6 Ma (Fig. 8). 
Thus, this emergence is younger than the onset of the Sahel 
folding indicating an offshore deformation before Upper 
Pliocene.

We propose an offshore location for the Sahel fold axis. 
An axis located offshore, not far from the coastline rather 
than along the ridge crest, better agrees with the onshore 
monocline structure observed on the outcrops on the flanks 
of the Mazafran river valley (Aymée et  al. 1954) and the 
two outcrops of south-dipping marls observed along the 
northern part of the ridge (sites 1 and 2, Figs. 1b, 7). The 
Sahel ridge could correspond to the southern flank of a par-
tially emerged Sahel anticline submitted to marine erosion 
that has erased the topography of the northern limb (Fig. 6). 
The leveling of the northern flank of the Sahel anticline 
induces the formation of rasas and marine terraces directly 
on Lower Pliocene/Miocene marls forming the inside of the 
anticline (Fig. 3d, e). Assuming that the coastline is located 
near the fold axis, uplift rates deduced from the analyses of 
the lower marine terraces should correspond to the maxi-
mum uplift produced by the folding (Fig. 6b).

North–south variations through the Sahel ridge are 
observed in the morphometric parameter values, with 
asymmetry in Re and HI values on both sides of the Sahel 
crest (Fig. 5). This difference can be interpreted in various 
ways. (1) It should result from a difference of erodibility 
between the flanks of the Sahel ridge, with a softer lithol-
ogy to the south than to the north. However, the erodibility 
of marine terraces (a few meters of cemented sandstones 
and pebbles) outcropping on the northern flank is probably 
not very different than the one of the Upper Pliocene unit 
(hard calcareous cemented sandstones) on the southern 
flank (Figs. 1b, 3d, e). (2) It can also results from the base 
level discrepancy between the northern and the southern 
Sahel catchments. The base level of the streams that drain 
the southern flank of the Sahel ridge is 50 m higher than 
the base level of the streams draining its northern flank. 
This difference of elevation corresponds to ~1/5 of the total 
relief. It could favor the achievement of an equilibrium 
state more rapidly than the northern rivers. However, the 
length of catchments is similar on both sides of the Sahel 
crest (Fig.  5). Thus, with a lesser local relief, the south-
ern catchments present lower slope that induces a lower 
efficiency of erosion which slows the achievement of the 
equilibrium state. (3) It could be explained by a possible 
difference in age of drained landscape on both sides of the 
Sahel crest. The northern flank of the ridge is rejuvenated 
by the staircase formation of marine terraces in Pleisto-
cene time. However, we also observed marine terraces on 
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the southern flank of the Sahel ridge (Fig.  3a) what sug-
gests that both flanks of the ridge emerged recently. (4) It 
also can be explained by a northward positive gradient in 
uplift. Indeed, high values of HI and low Re values should 
be explained by higher uplift rates of the northern flank of 
the Sahel ridge than to the south. This northward increase 
in uplift rates could be explained by the southward tilting 
of the southern fold flank induced by the folding of Sahel 
(Fig.  6b). This explanation is thus the one that fits better 
with the geomorphic and geological data.

We also interpret the westward tilting of the upper rasas 
and marine terraces on the western Sahel ridge termination 
as the consequence of folding expressed on the fold lateral 
terminations (Figs.  1b, 2c, 3c). Along the fold axis, the 
uplift of T3, T5, T7 increases from the western termination 
to the central part of the fold (Fig. 2c). This interpretation 
agrees with the quantitative geomorphic results showing an 
eastward increase in the HI values and the decrease in Re 
values from Tipaza to Bou Haroun (Fig. 5).

To the west near Tipaza, T7, T5, and 73 elevations 
decrease rapidly (Fig.  2c). This westward elevation 
decrease evidences their westward tilting; the magnitude 
of tilt is decreasing from the older to the younger terraces 
(Figs. 2c, 3c). This tilting expresses the western lateral fold 
termination of the Sahel anticline. Tilting rates have been 
estimated using the westward inclination of the T3 to T7 
terraces (Fig. 2c) and interpreted terrace ages at 0.25°/Ma 
for T3 (~400 ka) and 0.5°/Ma for T7 (~3 Ma), suggesting 
a decrease in folding rate between T7 and T3 formation. 
The termination of the fold to the west is probably due to 
the presence of the Chenoua massif, which may play the 
role of a buttress, as it corresponds to the basement of the 
internal zones (Fig.  1b). This buttress is bounded to the 
south by a NW-dipping reverse fault whose motion may 
have affected the Pliocene Sahel cover (Saoudi 1989). The 
Mont Chenoua-Tipaza earthquake (1989) and the Tipaza 
earthquake in 1990 evidenced the fault activity (Meghraoui 
1991; Harbi et al. 2004). However, the range of uplift rates 
determined with lower marine terraces on both sides of 
this fault (transects AT1 and AT2, Figs. 2, 4), is similar or 
even slightly higher for the Tipaza transect (AT2) than for 
the Chenoua transect (AT1). It indicates that the vertical 
motion components along the fault are within the margin 
of error of our strandline’s elevation measurements or neg-
ligible since MIS 11 (~400 ka). Even if the Chenoua massif 
is fixed without southward motion along the Chenoua fault, 
it could prevent by a buttress effect the westward lateral 
propagation of the Sahel, but not its vertical growing.

According to the mapping of the T6 and T5 rasas on the 
Algiers massif, the coastal sequence widened toward the 
south from the period of time corresponding to the for-
mation of rasas T6 and T5 (Fig.  8). This southward wid-
ening is also evidenced by Maouche et  al. (2011) even 

if our mapping is different, particularly in the number of 
strandlines described. The folding of the northern Algiers 
massif anticline followed by the folding of the southern 
Algiers massif anticline may explain this southward prop-
agation of the emergence (Fig. 8). Since the formation of 
T5, the Sahel ridge and Algiers massif are connected. HI 
and Re values on the Algiers massif are globally moderate 
(0.58 and 0.49 averaged, respectively, for Re and HI indi-
ces) (Fig. 5). These values can be interpreted as resulting 
from a moderate uplift rate, lower than the one determined 
between Bou Haroun and Mazafran valley (Fig. 4), where 
HI is the highest and Re values are the lowest of the studied 
area.

Some variations in elevations of the coastal indicators 
(and consequently uplift rates) as well as variations of geo-
morphic indices cannot be explained only by a simple sin-
gle folding. For example, the elevations (and uplift) of T7 
and T5 are maximum on the northern part of the Algiers 
massif (Fig.  2c). The shoreline of this area is close to 
the Khayr al Din shelf break, bounded by reverse faults 
(Domzig et al. 2006; Yelles et al. 2009) (Fig. 1b), and the 
coastal uplift pattern is probably influenced by these off-
shore faults.

Conclusions

Our study of the Chenoua, Sahel, and Algiers reliefs pro-
vides a new perspective on the coastal evolution of central 
Algeria from the Miocene onward. In this area, we identi-
fied and mapped a sequence ten successive marine terraces 
and rasas. Despite our limited number of U/Th dating, their 
interpretation confirms the correlation of T1 (2.5–11  m) 
with MIS 5e (last interglacial maximum, ~120  ka) and 
to correlate T3 (12–73  m) with MIS 11 (~400  ka). From 
120 to 400 ka, coastal uplift rates increased eastward from 
0.045 ±  0.025  mm/year to 0.19 ±  0.12  mm/year (appar-
ent) or from 0.06 ± 0.06 to 0.2 ± 0.15 mm/year (corrected 
for eustasy). Extrapolation of these uplift rates combined 
with previous regional geodynamical, geomorphological, 
and geological studies allowed us to propose that the upper 
rasas (T8, T9, and T10) present on the Algiers massif are 
older than the Messinian Salinity Crisis and younger than 
the Burdigalian collision. Thus, the age of theses rasas are 
ranged between 15 and 6 Ma. An intermediate rasa (T7) is 
probably coeval from the Pliocene abandonment surface 
formed between 3.6 and 2.6  Ma. These correlations and 
interpretations imply a slight increase in the uplift rate from 
the Middle Miocene and onward. The comparison of quan-
titative geomorphic parameters with uplift variations in 
space allows us to better characterize the erosional pattern 
of coastal reliefs as well as the regional tectonics. Re and 
hypsometric integral values roughly correlate with uplift 
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rates. Furthermore, our study highlights (1) the offshore 
location of the Sahel fold axis, not far from the coast, (2) an 
interaction between the Sahel fold and the Chenoua massif 
acting as a buttress, and (3) temporal variation of the uplift 
rates since the Upper Miocene.
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