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Abstract 13 

The Aït Attab syncline, located in the Central High Atlas, displays a curved geometry in 14 

plan view, and is considered as one of the most spectacular fold shapes in the Central High 15 

Atlasic belt. We conducted a paleomagnetic study in Jurassic-Cretaceous red beds to 16 

investigate the origin of this geometry. The Natural Remanent Magnetization (NRM) is 17 

dominated by a secondary magnetization carried by haematite with unvarying normal polarity 18 

that has been dated at about 100 Ma. The regional fold test performed in both limbs of the 19 

syncline is positive and the paleomagnetic vectors (after tectonic correction) are parallel 20 

throughout the curvature, indicating a negative oroclinal bending test. These results are 21 

inconsistent with previous works that consider the bent geometry of this syncline to result 22 

from subsequent distortion of originally NE-SW trending structures by rotation about a 23 

vertical axis. We interpret the NRM data to demonstrate that the changing trend of the Aït 24 

Attab syncline is a primary feature, resulting from the influence of pre-existing, NE-SW and 25 

E-W-striking extensional faults that developed during a strike-slip regime. Paleomagnetic 26 

results also reveal that the tilting observed in the sampled red beds is post Albian, probably 27 

linked to the Cenozoic inversion of the High Atlasic belt. 28 

Key-words: Paleomagnetism, remagnetization, fold test, oroclinal bending, Aït Attab 29 

syncline, Moroccan High Atlas   30 

 31 

1. Introduction  32 

Curvatures in plan view in orogens, fold-and-thrust belts and single structures have been 33 

classified as primary, progressive or secondary orocline, based on their kinematics (e.g. Weil 34 
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and Sussman, 2004). Unravelling which behavior applies to a particular structural setting is 35 

crucial to characterizing its deformational and kinematic history.  36 

The Aït Attab syncline, located in the northern border of the High Atlasic belt in Morocco, 37 

shows a spectacular curved shape in plan view (fig. 1). Its axis is oriented E-W and NE-SW at 38 

its eastern and western segment, respectively. The Aït Attab syncline is defined by a Jurassic-39 

Cretaceous sequence deposited in the Attab basin. The origin of its curved geometry can be 40 

attributed to several mechanisms: (i) superposed folding related to an accommodation zone 41 

(Beauchamp, 2004), (ii) oroclinal bending producing secondary curvature of structures and a 42 

sharp bend geometry, as demonstrated in several works for other curved belts (e.g. Schwartz 43 

and Van der Voo, 1983; Kent, 1988; Marshak, 1988), (iii) distortion of original folding 44 

structures linked to the influence of basement fault on the cover sediment (Ibouh, 2004), or 45 

(iv) geometry conditioned by the sigmoid shape of the sedimentary basin inherited from the 46 

extensional/transtensional origin. This basin geometry is linked to a strike-slip tectonic model 47 

as proposed by Laville (1985) for the Jurassic basin.  48 

The present work aims to study the origin of the curved shape of the Aït Attab syncline 49 

using paleomagnetic data. Paleomagnetic studies are particularly useful for deciphering the 50 

primary or secondary origin of orogenic curvatures (see e.g. Weil et al., 2013 and references 51 

therein), provided that the obtained paleomagnetic vectors correspond to a magnetisation 52 

acquired before the orogenic stage (Eldredge et al., 1985; McFadden et al., 1995 among 53 

others). Previous paleomagnetic studies show that Jurassic and Cretaceous rocks in the 54 

Atlasic belt are remagnetized (Torres-López et al., 2014). In the present work, we will use the 55 

results of this remagnetization in Jurassic-Cretaceous sediments to discuss the age of folding 56 

and the mechanism responsible for the fold axial shape in the Aït Attab syncline.   57 

 58 

2. Geological setting and sampling 59 

The High Atlas is considered an intracontinental chain, resulting from the inversion of 60 

previous extensional or transtensional Mesozoic basins related to Triassic and Jurassic rifting 61 

(e.g. Mattauer et al., 1977; Rodgers, 1987; Ziegler et al., 1995). The Jurassic extension 62 

favoured the development of a mosaic of rhomb-shaped depocenters, limited by 63 

synsedimentary anticlines (the so-called anticline ridges, Studer and du Dresnay, 1980; 64 

Laville, 1985; Laville et al.,2004). Basin inversion occurred from Cenozoic to recent times 65 

(Choubert and Faure-Muret, 1962; Mattauer et al., 1977; Schaer, 1987; Laville, 1988; 66 

Jacobshagen et al.,1988; Michard, 1976; Laville and Piqué, 1992; Beauchamp et al., 1996, 67 

1999; Frizon de Lamotte et al., 2000; Gómez et al., 2000; Teixell et al., 2003; Arboleya et al., 68 
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2004). Reactivation of extensional faults and folding during inversion resulted in a thick-69 

skinned deformation style, where basement was involved in the compressional deformation 70 

(e.g. Frizon de Lamotte et al., 2000; Teixell et al., 2003; El Harfi et al., 2006). Conversely, 71 

along the southern border of High Atlasic belt, inversion is associated with thin-skinned 72 

tectonics exploiting detachment levels within the Mesozoic sequence (e.g Beauchamp et al., 73 

1999; Benammi et al., 2001; Teixell et al., 2003). The age of the initial inversion is 74 

controversial. Some believe that inversion developed during Late Jurassic- Early Cretaceous 75 

times, and is represented in the Atlasic belt by small-scale folds and unconformities (e.g. 76 

Laville, 1985; Ibouh, 2004; Souhel, 1996; Beauchamp et al., 1996). Conversely, others 77 

believe that inversion commenced after post-Early Eocene times (e.g. Frizon de Lamotte et 78 

al., 2000; Missenard, 2006).   79 

In the Central High Atlasic chain, regional folds are either large, gentle synclines, 80 

containing Middle Jurassic-Cretaceous sediments, or narrow anticlines cored by Liassic 81 

limestones (Laville, 1985; Ibouh, 2004). The Aït Attab syncline is filled with Jurassic-82 

Cretaceous terrigenous sedimentary rocks (red beds, Fig.1a). Several studies have established 83 

the stratigraphy,  biostratigraphy and chronostratigraphy of this red-bed sequence (Haddoumi 84 

et al., 2002, 2010; Charrière et al., 2005, 2011; Löwner, 2009; Mojon et al., 2009; Fig.1b). 85 

Accordingly, the first group of siltstones and sandstones from the “couches rouges” (red 86 

beds) defined by Jenny et al. (1981) and considered as infra-Aptian sediments by Rolley 87 

(1978) is divided into several units. The first unit of red beds “sensu stricto” formed by 88 

conglomeratic and red sandstones of the “Guettioua Formation” was ascribed to the Dogger 89 

(Bathonian-Callovien). At the top of this formation is a basalt flow level “Horizon B1” dated 90 

as Late Jurassic (Haddoumi et al., 2010; Mojon et al., 2009; Charrière et al., 2011; Bensalah 91 

et al., 2013). The overlying red pelites and evaporites (Iouaridene Formation) are attributed to 92 

the Hauterivian? - Lower Barremian (Mojon et al., 2009; Haddoumi et al., 2010), although the 93 

base of this unit is dated as Late Jurassic (Kimmeridgian, Haddoumi et al., 2010). Upward, 94 

alternating red sandstones and clays (Jbel Sidal Formation) were interpreted as Barremian 95 

(Haddoumi et al., 2002; Charrière et al., 2005; Löwner, 2009). This formation begins with a 96 

second basalt flow level, “Horizon B2” attributed to the Early Cretaceous (Haddoumi et al., 97 

2010; Mojon et al., 2009; Charrière et al., 2011). The second group of red beds, deposited 98 

above the Aptian marly limestones, characterized by friable sandstones, with some clayey 99 

intercalations at its base (Souhel, 1996) was dated as Albo-Cenomanian (Souhel, l996; 100 

Löwner, 2009). 101 
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A total of 21 sites were sampled, covering the whole Upper Jurassic to Albian-102 

Cenomanian stratigraphic series of the study area (Fig.1b). The sampling was conducted 103 

along several profiles across the Aït Attab syncline (Fig.1b). The sampling was done to 104 

characterize the paleomagnetic geometry of the target units across the syncline and to ensure a 105 

good coverage of the stratigraphic sequence, as a function of outcrop conditions, accessibility 106 

and possibility of sampling different rock types. Additionally, a local meter-scale parasitic 107 

fold, site ATS, was sampled in both of its limbs in the Bathonian rocks, in order to compare 108 

the fold test of both macro and meter-scale structures. 109 

Samples were collected with a portable electric drill machine powered by a gasoline 110 

generator. The drill bits were water-cooled during drilling. At every site, the weathered soil 111 

(sometimes down to 1 m) was removed to reach fresh fine-grained rocks. At each site, an 112 

average of 10 samples was taken. The cores were oriented in situ with an inclinometer 113 

supplied with a magnetic compass. In the laboratory, the samples were cut to obtain 114 

specimens of standard size (2.5 cm in diameter and 2.2 cm in length).  115 

 116 

3. Methods 117 

All paleomagnetic and rock magnetic analysis have been performed in the Paleomagnetic 118 

laboratory of Burgos University in Spain. The natural remanent magnetization (NRM) of all 119 

specimens was first measured on a 2G-755 cryogenic magnetometer. After that, all specimens 120 

were subject to stepwise thermal demagnetization using a TD48-SC thermal demagnetizer by 121 

15 to 25 steps. Thermal demagnetization was done in steps of 25ºC (10 to 5°C for some 122 

groups of specimens) up to 660-670ºC except for some samples, reaching 685ºC. 123 

Representative specimens were subjected to alternating field (AF) demagnetization, following 124 

progressive steps until 100mT. The mineralogical changes induced by thermal 125 

demagnetization were controlled by measuring the low-field magnetic susceptibility during 126 

the demagnetization process using a KLY4S (AGICO Kappabridge). The characteristic 127 

magnetic component (ChRM) was isolated using linear regression techniques, and Fischer’s 128 

(1953) statistics were used to compute the mean directions with the software Remasoft 3.0 129 

(Chadima and Hrouda, 2006). 130 

Selected specimens from different facies and series were used for rock magnetic analysis. 131 

The acquisition curves of isothermal remanent magnetization (IRM) were induced in 132 

progressively increasing fields up to 2T using a pulse magnetizer M2T-1-Ferronato. Three 133 

orthogonal axes IRMs were thermally stepwise demagnetized following the method proposed 134 
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by Lowrie (1990). Other magnetic mineralogy experiments such as thermomagnetic curves, 135 

hysteresis loops with maximum induced field of 1T and back-field experiments were 136 

performed with a variable field translation balance (MMVFTB, Petersen Instruments, noise 5 137 

x 10-8 Am2). 138 

4. Paleomagnetic results 139 

In the studied rocks, two different sets of magnetic properties and behaviour were 140 

observed and related to their host lithology: the first set involves all red-bed samples collected 141 

in the Infra-Aptian and the Albian-Cenomanian at a total of 15 sites, and the second one 142 

comprises only Aptian marly limestones from 5 sites. The magnetic susceptibility varies 143 

between 200 x 10-6 SI units for the red beds and 60 x 10-6 S.I. units for the white marly 144 

limestones (see also Moussaid et al., 2013) and the intensity of the natural remanent 145 

magnetization (NRM) displays values from 3 x 10-2 A/m in the red beds to 3 x 10-4 A/m in the 146 

marly limestones.  147 

The thermal demagnetization diagrams of all samples belonging to the “red beds 148 

group” show a stable directional component of normal polarity with unblocking temperatures 149 

comprised between 250ºC and 550ºC in some cases (Fig. 2c, e) or up to 650ºC (Fig. 2a). This 150 

component is considered to be the characteristic remanent magnetization (ChRM). 151 

Sometimes, this magnetic directional component is formed by two magnetic phases evidenced 152 

by two drops in the NRM intensity diagram, the first one between 500ºC and 610 ºC (Fig. 2c) 153 

and a second at 650ºC (Fig. 2c, e). Samples were not demagnetized after peak fields of 100 154 

mT (Fig. 2d, i). The observed maximum unblocking temperatures and the AF 155 

demagnetization of these samples suggest a high coercivity phase with hematite as the main 156 

magnetic mineral carrier. A higher temperature reversed component was observed, with 157 

unblocking temperatures higher than 650ºC, in a few cases in the red beds sites (Fig. 2b, f). A 158 

directional analysis of this component was inconclusive due to the scarcity of data, preventing 159 

an outcome with statistical significance. 160 

The marly limestones show three behaviours on the basis of the demagnetization of 161 

the natural remanent magnetization (NRM). Unfortunately, most samples do not give a 162 

reliable directional component. Sites AT12 and AT20 show negligible intensity of 163 

magnetization after demagnetized at 250ºC, whereas  sites AT14, AT8 and AT6 show a very 164 

low unblocking temperature component (100ºC) probably due to the presence of goethite 165 

(Fig. 2j), according to the high coercivity shown by these samples after 100 mT AF 166 

demagnetization (Fig. 2k). At higher temperatures, no reliable magnetic components were 167 
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observed. Only the grey marly specimens of AT10 site show a stable component with 168 

maximum unblocking temperatures ranging between 550 and 620ºC (Fig. 2l). The NRM 169 

intensity diagram displays a slight decrease about 500 to 550°C and a strong decline around 170 

620 to 640°C. The AF demagnetization of a representative sample of site AT10 shows low to 171 

medium coercivities for this component indicating that probably magnetite contributes to the 172 

magnetization (Fig. 2m). 173 

 174 

5. Rock magnetism results 175 

Red beds show hysteresis loops without magnetic saturation, due to the presence of high 176 

coercivity minerals (Fig. 3a, c and e). The thermomagnetic curves display a sharp drop when 177 

heating about 680°C, corresponding to the Curie temperature of hematite as high coercivity 178 

phase in the red beds group (Fig. 3b, d). In addition, wasp-waisted hysteresis loops occur in 179 

all analyzed samples. This kind of hysteresis shape usually indicates the presence of mixture 180 

of ferromagnetic minerals with high and low coercivity magnetic phases or mixture of 181 

different grain sizes of a single magnetic mineral (Roberts et al., 1995; Tauxe et al., 1996). 182 

The wasp-waisted shape of hysteresis loop is especially remarkable in AT15 selected 183 

specimen (Fig. 3e). These results are confirmed by the IRM acquisition and 3D IRM 184 

demagnetization (Fig. 4). The IRM spectrum of the red beds group displays an increase of the 185 

magnetization, without saturation at the maximum applied field (2T, Fig. 4b). The 186 

corresponding 3D IRM diagram shows a clear drop in the hard (2T) and medium (0.4T) 187 

phases at around 680°C. The soft phase (0.12T) displays very low magnetization values and 188 

reaches the zero axis around 580°C. This result indicates the dominance of haematite and the 189 

presence of a small quantity of magnetite (Fig. 4a). The coexistence of these two minerals is 190 

well defined  in site AT15 given the above mentioned wasp-waisted curve (Fig. 3e) and the 191 

two clear drops of 580ºC and 680ºC in the thermomagnetic heating curve (Fig. 3g). In 192 

addition, the back field (that shows an inflexion point at 50 mT), IRM acquisition and 3D 193 

IRM demagnetization (Fig. 4e and f) also indicate the presence of these two magnetic phases. 194 

For almost all specimens from the red beds group, the heating-cooling curves are reversible, 195 

indicating the absence of new magnetic minerals created during heating, except for the AT15-196 

6b, which displays a strong increase of magnetization when cooling. 197 

The marly limestones display two magnetic behaviours on the basis of their 198 

ferromagnetic characterization. In the first one, illustrated by the AT6-12 specimen from the 199 

Aptian limestones, the hysteresis loops do not show saturation, thus indicating the presence of 200 

high coercivity minerals. Wasp-waisted shape observed in the hysteresis loop evidences the 201 
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mixture of different coercivity magnetic phases (Fig. 3h). This mixture is clearly observed in 202 

the thermomagnetic curves of this specimen, displaying two drops of the magnetization 203 

spectrum. The first one is an important decrease at around 80 to 100°C, attesting the presence 204 

of goethite. The second decline is slight and progressive until 580 to 600°C, perhaps 205 

indicating the likely presence of magnetite. The IRM acquisition and 3D IRM 206 

demagnetization of the AT10-9 also from the Aptian marly limestones show the presence of 207 

two phases (Fig. 4c, d). The hard phase spectrum (2T) displays a sharp drop around 680°C 208 

(Fig. 4c) indicating that the high coercivity phase is hematite, while the soft phase (0.12) 209 

spectrum shows a sharp drop around 580°C (Fig. 4c), consistent with the Curie temperature of 210 

the magnetite as low coercivity mineral.  211 

The second behavior observed in marly limestones is shown by AT10.6a specimen, 212 

from the Aptian gray marly facies. In this case, the hysteresis loop is linear indicating the 213 

dominance of paramagnetic minerals (Fig. 3j). The corresponding thermomagnetic curves 214 

exhibit a gradual decrease of magnetization when heating, with very low values of 215 

magnetization. The magnetization increases strongly around 400 or 450°C, and may be linked 216 

to the formation of new magnetic phases due to  transformation of paramagnetic minerals to 217 

magnetite as is evidenced by the Curie temperature of 580ºC observed in the heating curve 218 

(Fig. 3k). AT2-8 from red- yellowish facies, shows nearly saturated spectrum, and can be 219 

related to the dominance of low coercivity minerals. This behavior was also observed in the 220 

thermal demagnetization of 3D IRM spectra of this sample; therefore the soft phase curve 221 

(0.12 T) shows a maximum unblocking temperature of 580°C, indicating that magnetite is the 222 

main ferromagnetic mineral (Fig. 4g, h). There is also a “high coercivity phase" with 223 

maximum unblocking temperatures of 680°C and magnetic coercivities between 0.4T and 2T 224 

(Fig. 4g), consistent with the presence of haematite. 225 

 226 

6. Directional analysis 227 

The ChRM was systematically defined in 11 sites in red bed sites and only one site 228 

(AT10) in marly limestones (Table 1, Fig. 5). The other 8 sites sampled in marly limestones 229 

do not show a stable component, as previously described in the NRM result section. All 230 

directions, before and after tectonic corrections, show systematically normal polarities, in all 231 

outcrops from Bathonian to Albian-Cenomanian (Table 1). Taking into account that both 232 

polarities are expected for Jurassic and Early Cretaceous ages, this evidence is a first sign that 233 

the ChRM is a secondary magnetization. 234 
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A regional fold test with all site means of the ChRM was performed, except for site ATS 235 

to infer the age of remagnetization in relation to the Aït Attab syncline formation (Fig. 5). The 236 

grouping of mean site directions increases strongly after bedding correction (Fig. 5). This 237 

result indicates that the fold test is positive, and the remagnetization is pre-folding. We have 238 

used the McFadden and Jones (1981) method to test the statistical confidence of the fold test. 239 

All sites were divided in two groups, the first one concerning the North limb of the syncline 240 

and the second one regrouping all sites taken in its southern flank. Before tectonic correction, 241 

the parameter f > F (F is the value of f at a 95% level of confidence) whereas after tectonic 242 

correction, f < F, thus resulting a positive fold test at the 95% level of confidence (Table 2). 243 

This result evidences for the first time that the observed remagnetization was acquired before 244 

the folding of the Aït Attab syncline in the sampled area. 245 

Although not very common, metre-scale intraformational folds cut at their top by local 246 

unconformities are present in sediments filling the Aït Attab basin (Fig. 6a,b). To better 247 

constrain the relative age of the ChRM and reinforce the evidence for its secondary origin,  248 

we sampled the two limbs of one of these folds in Bathonian beds to perform a fold test (site 249 

ATS). In this case, the fold test is negative, indicating that the magnetization was acquired 250 

after synsedimentary folding (Fig. 6c, d). The McFadden and Jones (1981) statistical fold test 251 

performed with sample directions in this small fold gives parameters f < F before tectonic 252 

correction and f > F after bedding correction. This result indicates that the magnetization is 253 

post-folding with a level of confidence of 95% (see table 2). Therefore, we conclude that: 1) 254 

the ChRM displays systematically normal polarity directions in all sites taken in different 255 

formations in age and facies, indicating that it is a secondary magnetization; 2) the regional 256 

fold test performed in the Aït Attab syncline is positive at the 95% level of confidence 257 

proving that the remagnetization was acquired before this structure; and 3) a fold test 258 

performed in a metre-scale syn-sedimentary fold affecting Bathonian rocks provides a post-259 

folding result reinforcing that the ChRM is a remagnetization. 260 

 261 

7. Discussion 262 

7.1. Timing of remagnetization 263 

 The study of paleomagnetic directions obtained from sites in the Aït Attab syncline 264 

reveals that the magnetization of Upper Jurassic and Lower Cretaceous sedimentary rocks is 265 

dominated by a remagnetization of normal polarity. This remagnetization was acquired after 266 

the formation of syn-sedimentary Bathonian structures and predates the regional folding of 267 

the Aït Attab syncline. The mean direction calculated for this remagnetization is D= 331.1º; 268 
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I= 40.9º with k = 91.6 and α95 = 4.6º. To define the age of this remagnetization, we compare 269 

its inclination and declination with the expected declinations and inclinations for the African 270 

plate using the Global Apparent Polar Wander Path (GAPWP) in African coordinates as 271 

determined by Torsvik et al. (2012), and as proposed for the remagnetization direction 272 

obtained in the Jurassic series of the Imilchil area (∼60 km to the east of the study area) by 273 

Torres-López et al. (2014) (Fig. 7). This comparison is reliable as no vertical-axis rotations 274 

seem to occur in the studied area based on structural evidence. Overall, the intersection 275 

between the inclination line of the remagnetization found in the Aït Attab syncline and the 276 

inclination curves of APWP of Africa cover a wide band of ages (Fig. 7a). Conversely, the 277 

comparison between the declination of the Aït Attab ChRM components and the synthetic 278 

GAPWP only shows three possible solutions: the first one is around 100-110 Ma (Albian-279 

Cenomanian), the second one around 160 Ma (Middle to Late Jurassic), and the third one 280 

around 240 Ma (Late Triassic, see Fig.7b). Regardless of rock age, lithological variations and 281 

magnetic carriers, consistent directions of normal polarity are observed in all samples, 282 

supporting the hypothesis of a unique event affecting the entire sedimentary sequence that 283 

was  deposited between the Jurassic and Cretaceous. Taking this constraint into account, the 284 

second (160 Ma) and third (240 Ma) solutions would not be possible and consequently the 285 

remagnetization in the Aït Attab area was probably acquired for an age ranging between 286 

95Ma and 117 Ma (Albian-Cenomanian). This age fits with the Cretaceous Normal Polarity 287 

Superchron, explaining the systematically normal polarity registered in all samples. In 288 

addition, this result is consistent with a post-folding acquisition observed in the syn-289 

sedimentary Bathonian structure (site ATS). These results also fit with recent data by Torres-290 

López et al. (2014), who argue that the Cretaceous remagnetization observed in the Imilchil 291 

area (Eastern Central High Atlas) corresponds to a regional event. 292 

 293 

7.2. Age of folding of the Aït Attab syncline 294 

The interpretation of folding being post the inferred Albian-Cenomanian 295 

remagnetization has important implications for understanding High Atlas tectonics, as this 296 

result excludes the possibility of an Early Cretaceous compressional event being responsible 297 

for the formation of large folds in the Aït Attab syncline area. These folds are thus probably 298 

attributed to the Cenozoic compressional tectonics (e.g. Michard et al., 2008). 299 

On the other hand, the result of the fold test for the small intra-formational fold (ATS), 300 

indicates that these structures predate the remagnetization. This evidence would support an 301 

interpretation  that the small folds and unconformities observed in the Aït Attab area are 302 
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linked to an earlier Jurassic-Lower Cretaceous tectonic event, for which evidence is 303 

postulated to exist  in the axial zone of the Central High Atlas (Laville, 1985; Laville and 304 

Piqué, 1992; Ibouh, 1994, 2004). However, this interpretation is preliminary as it is based on 305 

data from a single location within a single map-scale fold in the Central High Atlas.  306 

 307 

7.3. Curved geometry of the Aït Attab syncline  308 

The principal aim of this work is to use paleomagnetic data to discuss the origin of the 309 

curved shape of the Aït Attab syncline, that shows an eastern segment with E-W trend and a 310 

western part with a NE-SW oriented axis (Figs. 1, 8). Based in structural data, Beauchamp 311 

(2004) interpreted this syncline as a typical curved fold in the Central High Atlas, linked to 312 

the superimposed folding in the Afourer–Jbilet area. The E-W direction (f1) was considered 313 

the result of a first folding stage, subsequently refolded by a second folding event with NW-314 

SE trend (f2). The Aït Attab syncline and similar structures have also been explained to be the 315 

result of reactivation/inversion of previous extensional basement faults. The NE-SW 316 

Mesozoic cover structures would be distorted, producing curved folds, with axial curvature 317 

leading to the formation of “S” and “Z” shape structures (Ibouh et al., 2001; Ibouh, 2004).  318 

In the light of paleomagnetic data, the comparison between the two segments of the 319 

Aït Attab syncline (Fig. 8a) indicates that all paleodeclinations are parallel and show the same 320 

direction. An oroclinal bending test (Fig. 8b) shows no correlation between paleodeclinations 321 

and strike direction (negative test), indicating that the curved geometry in plan view of the Aït 322 

Attab syncline does not correspond to an oroclinal bending structure sensu stricto (Weil and 323 

Sussmann, 2004). This result is also consistent with magnetic lineation encountered in the  Aït 324 

Attab area (Moussaid et al., 2013).  325 

According to our results and interpretations, we can infer that the current curved shape 326 

in plan view of the Aït Attab syncline is primary and, therefore, is not the result of subsequent 327 

distortion of a NE-SW trending Atlasic structure formed during the Cenozoic inversion. This 328 

curved geometry cannot be explained by superimposed folding and therefore, with older E-W 329 

folds being refolded by NW-SE trending folds. The Aït Attab syncline is not an oroclinal 330 

bend. Consequently, the Aït Attab geometry is an originally curved structure postdating a 331 

remagnetization during Albian-Cenomanian times.  332 

Consequently, the curved geometry of the Aït Attab syncline in plan view must be 333 

considered as primary. We infer its shape to result from an inheritance of its Mesozoic basinal 334 

geometry, namely the existence of faults oriented N045°-N070° and N090° moving under an 335 

extensional/transtensional regime during the Mesozoic (Fig. 9). These faults were responsible 336 
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for the rhomb-shaped geometry of depocenters and the opening of pull-apart basins in the 337 

Central High Atlas (Laville et al., 2004). Taking into account the overall shortening direction 338 

in the High Atlas, the E-W folds can be linked to the Cenozoic inversion (N-S shortening), 339 

while the NE-SW trends are controlled by the basement faults trends (Fig.9). 340 

 341 

8. Conclusion 342 

Jurassic-Cretaceous rocks in the Ait Attab syncline of the Central High Atlas show a 343 

widespread remagnetization with a characteristic component that shows normal polarities in 344 

all samples. The mean calculated direction after tectonic corrections coincides with the 345 

widespread remagnetization described by other authors (Torres-López et al., 2014) in the 346 

High Atlas, interpreted as occurring in Albian-Cenomanian times (approximately 105 Ma, 347 

according to the APWP of Africa), assuming that no vertical axes rotations occurred in the 348 

area. The rock magnetic studies show that haematite is the main carrier of the remagnetization 349 

in the red beds but magnetite is also the carrier of remagnetization in some sites. Goethite is 350 

also present in some limestone samples where remagnetization was not observed. 351 

According to the structural interpretations and the fold test results, this remagnetization 352 

post-dates synsedimentary Bathonian structures and predates the formation of the Aït Attab 353 

syncline. Folding of the Aït Attab syncline can be, therefore, considered as post-Albian-354 

Cenomanian, probably related to the Cenozoic tectonism, when basin inversion occurred in 355 

the High Atlas. The comparison of paleodeclinations between the two segments of the Aït 356 

Attab syncline axis, with different structural trends but similar paleomagnetic trends, reveals a 357 

result consistent with hypothesis postulating that the present curved geometry can be 358 

considered primary, possibly  influenced by the geometry of the previous extensional or 359 

transtensional Jurassic-Cretaceous basin underlain by NE-SW and E-W oriented basement 360 

faults.   361 
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Figure Captions 573 

Figure 1. (a)Location of study area within the High Atlas belt and geological map of the Aït 574 

Attab syncline with sample sites AT1 to AT20. The ATS site (a small-scale fold structure) is 575 

also shown. (b) Stratigraphical column of the main Jurassic-Cretaceous units in the Aït Attab 576 

area (after Mojon et al., 2009). 577 

 578 

Figure 2. Zijderveld diagrams of representatives AT specimens in geographic coordinates. 579 

Solid symbols indicate projections of vector end points onto the horizontal plane, and the 580 

open symbols onto the vertical plane. The corresponding plot of the evolution of normalized 581 

NRM intensity (M/Mmax) during the thermal demagnetization was plotted for each example. 582 

(k, m, d, i) to show representative AF demagnetization. 583 

 584 

Figure 3. Hysteresis loops after (a, c, e, h) and before (j) slope corrections of representative 585 

AT specimens. (b, d, f, i, k) thermomagnetic curves of the same specimens with heating (red) 586 

cooling (blue) paths. (g and l) represent the detailed view of the heating path of f and k, 587 

respectively.   588 

 589 

Figure 4. IRM acquisition diagrams (b, d, f, h) and unblocking temperature spectra of three 590 

orthogonal IRM components (Mx: 0.12 T; My: 0.4T; Mz: 2T) (a, c, e, g) of representative AT 591 

samples. (f) represents an example of IRM and back-field diagram showing the presence of 592 

two magnetic phases. 593 

 594 

Figure 5. Equal-area projections displaying specimen directions (small circles; with solid 595 

symbols corresponding to the directions plotted in the lower hemisphere and open symbols in 596 
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the upper hemisphere). The grey circles represent the Aït Attab site mean directions encircled 597 

by the confidence area 95% before and after bedding corrections (B.C).  598 

 599 

Figure 6. (a) Sampled small-scale folds in the southern limb of the Aït Attab syncline (ATS 600 

site); and (b) intraformational folds in equivalent beds in the northern limb of the Aït Attab 601 

syncline showing small unconformities within the same sequence to demonstrate their syn-602 

sedimentary origin. Comparison of the regrouping of the specimen ChRM directions in both 603 

limbs of the small fold displayed in (a), before (c) and after (d) bedding corrections. 604 

 605 

Figure 7. (a) Inclination-age curve; and (b) Declination-age curve expected in the Imilchil 606 

area from GAPWP in African coordinates (Torsvik et al., 2012). Uncertainties of the expected 607 

directions are shown. The horizontal lines represent the observed inclination/declination (and 608 

their uncertainties) at the Imilchil cross-section. The frames with solid lines indicate the 609 

possible solutions (modified from Torres et al., 2014). 610 

 611 

Figure 8. a) Paleodeclinations by sites plotted on the geological map for the Aït Attab 612 

syncline. b) The oroclinal bending test using the declination of all sites considered in this 613 

work. Triangles in a) and bars in b) represent the declination error calculated as ∆D = 614 

α95/cosI. 615 

 616 

Figure 9. Sketch showing the proposed model for the formation of the primary curvature of 617 

the Aït Attab syncline. (a) Structures active during the basinal and (b) compressional stages 618 

are approximately plotted on the relief map of the area. (a) Opening of sub-basins in 619 

extensional/transtensional regime during the Mesozoic. (b) The basement faults control of 620 

map-scale fold geometry during the inversion (Cenozoic) stage. 621 
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Table1. Paleomagnetic results of Ait Attab syncline sites 

 
**: AT 16 results with regional tectonic corrections using AT17 neighbouring site strike and dip data. 
 
n: number demagnetized samples. N: number of specimens using in this work. D: declination. 
I: inclination. K and α95, Fisher statistical parameters (Fisher, 1953). 

   In Situ After tilt corrections 

Site Age Facies n N D I K α 95 D I K α 95 

AT1 Bathonian red silts and sandestones 8 7 331.9 1.4 20.3 13.7 329.6 43.1 20.3 13.7 

AT3 Infra-aptian red silts and sandestones 8 8 331.7 25.4 103.5 5.5 319 42.1 103.5 5.5 

AT4 Infra-aptian red silts and sandestones 8 8 341.2 17.7 60.9 7.2 337 43.9 45.9 8.3 

AT5 Infra-aptian red silts and sandestones 8 7 329.3 19.5 39 9.8 322.8 38.2 38.8 9.8 

AT7 Albo-cenomanian red silts and sandestones 7 5 327.6 31.8 195.4 5.5 330.3 34.4 197.5 5.5 

AT10 Aptian marls and limestones 8 8 317.9 51.1 83.7 6.1 330.2 30.2 82.5 6.1 
AT13 Albo-cenomanian red silts and sandestones gypsiferous 8 8 339.4 36.8 47.7 8.1 323.4 44.8 47.9 8.1 
AT15 Infra-aptian red silts and sandestones 8 8 329.8 -15 66.4 6.8 345.2 42.8 66.5 6.8 
AT17 Infra-aptian red silts and sandestones 8 6 352 60.2 44.6 10.1 339.2 44.8 44.5 10.2 
AT18 Infra-aptian red silts and sandestones 8 7 337.4 50.6 41.2 9.5 329.7 32.5 41.3 9.5 
AT19 Infra-aptian red silts and sandestones 8 7 329.7 25.9 42.2 9.4 323.6 44.1 42 9.4 
AT16 Bathonian red silts and sandestones 7 6 1.8 60.6 65.4 8.3 298.4 65.7 65.38 8.3 
        ** 345.6 46.8 65.3 8.4 
ATS1 Bathonian red silts and sandestones 7 7 1.7 53.1 162.79 4.7 334.8 16.3 165.19 4.7 
ATS2 Bathonian red silts and sandestones 5 5 358.6 48.4 149.34 6.3 24.4 43.2 149.12 6.3 
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Aït Attab syncline  

In situ N D I k  α 95 f F95 

 12 334.3° 31.1° 11.2 5 1.438  

After tectonic corrections N D I k α 95 f  0.350 

 12 331.1° 40.9° 91.6 4.6 0.091   

Site ATS; small scale folded structure (intraformat ional folding)  

In situ N D I k α 95 f F95 

 12 0.3° 51.2° 146.0 3.6° 0.143  

After tectonic corrections N D I k α 95 f  0.350 

 12 351.8° 29.5° 97 14.7° 14.600   

Table 2. McFadden and Jones (1981) fold tests using the results of the Aït Attab syncline 

limbs and those of the synsedimentary folded structure.  
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Application of paleomagnetism to investigate basin evolution 

NRM of Jurassic-Cretaceous red beds is dominated by a Cretaceous remagnetization 

The remagnetization dated at 100 Ma pre-dates major folding in this area 

Two stages of folding are revealed from paleomagnetism and structural analysis  

Oroclinal bending vs. primary curvature of regional syncline is discriminated    

 

   


