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Abstract.

Previous paleomagnetic studies performed in the central North-Algeria (Chellif and
Mitidja basins) on Neogene formations pointed out tectonic clockwise blocks rotations. This
deformation pattern was interpreted as resulting from a bookshelf neotectonics, consequence of
the Africa-Eurasia plates convergence. A new paleomagnetic study was conducted on the
Neogene volcanic rocks outcropping in the Northwestern Algeria (Marset Ben Mhidi - Ain
Temouchent — Tifaraouine area). The obtained stable remanent magnetization is mainly carried
by Ti-poor titanomagnetite. The paleomagnetic data show that, since the lava emplacement, the
northwestern Algeria underwent a mean moderate clockwise block-rotations of 9.3° + 4.5°. For
the Algerian margin, this confirms a context of transpression and blocks rotations in a strike-
slip tectonic setting. A decreasing deformation gradient from the E to the W affected the
different basins of this margin, from strong rotations within the Mitidja, to the moderate ones
in the Chellif and to Marset Ben Mhidi - Ain Temouchent — Tifaraouine area where rotations

magnitudes are significantly lower.
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Introduction

The seismic activity of the Western Mediterranean area is mainly concentrated in
northern Africa, especially in northern Algeria (see Meghraoui 2018 and references herein).
That was highlighted for example by the significant earthquakes of EI Asnam 10 October 1980
Ms= 7.3 (Ouyed et al. 1981) and Zemmouri 21 May 2003 Mw=6.9 (Ayadi et al. 2003). This
earthquake activity is associated with the active tectonics in relation with the convergence
between Africa and Eurasia plates (Le Pichon et al. 1988; Dewey et al, 1989; Ricou 1994). A
counterclockwise rotation of Africa with respect to Eurasia since Upper Cretaceous has been
established from magnetic anomaly studies in the Atlantic Ocean (Dewey et al. 1989; Mazzoli
and Helman 1994; Rosenbaum et al. 2002 and references therein), inducing this convergence.
Geodetic models using GPS data (Nocquet and Calais 2004; Serpelloni et al. 2007) also support
this convergence as well as the associated transpression tectonic system for the recent times
(Meghraoui and Pondrelli 2012). Such convergence involves transpression tectonics, with N-S
to NNW-SSE shortening direction, giving active deformation along the plate boundary (Morel
and Meghraoui 1996; Mauffret 2007).

The north-western Algeria belongs to an active continental margin, a fold-and-thrust
belt located on the southern side of the western Mediterranean considered as the plate boundary
between Africa and Eurasia. In this region, the focal mechanisms of recent earthquakes and
related stress distribution display consistent WNW-ESE to E-W right-lateral strike slip faults
and NE-SW trending reverse faults (Meghraoui 1991; Meghraoui et al. 1996; Maouche et al.
2011, 2019; Ousadou et al. 2014; Benbakhti et al. 2018; Abouda et al. 2019). The northern
Algeria margin appears to be structured by these regional major E-W to WNW-ESE dextral
shear zones (Thomas 1976). Between them, the main active structures, affecting intermountain
and coastal Neogene to Quaternary sedimentary basins (e.g., Cheliff and Mitidja), are NE-SW
trending folds and NE-SW sinistral transpressive faults delimiting NE-SW oriented blocks
(Thomas 1985: Mauffret et al. 1987; Meghraoui et al. 1996). The active deformation has been
modeled as dominated by bookshelf blocks rotation (Ron et al. 1984; Nur et al. 1986; see
Hernandez-Moreno et al. 2014) in northern Algeria (Meghraoui and Pondrelli 2012). The
transpressive tectonics system with NNW-SSE direction of convergence then should imply
clockwise rotations of these blocks. The aim of the present work is to look after the prior activity

of this system in the same convergence frame.
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In the central part of northern Algeria (Cheliff and Mitidja basins), paleomagnetic
studies were already performed on Neogene sedimentary and magmatic formations (Aifa et al.
1992; Derder et al. 2011; 2013; 2019). Part of the obtained paleomagnetic directions correspond
to sites affected by local rotations along faults. The other ones (given here after tilt correction)
indicate clockwise rotations (Fig. 9), for the Cheliff (11-7 Ma, prefolding data: N=9, D =31.1°,
| =56.0°, k = 33, aws = 9.1° - Derder et al. 2011) and Mitidja (16-11Ma; N = 17, D = 232.3°,
| =-16.5° k = 37, ags = 5.9° - Derder et al. 2019) basins. They evidenced tectonic clockwise
rotation of large blocks, in some cases even of large magnitude, as expected in the kinematic
model (Meghraoui and Pondrelli 2012). Narrow zones, corresponding to important shear zones
including smaller blocks, are affected by strong rotations (Derder et al. 2013, 2019). In a large
area (about 100 km wide in longitude as in latitude) located west of the Cheliff basin, around
Ain Temouchent and Ghazaouet cities, Neogene volcanic rocks are largely present. Bellon and
Guardia (1980), using paleomagnetic investigations in a limited zone, evidenced normal and
reversed magnetizations close to the direction of the recent magnetic field. Results analysis was
however not performed using the present reliable standards, introducing significant uncertainty
on these data. A new study was then carried out on a much larger scale in different areas where
calco--alkaline and alkaline volcanic rocks, from Miocene to Quaternary in age, outcrop
(Fig. 1a). Complementary field structural and aeromagnetic data analyses were performed to
help for paleomagnetic results interpretation. The use of aeromagnetic data in this study was
also important since it allows identifying "magnetized" structures in depth, (both onshore and
offshore), which favored the present, (but also past), deformations with rotations in the northern
Algeria margin.

Geological setting

The northwestern Algeria area belongs to the external domain of the Tell Atlas belt
(Guardia 1975). It extends parallel to the Mediterranean coast from the Algerian-Moroccan
border to the Dahra range (Northern side of the Cheliff basin) and is characterized by nappes
covered by Neogene to Quaternary sediments and volcanic rocks. The Upper Miocene and
Pliocene deposits postdate the nappes emplacement (Guardia, 1975; Thomas, 1985). The
Quaternary sedimentation is mainly represented by marine and alluvial terraces. This area is
also characterized by an intense volcanic activity dated between 14.97 and 0.82 Ma (Bellon and
Guardia 1980; Bellon et al. 1984; Louni-Hacini et al. 1995; Coulon et al 2002). This inland
volcanism is represented by three main facies, initially (Upper Miocene ) rhyolitic and andesitic
and in a second period (Pleistocene ) basaltic, (Megartsi 1985; Guardia 1975). Considering the
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nature and the given age of the volcanic series, Coulon et al. (2002) subdivided this sector into
6 distinct zones (Fig. la). The basaltic emissions are particularly important in the Ain
Temouchent area (zone 2) while volcanism in the Tafna area (zones 3 and 4) is of andesitic
nature. The coastal sector in the zone 1 is marked by rhyodacitic type while dacitic rocks
constitute the Habibas Island, located 13 km offshore. Tuffs and breccias are visible in this
island and along the continental coast (zone 1). The figure 1a shows the volcanic rocks areas
distribution in relation with their nature and age.

Structures such as reverse faults with asymmetrical folds, normal and strike slip faults
and nappes, constitute the main tectonic features in this part of Tell Atlas. Concerning the "post-
nappes" tectonics, several observations have been made:

- Along the coastal northern zone 1, still active folding process is attested by the deformation
of Quaternary marine terraces. In this area, juxtaposed and tilted marine terraces, mainly related
to vertical motion, can be observed on the northern side of the Murdjadjo anticline (Benbakhti
et al. 2018; Fig. 1a).

- The Benzekri NE-SW fault-related fold (Fig. 1a), activated during the Temouchent 22
December 1999 Mw = 5.7 earthquake (Belabbes et al. 2009), is one of the major fold structure,
similar to that (Murdjadjo, Tamazoura) observed in the Habra basin borders, (Benbakhti et al.
2018; Meghraoui 1988; Bouhadad et al. 2001).

- NNE-SSW faults can be observed in all the studied area.

- N-S normal faults, observed along the Tafna River, evidenced a pull-apart system for a Tafna
basin (Sadran 1958; Guardia 1975).

- Except very locally, the rocks were only affected by brittle deformations.

The flows mostly show weak to moderate dip (Tab. 1), rather suggesting emplacement
on slopes. However, the location of the Neogene volcanic activity in northwestern Algeria
seems to be juxtaposed to the main faults affecting this region (Sadran 1958; Guardia 1975;
Thomas 1976, 1985; Louni-Hacini 2002). In the Ain Temouchent area (Fig. 1a), the volcanic
centers are almost aligned along a NNE-SSW direction, confirming the relationship between
volcanism and tectonics (Sadran 1958; Guardia 1975; Thomas 1976, 1985). Sadran (1958) and
Megartsi (1985) highlighted this tectonic direction also in the Middle (along the Traras border

fault) and Lower Tafna areas (Fig. 1a), both affected by the volcanic activity.

Methodology, sampling, and analytical procedure.
The magnetic data used for the aeromagnetic analyses derived from the airborne survey,

flown over Algeria between 1969 and 1974, by Aero Service Corporation (constant flight
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altitude of 150 m and along N20W lines 2 km spaced out, with perpendicular tie-lines at 5 km
intervals). The measurement along profiles was about every 46 m. As the aeromagnetic data
were on map (scale of 1/200000) of total field intensity, the data covering the studied area were
digitized and 9801 points were obtained. The digitized values of the total magnetic field
intensity were interpolated to a spacing grid of 230m x 230m. The magnetic anomaly map
(Fig. 2a) was then obtained by subtracting the normal field established for the aeromagnetic
survey period (Boukerbout and Abtout, 2010) using the Algerian repetitive network data.
Paleomagnetic analyses have been already successfully used in such structural context
(e.g., Henry, 1992; Hernandez-Moreno et al. 2014). Here we focused on volcanic large bodies,
of different ages, cropping out in 6 main areas (Coulon et al. 2002) around Marset Ben Mhidi -
Ain Temouchent — Tifaraouine (Fig. 1a). They were extensively sampled for the paleomagnetic
investigations: 831 cores distributed over 79 sites (Fig. 1b). Sedimentary rocks were also
studied in 7 sites (58 cores). All cores were oriented with magnetic and sun compasses.

One to three specimens of standard size have been cut from each core, allowing pilot
specimens demagnetization and additional rock magnetic studies. Before any demagnetization
analysis, the specimens were stored in zero magnetic field for at least one month to reduce a
possible viscous magnetization. The remanent magnetization was measured using JR5 spinner
magnetometer (AGICO, Brno, Czech Republic) in the CRAAG Algiers laboratory. Both
thermal (TH) and Alternating Field (AF) demagnetizations were performed on pilot specimens,
using for AF a Molspin AF Demagnetizer; TH demagnetization was made using a cylindrical
furnace (ASC Model TD48-SC) with a fast heating-rate (45 minutes to reach 680°C) while
forced air enhanced the cooling (20 minutes). In order to appropriately separate and recognize
the magnetization components, numerous demagnetization steps were used. Used increments
range from 50-100°C for the lowest temperatures to 10°C for the highest ones for the TH, and
from 1 mT to 10 mT for the AF (maximum used field intensity: 100 mT). The results of
demagnetization process were presented on orthogonal vector plots (As and Zijderveld, 1958;
Zijderveld 1967). The remaining magnetization vectors after each step and the difference
vectors removed between two consecutive demagnetization steps were plotted on equal area
projections. The direction of the magnetization components was calculated by principal
component analysis (Kirschvink 1980). Mean paleomagnetic directions were determined using
Fisher's statistics (Fisher 1953) and presented on equal area projections.

Rock-magnetic measurements were performed in the GEC laboratory (CY Cergy-Paris

University). K(T) thermomagnetic curves (low-field magnetic susceptibility K as a function of
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temperature T) have been measured on AGICO KLY 3, CS3 equipment. Hysteresis loops were

obtained from Micro-Mag VSM equipment.

Results
Aeromagnetic data.

The obtained map (Fig. 2) shows important anomalies, and that the most "magnetized"
zones are located along the coast and up to 40 km offshore. They correspond to high
susceptibility rocks, such as magma intrusions during volcanic events. From magnetic
standpoint, this means that the structures responsible of these anomalies are deeply rooted,
affecting the crust.

To identify the magnetic anomalies causative structures, the wavelet and ridgelet
transforms processing were used (Boukerbout and Gibert, 2006; Boukerbout et al. 2018a;
2018b). These methods lead to a 3-D image (Fig. 2b) showing thus the main deep structures in
the studied area, covered by aeromagnetic data. Most of them are in depth and range between
2 and 8 km, other ones being at greater depths. These anomalies correspond to the part of the
structures affected by magmatic intrusions, and these structures could reach higher depths. Most
of them are NNE-SSW to NE-SW trending. E-W and NW-SE to WNW-ESE trends correspond
to structures 3 and 2, respectively.

Most identified deep structures roughly correlate with surface faults (Fig. 1a), such as
the NNE-SSW and E-W ones. Offshore, new structures are identified showing the continuity
of the structural frame. Relatively to Figure 1a, the results, obtained from aeromagnetic data
processing, add key information on the vertical and lateral extension of the main structures with
their connection at depth.

Rockmagnetism

The Natural Remanent Magnetization (NRM) has a rather high intensity, varying from
1.1 10° A/m to 92.9 A/m, with a mean of 3.3 A/m. Most variations of the intensity during
thermal demagnetization show, after effects related to a viscous magnetization, a progressive
decrease of the magnetization intensity up to around 550-580°C (Fig. 3a - MG655 and BS14
samples), indicating Ti-poor titanomagnetite as magnetic carrier. For other samples, a change
in the slope of the demagnetization curve occurs at about 300-400°C (Fig. 3a - MG599 and
BS505 samples), suggesting the presence of maghemite. For the samples of the site 49 (zone 4)
and for all samples of the zone 6, the magnetization decreases up to 580°C followed by a change
in the slope of the demagnetization curve for temperatures higher than 580 °C (Fig. 3a- MB888

and MB882 samples), pointing out the presence of both Ti-poor titanomagnetite and hematite.
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Typical samples from different sites of volcanic rocks were selected for complementary
experiments to better specify their magnetic mineralogy and characteristic properties.

K(T) curves for most sites, as exemplified on figure 3b, show an increase of magnetic
susceptibility up to ~ 300°C. Partial cooling loops carried out from this temperature shows that
no significant mineralogical alteration occurred. For temperature higher than 300°C, a
progressive decrease of susceptibility is observed, giving Curie point at about 550-580°C,
arguing for Ti-poor titanomagnetite as main magnetic carrier. These samples show practically
reversible magnetization during the heating-cooling process, except a slight alteration that
occurred at the highest temperatures, giving separation in two components visible only on the
cooling curve below 400°C.

In sites belonging to the zone 6 (Fig. 3d), the first decrease between 300 and 450°C is
followed by a second decrease from 500 up to 580°C. The variation shown by the first decrease
does not appear on the cooling curve, contrary to that corresponding to the second one. That
suggests a first decrease related to transformation of maghemite in hematite and a second one
to primary Ti-poor titanomagnetite. A third small decrease for temperature higher than 580°C
indicates the presence of hematite, possibly resulting of the inversion of the maghemite.

In few other samples, the magnetic mineralogy appears to be even a little bit different.
The figure 3c shows a peak on heating and cooling curves around 100°C, evidence of the
presence of a stable component, likely Ti-rich titanomagnetite. During heating, a first
mineralogical transformation starts at around 300-400°C, pleading in favor of the presence of
maghemite that transforms in hematite (visible by a weak remaining susceptibility for
temperatures higher than 580°C). A very weak decrease up to 580°C could be due to Ti-poor
titanomagnetite. During the higher temperature treatment, a second transformation occurs,
resulting in new minerals, mainly magnetite, visible on the cooling curve below 580°C.

Hysteresis loops from most samples (Fig. 3e) show low mean coercive force and
remanent coercive force, about 6 and 17 mT, respectively and complete magnetization
saturation at about 0.4 to 0.5 T. This argues in favor a low coercivity component (like Ti-poor
titanomagnetite). However, few loops corresponding to samples having maximum unblocking
temperature higher than 580 °C, show a wasp-waisted shape (Fig. 3f). They also have higher
partial saturation, around 1 T, and do not reach total saturation (signifying the presence of an
additional high coercivity component). The mean coercive force and remanent coercive force
are in these cases somewhat higher (30 and 43 mT, respectively), confirming a mixing of low

and high coercivity components (e.g., Ti-poor titanomagnetite and hematite).
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In conclusion, Ti-poor titanomagnetite is the main magnetic carrier in these volcanic

rocks, but, in few sites, Ti-rich titanomagnetite, maghemite and hematite were also present.
Paleomagnetic results

After selection from pilot specimen analysis, 661 samples have been demagnetized.
Obtained paleomagnetic direction is similar using either TH, AF or combined AF-TH
demagnetizations processes (Fig. 4). In some sites, in particular all the sedimentary ones,
remanent magnetization intensity is too weak to be analyzed. For this reason, 7 weathered
volcanic sites and all non-volcanic sites were discarded. In the other sites, two different main
cases were observed from Zijderveld diagrams.

- The first one, obtained on most samples, yields a single stable magnetic B component,
obtained after elimination of a secondary viscous A magnetization. In the site 38, obtained
stable directions are too scattered (lightning effect?) to give reliable mean direction and results
from this site will be not further considered. During AF demagnetization, the intensity decrease
is regular up to elimination of almost all the remanent magnetization (Figs. 4b and c), except in
the zone 6 where about 40% of this magnetization remains (Fig. 4d). This remaining
magnetization can be deleted in this case only by TH treatment for temperatures up to at least
650°C (Fig. 4e). That clearly highlights the presence of both magnetite and hematite in these
samples. In this case, no difference appears between paleomagnetic directions carried by
magnetite and hematite (Fig. 4d and e), indicating formation of the hematite during or very few
after lava emplacement (for example in relation with high temperature fumaroles — e.g., Stoiber
and Rose, 1974). The obtained Characteristic Remanent Magnetization (ChRM) B is of normal
or reversed polarity according to the sites.

- The second type is related to other samples displaying erratic evolution during
demagnetization process, not allowing reliable paleomagnetic results.

The mean B ChRM directions from 67 mean site data (reversed directions recalculated
as normal polarity data) is defined by D =9.3°, 1=49.8°, k=33, a9s =3.1°and D =10.8°, | =
458°, k= 22, ogs =3.8°, before and after bedding correction, respectively. These two
directions are not significantly different. Detailed data are presented in the figure 5 and tables
land 2.

Structural corrections

The bedding correction for volcanic rocks could be disputable, since a "slope” may
already have existed at the emplacement time. For example, a "slope” on the flanks of a
rhyodacitic dome can be related to lava emplacement. In volcanic areas, lava flows often

emplaced on a preexisting slope, generally but not always moderate (e.g.,Henry et al. 2003). In
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such areas, the slope direction depends on local topographic conditions, related for example to
the shape of the volcanic edifice or to previous flows. It is rarely coherent at a regional scale,
except if the slope is related to a coherent folding prior to the volcanism. Sub-horizontal
emplacements are mainly limited to particular cataclysmic cases (e.g., volcanic traps). An
opposite case is represented by pyroclastic flows that can mold an existing complicated
topography (e.g., Alva-Valdivia et al. 2005). In some cases, the volcanic eruptions were
associated to a local uplift due to magma ascent (for example in rift zones — e.g., Hildenbrand
et al. 2012), giving, around the uplifted area, slope that will guide the flow emplacement. Later,
this slope can be often increased, due to the continuation of the uplift (Silva et al. 2018). That
can be evidenced with a progressive "untilting”, i.e., the analysis of the dispersion of the
paleomagnetic directions (given by the k precision parameter of Fisher 1953) as a function of
the untilting percentage. The untilting percentage associated with the best solution (minimum
dispersion) corresponds to the actual "dip" during magnetization acquisition, i.e., to the slope
during the volcanic flow emplacement (Silva et al. 2018). In the northwestern Algeria, two
different cases can be distinguished.

- Except in part of the zone 1 (Fig. 1a), "dip" directions measured on the field are very
scattered, without any clear dominant orientation. The figure 6 shows the orientation of the
associated strikes. Such scattering indicates that these "dips" are not related to a regional folding
with a uniform orientation of all the fold axes. All "dip" values are moderate (mean value 15°;
only 3 values higher than 30°, with a maximum of 45°). Scattering of "dip" directions and
moderate "dip" values suggest lavas emplaced on local slopes. In addition, Bellon and Guardia
(1980) indicated that, within the eastern part of the zone 6 (Fig. 1a), flow direction had variable
orientation. The progressive untilting (Fig. 7) gives optimal tilting correction in average about
20% untilting (between 0 and 35% - Table 1), indicating a moderate slope increase
(corresponding to only around 20% of the total "dip") after lavas emplacement. In the different
zones, retained tilting correction (corresponding to the optimal untilting percentage) is assumed
to restore the slope during the volcanic rocks emplacement. The post-emplacement "dip"
variation should be related to local uplift due to magma ascent or fault movement. It could
actually give a tilting toward a direction different from that of the initial slope. That is why a
small circle approach (e.g., Surmont et al. 1990; Henry et al. 2004b, Calvin et al. 2017) cannot
be used here. Owing to the moderate "dip" values, that introduces only a weak uncertainty on
the calculated corrected direction. Such uncertainty does not concern the zones 4-5 where
optimal untilting is around 0%, indicating the absence of significant tilting after lavas

emplacement.
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- In the coastal part of the zone 1, a dominant "dip" direction toward SE to SSE clearly
appears (Fig. 6), suggesting that this zone was affected by a more or less homogeneous tilting.
The structural corrections "at optimal untilting” can be considered as the best
approximate solution. Owing to the moderate "dip" values and the scattering of the dip
directions, the obtained statistical mean direction (D = 9.3°, 1= 49.1°, k =35, ag5 =3.0°) appears
to be not significantly different from that at 0% and 100% untilting (Fig. 5, Tab. 2). The choice
of the applied structural corrections will have therefore no actual effect for the interpretation in
terms of regional rotation.
Reversal test (McFadden and McElhinny 1990)

Reversal tests (Fig.5, Tab 3) are positive in all zones whether in geographic or
stratigraphic coordinates, with the only exception of the zones 4-5 that give a negative test in
stratigraphic coordinates (confirming the best untilting at 0% in these zones). In all zones, the
angular difference (y) between the mean normal and the mean reversed directions has the lowest
value for the optimal untilting (Tab. 3), corroborating the reliability of this bedding correction.
Using the whole data set, this test is negative in geographic coordinates, in stratigraphic
coordinates and for the optimal untilting. This is due to the data from zone 1 that present a
different paleomagnetic direction (Tab. 2).

Although the assumption of a remagnetization cannot be definitively ruled out in case
of positive reversal test (Henry et al. 2004a), this confirms that magnetization is highly likely

primary.

Discussion
Major structures
Field observations and aeromagnetic data highlight mainly NNE-SSW to NE-SW and
E-W faults. Analyses of the aeromagnetic data demonstrate that at least part of them are not
limited to a "surface" tectonics and on the contrary are major deep-seated structures affecting

the crust.

Paleomagnetic data
The Ags value, obtained for the paleomagnetic pole associated with our 55 ChRMs from
the zones 2 to 6 with neighboring paleomagnetic directions (A = 78.6°N, ® = 105.8°E, K = 30,
Ags = 3.5°), is within the envelope (between Agsmin and Agsmax) defined by Deenen et al. (2011,
2014) as corresponding to a distribution associated with the paleosecular variation: Ags = 3.5°
for Agsmin = 2.4° and Agsmax = 6.6°. That is also verified for the different zones (Tab. 2). The
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presence of directions reflecting the paleosecular variation clearly indicates the primary
character of the magnetization. That again strongly argues for the reliability of the obtained
results.

The expected mean paleomagnetic directions in the studied area, for the age of the
volcanism and according to the Apparent Polar Wander Path (Besse and Courtillot 2002), are
between -0.3° and 0.8° for the declination and 49.1° and 51.2° for the inclination. The obtained
mean inclination in our sites matches perfectly with these values, whereas the obtained
declination suggests that the studied area underwent a mean clockwise rotation of the order of
9.3° £4.5° (Desmarest 1983).

The comparison of the paleomagnetic data by age (Tab. 2) seems not to be reliable for
two reasons. First, the age for most zones is actually based only on few sites (see Coulon et al.
2002) and generalization to all sites within some zones, particularly in the southernmost ones,
is doubtful. Second, for the oldest age (only found in zones 1, 4 and 6 - Coulon et al. 2002), the
structural evolution seems have been different in zone 1 and in the southern zones, including
the zones 4 and 6 (Fig. 8, see above).

A global comparison by magnetic polarity should have been meaningless, because
considered period includes several reversals.

Local deformation

The obtained paleomagnetic directions for each zone can however be compared with
each other (Tab. 2 and Fig. 8). They are not statistically different. Only declination present
differences for zones 1 and 2 relatively to the other zones. In both cases, number of studied sites
is significant, but that is insufficient to constrain a global block rotation geometry (Hernandez-
Moreno et al. 2014).

- The declination in zone 1 suggests a weak counterclockwise rotation relatively to the expected
directions, and a rotation difference of the order of 15° relatively to the zones 3 to 6.

- In zone 2, difference in declination is much lower, of the order of 6° relatively to the values
obtained in zones 3 to 6. No abrupt variation appears relatively to the neighboring zone 3 and
no coherent variation within this zone 2. That suggests a very weak bending in this zone close
to the Benzekri fault-related fold.

The measured "dip" values are moderate and mainly due to an "initial" slope. An
interesting implication of the analyses of the structural corrections could concerns a local
chronology of the "magmatic period™. 65 to 100% of this moderate "dip" was acquired before
the volcanic eruptions, i.e., corresponding to weak slopes. These "movements” could be partly

related to this volcanism by prior activity of the faults that will be the future magma feeder and
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inflation due to the magma ascent (e.g., Silva et al. 2012, 2018). These initial slopes could also
simply correspond to topography of previous flows. However, in part of the zone 1, a relatively
coherent dip direction suggests an effect of folding with NE-SW axis (Fig. 6) before the lava
emplacement (about 90% of the dip acquired before magnetization acquisition). Such fold axis
orientation corresponds to that of the neighboring Murdjadjo fold (Fig. 8) limiting the Habra
basin to the northwest. This last fold is similar to the Benzekri fault-related fold (Fig. 1a) and
to those observed in the Chellif and Mitidja basins.
Regional deformation

The obtained paleomagnetic data indicates moderate rotations of the different studied
zones. The figure 8 highlights the key tectonic structures, which could provide a corresponding
interpretative frame (see (Hernandez-Moreno et al. 2014): The NNE-SSW structures should be
sinistral strike-slip-faults (Thomas 1974), separating blocks that rotated within a bookshelf
system. The dextral WNW-ESE to E-W faults, visible to the north and to the south of the studied
area, could be the major structures bounding this system (Fig. 9). The northern area (zone 1)
which is not affected by the same rotations, is in a particular structural position between
neighboring WNW-ESE dextral strike-slip faults, likely explaining this evolution by a smaller
size and a more equidimensional shape of the block (Fig. 8).

At the Tell Atlas scale, a bookshelf system has been evidenced in the different basins.
It allows the regional shortening of the Maghrebian northern border related to the NNW-SSE
Europe-Africa convergence. The NNW-SSE shortening is also partly absorbed in the studied
area by the Murdjadjo and Benzekri NE-SW fault-related folds, as in the Chellif and Mitidja
basins by similar structures (Meghraoui 1991; Meghraoui and Doumaz 1996; Maouche et al.
2011; Abouda et al. 2019).

Conclusions

The first stage of the deformation resulting from the regional Neogene NNW-SSE
shortening was therefore fault related folds system growth and thrusting structures, giving a
restricted shortening. In a second stage, a more important shortening would be started in relation
with a large strike-slip context, resulting in blocks rotations within simple bookshelf systems
and local moderate deformations. This structural frame shows that all the northern Algeria is a
narrow E-W active zone, structured in tectonic blocks affected by rotations. These rotations are
clockwise and not homogeneous in north Algeria (Fig. 9). A decreasing rotation gradient is
evidenced from the Mitidja basin affected by strong rotations (in average 56°) to Marset Ben

Mhidi - Ain Temouchent — Tifaraouine area, located westward, where magnitude of the mean
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rotation is limited to about 9°. For the Chellif active basin located between these two areas, the
highlighted average rotation is of the order of 30°. Toward East, in the western Sicily
Maghrebian belt, huge clockwise rotations up to 140° have been evidenced (Speranza et al.
2018 and references herein). All these obtained results using paleomagnetic tool are key data
regarding geodynamic evolution of the Western Mediterranea with regard to the Africa-Europe
plate boundary during the Neogene and Quaternary period. An open question is then the
reliability of this model of block rotation tectonics for other regions along the northern Africa
boundary. That underlines the importance of future works particularly in eastern Algeria,

Morocco and Tunisia.
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Figures caption

Fig. 1 — (a): Geological map (after Coulon et al. 2002, modified) of the studied area (Thomas,
1976, 1985; Belabbeés et al. 2009; Benbakhti et al. 2018) divided on 6 volcanic zones
(Coulon et al. 2002) : 1: Miocene and post-Miocene sediments; 2: Volcanic rocks;
3: Pre-Miocene sediments; 4. Sampling sites; 5: Different volcanic zones; 6 : Faults,
7 : Thrust faults ; 8 : Folds, 9: Nappes front. Available ages in Ma for the volcanic rocks
(Coulon et al, 2002) are 11.7 to 9 (Zone 1), 1.28 to 0.82 (Zone 2), 2.7 to 1.4 (Zone 3),
9.2t0 7.1 and 3.9 to 3.3 (Zone 4), 2.1 (Zone 5) and 10 and 7.5 (Zone 6). (b): Map with
the sampling paleomagnetic sites distributed in the 6 different zones.

"Fig. 2 — (a) Magnetic anomalies map, (b) emplacement of the magnetized deep structures
identified from magnetic anomalies in the studied area (inland and sea up to 40 km from
the seashore) R and Gh correspond to Rachgoun and Ghazaouet cities.

Fig. 3 — Rockmagnetism: Variation of the magnetization intensity during thermal treatment in
representative samples (a). Typical thermomagnetic curves K(T) for samples BS45 (b),
BS21 (c) and MB895 (d). Typical hysteresis loops after correction for paramagnetism,
for samples MG670 (e) and MG 623 (f). Her is the remanent coercive force, Field H in
Tesla

Fig. 4 - Orthogonal vector plots (filled circles: horizontal plane, crosses: vertical plane), in
stratigraphic coordinates for samples BS50 (a), BS63 (b), BS77 (c) and MB880 (d).
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(Alternating Field demagnetization — AF (b, ¢), (Thermal demagnetization - TH (a) and

combined AF-TH analysis (d), with insert (e) of demagnetization curves for samples of

the same site. For comparison, BS50 (TH) and BS63 (AF) were sampled in a same site.

Fig. 5 - Equal-area plot showing the paleomagnetic directions (crosses and open dots

in the lower and upper hemispheres, respectively) obtained from the different

mean-sites B ChRM and associated mean normal and reversed directions
(stars) with their confidence zone in red.

Fig. 6 - Rose diagram of the strike directions (data in percentages) in zone 1 compared to all
other zones.

Fig. 7. - Normalized value k/kwmax Of the precision parameter k (Fisher, 1953) of the B ChRM
distribution during progressive untilting in the different zones. Data with same dip for
neighboring sites were merged as a single datum.

Fig. 8 — Mean paleomagnetic direction (green arrows), with the associated ows uncertainty (in
white), in the 6 studied zones (see Fig. 1) and expected direction for stable Africa
(circled black arrow).

Fig. 9 — Global blocks rotations and structural model of the North Central and Northwestern
Algeria; 1: Strike slip, 2: Thrust faulting, 3: Folds, 4: Rotation; inset indicates locations
of the Tafna, Cheliff and Mitidja basins, Arrows indicate the obtained paleomagnetic
direction and the Expected paleomagnetic Direction (ED). Faults are from Thomas
1985; Meghraoui 1988, 1991; Belabbes et al. 2009; Maouche et al. 2011; Benbakhti et
al. 2018.

Table 1 - Paleomagnetic data obtained from different sites and different zones (grey color for
sedimentary sites). A and ¢are the latitude and longitude of the sites; Nmes and nret, the
number of measured and retained samples, respectively. M is the mean magnetic
moment of the site. P and G are the dip and the azimuth of the down-dip direction (in
degrees). Dg, lg, Ds, Is Do, lo are the declination and the inclination at geographic,
stratigraphic coordinates and at optimal untilting, respectively (in degrees). ows (in
degrees) and k are the Fisher parameters.

Table 2 - Paleomagnetic data obtained for the different zones and for different volcanism ages:.
N is the number of sites; see also caption of Table 1. Ags is associated with
paleomagnetic poles from VGPs. Agswvin and Agsvax Were calculated according to
Deenen et al. (2011, 2014).
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Table 3 - Reversal test (McFadden and McElhinny, 1990) in the different zones. Angular

difference between mean normal and mean reversed directions (y) with its critical value

(vo)-
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Sites | A(°N) o (W) Mmes | Mt | M(A/M) | PC) | G(°) | Dg(*) | 1s(°) | Do(*) L) | D) | () | o) | K
34 35°38°21.17 | 1°03'45.8” | g 8 0.25 20 | 110 [ 3520 [ 524 |3544 | 533 | 202 |574 |76 | 148
ZONE 35 35°37°56.2 | 1°04°19.07 | g 8 052 17 | 140 [ 3444 [39 | 3a5 | 55 3459 [193 |73 |58
1 36 35°37°56.2” | 1°04°19.07 | 7 7 0.28 17 | 140 [3301 | 243 [ 3302 | 260 | 3322 |410 |47 | 166
Optimal | 37 35°37°5637 | 1°04°18.9” | 19 10 |o015 14 | 140 [ 3484 [ 571 | 3195 | 583 | 48 685 | 106 | 53
“”fi'(f/i)”g 38 35°36'12.67 | 1°07°0347 | g 0 344 38 |30 |- - - - - - -
39 35°34°3427 [ 1°10°08.37 | 7 7 0.89 13 [ 150 |75 494 | g5 504 | 199 [588 |31 | 383
40 35°34°3427 [ 1°10°08.37 | 7 7 071 13 [ 150 | 151 309 | 157 318 | 220 395 |48 | 257
41 35°34°18.6” | 1°10°11.07 | 7 7 0.0007 13 | 150 | 3408 | 361 | asg | 374 | 3433 488 |94 |52
42 35°36'19.47 | 1°0636.0" | g 8 0.42 45 |15 [ 3557 |425 | 3569 | 382 |09 -08 | 102 |44
43 35°35°14.8” | 1°07°48.17 | g 8 0.08 9 180 | 3452 | 465 | 3a49 | 474 | 3421 [551 |[110 |31
44 35°35°11.37 | 1°07°56.0” | ¢ 6 131 9 180 | 4.2 312 | 42 21 | 47 402 |68 | 128
76 35°43°19.8” | 1°08°05.57 | 11 3 0.10 25 |65 |05 554 | 37 542 | 230 |400 | 140 |79
77 35°43°202” | 1°08°04.1 | 11 7 0.36 25 |65 [ 3536 |518 |a3566 | 500 | 161 [389 |41 | 218
78 35°43°16.07 | 1°07°59.9” | 9 0 0.0003 5 |65 |- - R R - - - -
79 35°43°13.17 | 1°07°58.5” | 5 3 0.0004 25 |65 |[3158 |518 |3189 | 506 | 3492 |[529 | 226 |31
80 35°43°16.6” | 1°07°57.4” | 9 8 0.0006 25 |65 |10 515 | 37 503 | 209 |364 |74 |57
1 35°15°47.77 | 1°09°17.37 | 19 10 | 539 15 [ 230 |92 480 | 6.6 505 | 3543 [581 |33 | 222
ZONE 2 35°15°39.8” | 1°08728.7" | 19 10 | 503 15 [ 340 [ 2302 |-535 2261 | -522 | 2143 |-464 |61 | 65
2 3 35°16'49.07 | 1°14324” [ 19 | O 0.003 13 [317 |- - - - - -
Optimal | 4 35°16°37.4 | 1°08°0.04” [ 19 | 9 1.30 10 | 357 [ 1946 | -522 | 1938 | -50.1 | 1916 |-42.6 | 42 | 155
“”zt[i)'(f/iong 5 35°1615.0” | 1°08°09.9 | 19 10 2.04 18 350 | 2222 | -581 | 2175 | -555 | 2067 |[-457 [59 |68
6 35°18°01.27 | 1°0936.07 | 19 | 7 476 9 30 | 2120 | 566 | 2119 | 546 | 2117 |-476 |51 | 140
7 35°18’10.3” | 1°1021.6” | 19 | 7 6.03 14 |38 |15 484 |35 458 | 85 366 |39 |37
8 35°18°36.6” | 1°20°09.7" | 19 | 9 0.005 14 |55 | 1848 | -568 1883 | -547 | 1972 [-466 |71 |53
17 35°15°00.07 | 1°11°07.2 | 19 10 | 236 6 355 | 1977 [ -323 [ 1974 | 311 | 1962 |[-278 |62 |61
18 35°12°52.67 | 1°11735.17 | g 7 095 8 245 | 1916 | -298 | 1907 | -30.9 | 1875 [-343 |66 | 85
19 35°11°51.57 | 1°11°17.07 | g 6 237 6 290 | 2111 | -46.6 | 2097 | -46.8 | 2047 |-474 |71 | 90
20 35°12°16.67 | 1°09'42.6” | 7 7 1.49 6 260 | 1695 | -42.2 | 1683 | -422 | 1641 |-419 |79 |60
21 35°11°39.8” | 1°10°10.6” | g 7 114 8 270 | 1676 | -50.1 | 1655 | -49.7 | 1588 |-47.8 | 45 | 177
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2 359131577 | 1125887 | 16 | 8 14.87 10 [ 300 | 1667 | 518 | 1647 | -502 | 1501 |-444 |79 |50
23 350180527 | 1101507 | g 7 813 12 |9 |83 570 | 124 | 565 | 250 |535 |55 | 121
2 3501574697 | 1151327 | g 8 196 6 35 | 1512 | -500 | 1532 | 584 | 1594 |-560 |64 |76
25 350164457 | 1916338 | g 8 2.86 6 340 | 2105 | -55.0 | 200 541 | 2046 |09 |57 | 9%
26 350163757 | IPI3'124” | 3 0 0.0005 | 0 0 - - - - - - -
27 35916465 | 1°13°088" | g 5 2.28 0 0 1989 | -389 | 1989 | -389 | 1989 |-389 | 35 | 471
28 35°17°05.07 | 117563 | g 0 00046 | 13 | 3% |- - - - - - -
29 35°18°19.97 | 11611757 | g 6 2.89 8 250 | 1985 | 526 | 1966 | -53.7 | 1890 |-571 | 49 | 186
30 3501570007 | 111072 | g 0 00002 | 0 0 - - - - - - -
31 359180177 | 1161187 | g 6 361 8 250 | 2010 | -472 | 1995 | -484 | 1935 |-521 | 6.3 | 113
32 35°18'50.07 | 171377 | g 7 192 20 | 120 | 2286 | 599 | 2356 | 582 | 2532 |-493 | 54 | 125
33 35°18'59.07 | 1171377 | 16 | 6 3.34 30 | 123 | 2094 | -474 | 2167 | -474 | 2391 |-412 | 74 | 82
T5 359163867 | 108054 | 15 | 11| 2.21 15 | 45 | 2013 | -590 | 2033 | 559 | 2080 |-449 | 40 | 132
T6 35°16'38.6° | 108054 | 10 | 4 2.66 28 | 340 | 467 | 541 | 393 | 512 | 227 |373 |74 | 154
TI0 | 359153007 | 1°15°13.0° | 11| 8 2.46 15 | 285 | 1992 | -459 | 1957 | -461 | 1876 |-380 |63 |79
9 350187265 | 1922518” | g 0 00007 |12 |45 |- - - - - - -
ZONE 7 3591775307 | 1264577 | g 5 2.73 15 | 280 |29 511 | 3566 | 502 | 3461 |470 |70 | 122
3 11 3591870747 | 12890267 | g 7 2.06 20 |50 | 3533 |5L6 | 3509 | 474 | 86 383 | 60 | 101
optimal | 12 359143597 | 1301847 | g 3 5.78 25 | 110 | 1998 | -47.0 | 2001 | -463 | 2243 |-416 | 147 |71
“”;gg/io”g 13 35°14359” | 1°30°184” | 19 | O 3829 23 | 360 |- - - - - H -
14 350144817 | 129308 | 19 | 8 3.00 20 |25 | 178 | 613 | 191 | 544 | 204 |414 | 44 | 156
15 35°15°0327 | 1270907 | 10 | 6 148 10 | 210 | 1921 | -488 | 1907 | 521 | 1874 |-582 | 63 | 113
16 35°15°032° | 19270907 | 10 | 9 5.39 10 | 210 | 1779 | -395 | 1763 | -424 | 1724 |-47.7 | 46 | 124
T7 350173737 | 19252487 | g 3 156 10 | 330 | 2095 | -515 | 2059 | -496 | 2002 |-45.7 | 11.6 | 114
T8 3591774887 | 127288 | 12 | 6 159 20 |60 | 3449 | 567 | 3545 | 543 | 83 475 | 46 | 213
T9 35°16'13.07 | 13000917 | g 0 317 20 | 305 |- - - - - - -
ZONE | 45 34556218 | 1°40°160” | 19 | 5 7,69 17 |40 | 224 |522 | 224 | 522 | 268 |358 | 120 |41
4 26 345562117 | 1410217 | g 6 257 11 | 160 | 1981 | -342 | 1981 | -342 | 2038 |-425 |58 | 133
_ a7 34°57°0447 | 1421577 | 7 7 6.94 23 |30 |90 209 | 90 209 | 130 | 190 |47 | 169
Sﬁﬂ;ﬂ?&l 28 3455870327 | 19423197 | g 8 292 10 |55 |3486 | 296 | 3486 | 206 | 3532 |252 |34 | 212

23



16
17
18
19
20
21
22
23
24
25
26
27
28
29
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32
33
34
35
36
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39
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41
42
43
44
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46
47
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49
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0% 49 34°56°14.77 | 1°42734.1 [ ¢ 6 212 10 140 [ 2068 [ -31.9 [ 2068 | -31.9 [2131 [-354 [37 [ 324
50 34°54°413” | 1°432737 | ¢ 6 3.88 16 250 [ 3591 [ 449 [359.1 | 449 3428 [454 |37 | 324
51 34°57°39.2” | 1°45°47.6” | 19 9 2.95 30 |33 |50 406 |50 406 | 3568 |[146 |66 |62
59 34°57°04.9” | 1°35735.7” | 19 8 7.18 15 |35 | 120 554 | 12.0 554 |79 408 [64 |77
60 34°57°06.17 | 193572677 | g 0 - 15 |35 |- - - - - - - -
61 34°57°48.9” | 1°39°11.3” | 13 13 557 10 210 | 108 515 | 1038 515 |52 608 | 44 |88
62 34°54°52.57 | 1°48730.2” | g 0 - 28 15 - - - - - - - -
63 35°03°27.5 | 1°43°16.7” | 3 0 16 38 195 | - - - - - - - -
64 35°03°15.0” | 1°35°19.0” | 19 9 12 14 | 170 [ 1918 | -460 [ 1918 | -46.0 [ 199.7 [-586 |25 | 415
ZONE 54 35°05°43.17 | 1°52°34.8” | 4 23 12 105 | 1896 | -57.1 [ 1896 | -57.1 [ 2080 [-563 |45 | 423
Opt?mal 55 35°01°50.1” | 1°50°06.8” | g 8 315 10 |32 |[1902 |[-553 1902 | -553 | 1811 [-483 |75 |55
unti(!ting 56 35°01°524” | 1°51°47.27 | g5 0 4.36 10 320 |- - - - - - - -
% 57 35°02°15.5” | 1951°56.5” | 7 0 417 10 350 |- - - - - - - -
58 35°00°05.7” | 1°49202” | 7 5 6.46 10 330 [ 3581 [ 126 |3581 | 126 [3575 |37 |75 | 105
ZONE 65 35°04°55.0” | 2°06742.4” | 10 11 038 13 |55 1799 | -547 [ 1834 | 528 | 1918 [-461 |30 | 300
6 66 35°00°45.4” | 2°05°12.4” [ 6 3 3.42 14 [ 105 [ 1787 | 466 | 216 463 [31.9 [441 |31 | 1552
_ 67 35°04°12.8” | 1°59'49.3” [ 6 3 11.18 15 270 | 2036 | -452 | 200 -46.6 | 1878 [-493 [ 60 | 417
Sn'if:{‘,‘r?g' 68 34°58°54.0° | 2°06725.1” | 9 6 0.78 30 340 [ 113 580 | 6.2 514 | 3586 [305 |43 |[239
25% 69 34°57°32.0” | 2°05726.7” | 9 9 443 20 290 | 1538 555 | 87 548 [ 3504 495 |13 [ 1469
70 34°58°03.5” | 2°05756.6” | 10 8 411 25 315 | 14.0 536 | 74 501 | 3545 [369 |10 [ 2902
71 34°59°01.4” | 2°04°52.2” [ 11 10 25 17 280 2176 | -613 [ 2102 | -63.0 | 1842 |[-647 |26 | 340
72 34°58°07.17 | 2°05°22.9” | 9 9 112 25 315 | 26.4 465 | 205 442 |72 344 |37 | 198
73 35°04°12.8” | 1°59'49.3” [ 6 4 343 15 270 | 1659 | -49.0 | 1618 | -480 [ 1512 [-435 |56 | 271
74 35°04°19.6” | 2°02°07.8” [ 6 6 057 15 90 1854 | -55.7 | 1908 | -552 [ 2053 |[-51.6 |59 | 130
75 35°04°19.6” | 2°02°07.8” [ 6 4 0.39 17 90 1811 | -46.8 | 1856 | -46.6 | 1983 [-438 |54 | 286
Table 1
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684
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Zone N sites | Dg(°) 1g(°) | K | aos(®) | Dopt(®) | lopt(®) | K | aos(®) | Aos(®) | Assmin(®) | Aesmax(®) | Ds(®) | 1s(°) | K | aes(®)
1 12 354.3 448 | 32 7.8 355.5 450 | 32 1.7 7.1 4.4 17.1 6.1 452 | 15| 11.7
2 24 16.8 51.7 | 31 5.4 16.2 50.9 | 32 5.3 6.3 3.4 11.1 16.2 | 509 | 32 5.3
3 8 7.2 51.8 | 52 7.8 8.9 50.4 | 65 6.9 1.7 5.2 22.1 115 | 47.2 | 34 9.6
4 10 10.1 43.3 | 43 7.4 10.1 43.3 | 43 7.4 - - 10.0 | 388 | 17 | 12.1
5 2 9.9 56.2 | - - 9.9 56.2 - - - - 238 | 57.3 | - -
4+5 12 10.1 454 | 44 6.6 10.1 454 | 44 6.6 59 4.4 171 104 | 41.3 |18 | 105
6 11 12.3 52.8 | 63 5.8 10.3 514 |71 5.4 6.2 4.6 18.1 5.3 46.1 | 29 8.6
1-6 67 9.3 49.8 | 33 3.1 9.3 49.1 | 35 3.0 - - - 10.8 | 458 | 22 3.8

Age |
Upper Miocene 28 3.3 46.6 | 35 4.7 3.6 46.1 | 39 4.4 - - - 7.0 42.2 | 19 6.4
Pleistocene 29 17.4 525 | 56 3.6 17.3 515 | 69 3.3 - - - 18.1 | 478 | 42 4.2

Table 2
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698
699

700

Zones Coordinates V(o) YC(O) Reversal Test
1 Single polarity
Geographic 2.1 15.3 Positive
2 17% untilting 1.5 14.7 Positive
Stratigraphic 1.6 17.7 Positive
Geographic 12,5 13.8 Positive
3 35% untilting 9.0 13.4 Positive
Stratigraphic 9.4 19.7 Positive
Geographic 9.4 16.0 Positive
4 and 5 0% untilting 9.4 16.0 Positive
Stratigraphic 22.5 20.5 Negative
Geographic 5.9 11.8 Positive
6 25% untilting 5.0 11.2 Positive
Stratigraphic 11.3 16.9 Positive
Geographic 9.8 6.6 Negative
All zones | Optimal untilting 9.9 6.3 Negative
Stratigraphic 10.8 7.6 Negative
Zones Geographic 4.4 6.8 Positive
2t06 Optimal untilting 5.2 6.5 Positive
Stratigraphic 12.0 8.2 Negative
Table 3
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