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Abstract 22 

In order to better constrain the Mesozoic-Cenozoic evolution of the Precambrian Hoggar shield, a 23 

paleomagnetic study, combined with detailed fieldwork, was carried out to date its detrital local cover, the 24 

Serouenout Formation. Thermal demagnetization yields, only in a few samples, the Characteristic Remanent  25 

Magnetization carried by hematite. Post-tilting remagnetization was obtained in sites located along a fault affected 26 

by intense fluids circulation. The paleomagnetic directions recorded at seven widespread other sites are on the 27 

contrary associated with a positive fold test. It provides a relatively well-defined paleomagnetic pole (A95 = 4.1°), 28 

sufficient to estimate the age of the Serouenout Formation. The comparison of this pole with the reference curve 29 

of Africa suggests two possible age windows , Triassic and Upper Cretaceous-Lower Paleocene, while the 30 
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discovery in the uppermost levels of the Serouenout Formation of a fern-rich level with Weichselia reticulata 31 

(Bathonian to Cenomanian; Blanco-Moreno et al., 2018) imposes a deposition during the Cenomanian. The 32 

presence of a detrital formation at least 350 m thick, with a basal conglomerate containing large pebbles implies  33 

the existence, during this time period, of a tectonic event that generated differential uplift. In addition, structural 34 

observations indicate that the Serouenout Formation recorded later brittle tectonics, dominated by a network of 35 

vertical N-S dextral faults. The horizontal displacement generated by one well-developed fault has been estimated 36 

to be at least 1 km. This activity is related to the known Alpine reactivations of the N-S Pan-African mega-37 

structures, which are still at the origin of the current intraplate seismicity. 38 

 39 

Keywords: Paleomagnetism, Paleobotanic, Cenomanian, Brittle tectonics, Uplift, Alpine reactivation, 40 

Hoggar. 41 

 42 

Introduction 43 

The intraplate Hoggar shield in Sahara mainly corresponds to a 1000 km large basement swell with 1000 44 

to 1500 m average altitudes. It is made of several "terranes" amalgamated through the reactivation of large mainly  45 

N-S shear zones during the Pan-African orogeny (Black et al. 1994). The new synthetic geological map of the 46 

Hoggar shield (Liégeois 2019) shows that, in the northeastern part of the Hoggar, the juvenile allochthonous 47 

Serouenout terrane is thrust sheets resting over a Paleoproterozoic (Orosirian - Baziz et al. 2005) basement, the 48 

Afara terrane. The Serouenout and Afara terranes are separated to the west from the LATEA metacraton (Liégeois 49 

et al. 2003, Ouzegane et al. 2023) by the N-S Ounane major shear zone (e.g., Nouar et al 2021). Afara, Assodé-50 

Issalane and Tazat terranes (separated by “secondary” major shear zones) constitute the Orosirian Stripe (Liégeois 51 

2019), bounded to the East by the N-S Raghane major shear zone. The preservation of the Serouenout terrane is 52 

probably due to a less important uplift of the Afara terrane within this area, being then a depression at that time. 53 

The sediments (Serouenout Formation), considered in this study, were deposited on this Afara terrane and 54 

preserved in a depression situated just to the north of the Serouenout terrane. This area was locally covered by 55 

Cenozoic volcanic flows (Aït-Hamou et al. 2000; Liégeois et al. 2005).  56 

The Serouenout formation (Fig. 1) consists of poorly dated red clay-sandstones (Lower Cretaceous to 57 

Lower Cenozoic in age, Bordet, 1955). The facies homogeneity (often with cross-bedding stratification) within all 58 

the basin suggest deposition in a single large river-lake system. The formation, reaching 350 m thickness, was 59 
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affected by slight deformation after deposition (Bordet, 1955). Knowing the age of this formation, which  60 

characterizes a local episode of subsidence, is key to understanding the evolution of the Hoggar massif. 61 

On another hand, the current elevation of the Hoggar is a consequence of an uplift whose origin remains  62 

debated (e.g., Lesquer et al. 1988; Aït Hamou and Dautria, 1994, Beccaluva et al. 2007; Liégeois et al. 2005) but 63 

large-scale vertical processes can be assessed (Rougier et al., 2013). 64 

A paleomagnetic study (Derder et al. 2023), associated with a detailed field work, was therefore attempted 65 

to better specify the Serouenout Formation age and the Mesozoic-Cenozoic structural evolution of the Precambrian  66 

Hoggar shield. 67 

 68 

Cretaceous-Cenozoic structural events in the Hoggar area 69 

Several regional-scale rift basins (Tafassasset, Ténéré, Tefidet) developed during the Late Mesozoic east 70 

and south of the Hoggar (e.g., Louis and Rechenmann, 1966; Dautria and Lesquer, 1989, Zhou et al. 2017). On 71 

the western and northern Hoggar borders, a folding event occurred around the Upper Jurassic – Lower Cretaceous 72 

(Smith et al. 2006; Derder et al. 2009). The Lower Cretaceous Austrian tectonic phase is well known in the 73 

sedimentary basins (e.g., Oued Mya) north of the Hoggar (e.g., Boudjema and Tremolières, 1987; Maurin and 74 

Guiraud, 1993; Guiraud et al. 2005; Craig et al. 2008). Another major tectonic event in this area was the Hoggar 75 

uplift. Faure (1985), using sedimentological criteria, stipulated that this uplift  would have started during the 76 

Cretaceous. Rougier et al. (2013) showed, using thermochronological data, that the Hoggar was buried between 77 

95 Ma and 40 Ma and that the main uplift occurred between 40 Ma and 35 Ma. For these authors “The outcrops 78 

of Cretaceous sedimentary remnants in the northeastern part of the swell are consistent with Upper Cretaceous –79 

Eocene burying under a 1- to 3-km-thick sedimentary cover. Whether this cover was extended to the whole Tuareg 80 

Shield is not yet documented. If the depositional area was confined to the Aïr and northeastern Hoggar, Cretaceous 81 

Ténére troughs could have crossed the Hoggar on its northeastern part. On the other hand, ext ension of the cover 82 

over the whole shield would evidence that a large intraplate sag basin developed.”  83 

 84 

Field data 85 

Lithology 86 

The Paleozoic cover of the Saharan platform (outcropping far to the east and to the north of the Hoggar) 87 

was eroded within the Hoggar before the deposition of Serouenout sandstones. The Serouenout sediments rest 88 

unconformably on an Eburnean basement. 89 
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From a lithologic point of view, these fluvial and lacustrine sediments include various facies, often 90 

characterized by cross-bedding. Figure 2 shows a synthetic stratigraphic column based on the most complete 91 

section at Tin Adakitine (Fig. 1). From the bottom to the top: 92 

1) Basal conglomerate with large, often rounded, pebbles (up to several tens of kilogram and sometimes broken 93 

– Bordet, 1955, Fig. 3) and coarse arkosic sandstones (pinkish to reddish color).  94 

2) Light pink sandstones rich in quartz grains. 95 

3) Muddy sandstone levels (reddish to purplish) characterized by cross -bedding. 96 

4) Alternate mudstone and sandstones. 97 

5) Calcareous sandstones (probably silicified lacustrine limestones). 98 

The total thickness of this almost complete section (only the basal conglomerate is missing), located on a 99 

basin border (Tin Adakitine, Fig. 1a), is 150 m while the Serouenout Formation thickness reaches mostly 350 m 100 

(Bordet, 1955). The SW-NE cross-section (Fig. 4) of the basin also shows that the base of the Serouenout 101 

Formation altitude is between 1100 and 1700 m high (Bordet, 1955; Rougier, 2012).  102 

This sedimentary formation is covered by trachytic and basaltic lava (35 to 24 Ma) related to the well 103 

exposed volcanism in the Serouenout district and in the Atakor region to the west (Bordet, 1955; Aït Hamou, 2000;  104 

Aït Hamou et al. 2000; Azzouni-Sekkal et al. 2007; Benhallou et al. 2019). Locally, the lava settled over an 105 

irregular topography (e.g., cliffs of sedimentary levels), highlighting erosion prior to the volcanism (Bordet, 1955). 106 

New structural observations  107 

For Bordet (1955), the sedimentary formations of the Serouenout basin have been affected by weak 108 

deformations (faulting and local moderate tilting). Our new field observations highlighted significant brittle  109 

tectonics, crushed silicified Serouenout sandstones forming locally elongated domes underlining the fault network. 110 

The latter (Fig. 5) is dominated by vertical strike-slip faults, mainly N-S (Fig. 1). Some of these strike-slip faults 111 

were feeders for the Cenozoic lava flows and were sealed by the basalt, forming dykes. 112 

- The displacements related to the N-S faults are all with dextral component (Fig. 1, 5). This motion is well marked  113 

by well-preserved slickenside striations on fault plane (Fig.6) and locally fault hooks. These striations present a 114 

weak plunge (12 to 14° northward in average). That indicates fault horizontal displacement associated with a 115 

moderate uplift of the eastern compartment relatively to the western one (oblique striations). The figure 4c 116 

illustrates the example of such a dextral N010° vertical fault, which is also associated with a vertical movement . 117 

West of the fault, Cenozoic flows are lying over the Precambrian granitic basement, implying the local erosion of 118 

the whole Serouenout Formation before the volcanism for only the western fault compartment. The vertical 119 
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displacement along this fault then corresponds at least to the thickness of this eroded formation, likely of the order 120 

of 300 to 350 m. Given this vertical displacement and the 15° dip of the observed slickenside striations within the 121 

fault plane, the horizontal displacement must have been of at least 1 km. 122 

- Other large faults with different orientation present two different cases. A N070° strike-slip fault (close to the 123 

sites f – Fig. 1a) is associated with a local tilting (up to 40°) of the Serouenout levels on its southern border. Its 124 

fault plane, dipping 75°SE, shows oblique 42° southwestward slickenside striations attesting to a sinistral motion  125 

with small reverse component (Fig. 6b). N110° to N120° vertical faults affect the northeastern part of the basin. 126 

One of them (along the Oued Tafassasset - Fig. 1), filled by crushed sandstone, shows sub-horizontal slickenside 127 

striations indicating a dextral motion. On the southwestern border of the basin (Djebel Taharaq area, located SW 128 

of the Adrar Tissèyène – Fig. 1), N120° normal faults, with slide down of northern block, affected the Serouenout 129 

Formation before and after the volcanic episode, giving local tilting (Remy, 1959; Aït Hamou, 2000). For Bordet, 130 

1955, such faults could have played a role since the beginning of the basin development. 131 

It is important to underline that N-S vertical faults also affect the Cenozoic lava flows NE of the basin 132 

(Fig. 1), giving local moderate tilting. Few dextral sub-horizontal slickenside striations (10° northward in average), 133 

not well-preserved, have been also observed on these fault planes. 134 

The moderate dips measured in the Serouenout levels, mainly to the north or south in the basin (Fig. 1), 135 

indicate roughly E-W oriented axes for these weak undulations . Local stronger variations in dip are related to 136 

tilting associated with faulting. Part of the variations in altitude of the basal levels (Fig. 4a) is also related to 137 

faulting (Fig. 4b, c and d). The fault network (Fig. 5) suggests a roughly NNE-SSW maximum stresses direction 138 

during the brittle tectonic, but the small number of faults does not allow a rigorous inversion of the dataset   139 

Age and new paleobotanical data  140 

Based on the stratigraphic position of the Serouenout formation, a Cambro-Ordovician age was first  141 

suggested (Kilian, 1939; Lelubre, 1952). Bordet (1954) found abundant silicified wood, some of it well preserved. 142 

Fragments were identified by Boureau (1952) as Protopodocarpoxylon Rochii, similar to woods found in Mid-143 

Cretaceous levels of the Tchad territory. These remnants suggested a Lower Cretaceous to Cenomanian age 144 

(Bordet, 1954, 1955; Fabre, 1983; Lefranc and Guiraud, 1990; Philippe et al. 2003). A Lower Cenozoic age for 145 

the upper part of the Serouenout Formation was also suggested (oral com. in Fabre, 1983). 146 

The stratigraphic section at the vicinity of the Oued Ounane (24°44' 09", 7°25'29") provided us new 147 

evidence to constrain the age of the Serouenout Formation. In the uppermost levels, we discovered, associated 148 

with wood fragments, a fern-rich horizon with Weichselia reticulata (Fig. 7). Weichselia reticulata is a widespread 149 
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Mesozoic fern, ranging in age from Bathonian to Cenomanian and geographically between 60°N and 60°S (Barale, 150 

1979; Blanco-Moreno et al. 2018).  151 

 152 

Paleomagnetic data 153 

Sampling and analysis procedure 154 

Serouenout Formation coarse facies are mostly not favorable for paleomagnetic studies. However, 24 155 

sites (Fig. 1), distributed in the various levels (Fig. 2) have been sampled in the less coarse facies  (247 cores 156 

oriented with magnetic and sun compasses). 88 cores, similarly oriented, of Cenozoic volcanic rocks were also 157 

collected. To attempt a contact test, a thin (about 30 cm thick) unaltered Cenozoic volcanic dyke, emplaced within  158 

a former dextral fault, was sampled (site 18a) and samples from sedimentary host-rocks in contact with it were 159 

also collected along two sections  perpendicular to the dyke and corresponding to various sedimentary levels (sites 160 

18b1 and 18b2 separated by about 10 m). The site 13 was chosen in a lava flow overlying the sedimentary strata 161 

(sampled in the neighboring site 12). 7 of the sedimentary sites (hereafter named sites f – Fig. 1a) were chosen 162 

close to an important dextral fault because of their significant dip. They are however also characterized by clear 163 

effects of local intense fluids circulation related to the tectonics (important re-crystallization around the fault).  164 

One to three specimens were cut from each core in order to have additional specimens for pilot studies 165 

and rock magnetic analyses. The paleomagnetic study was made in the Algiers CRAAG laboratory. Prior to any 166 

demagnetization analysis, the specimens were stored in a zero field for at least one month, to reduce possible 167 

viscous components. The remanent magnetization of the specimens was measured using a JR5 spinner 168 

magnetometer (AGICO, Brno). Thermal demagnetization was performed using a cylindrical furnace (ASC Model 169 

TD48-SC) with a fast-heating rate (45 minutes to reach 680°C) while forced air enhanced the cooling (20 minutes). 170 

The directions of the magnetization components were plotted on orthogonal vector plots (As and Zijderveld, 1958; 171 

Zijderveld, 1967) and the remaining vectors of the magnetization on equal-area projections. The direction of the 172 

different components was computed using principal component analysis (Kirschvink, 1980). Fisher (1953)  173 

statistics was used to determine the mean directions. 174 

Thermomagnetic KT curves (low-field magnetic susceptibility K as a function of temperature T) have 175 

been measured under air atmosphere for representative samples , with the KLY-3 (AGICO) of the IPGP laboratory. 176 

Hysteresis loops were obtained in the IPGP laboratory with the VSM/AGM 3000 (Princeton). 177 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

 7 

Rock magnetism 178 

The obtained KT curves for sedimentary sites (Fig. 8) are noisy due to the weak susceptibility values. 179 

Most of them present a reversible evolution. Perfectly reversible partial cooling loops (Fig. 8) during the heating 180 

show that mineralogical alteration occurred only at the highest temperatures (giving a shift of the cooling curve). 181 

On the heating curve, a maximum around 300°C is related to a low temperature magnetic phase. It is followed by 182 

a regular decrease up to 580°C indicating the presence of the magnetite. A last sharp decrease up to 670°C 183 

(preceded in some samples by a small Hopkinson peak), is a characteristic of the presence of hematite. The 184 

reversibility of the KT curves indicates that the three evidenced magnetic phases are almost stable during heating, 185 

even at high temperature, suggesting Ti-rich titanomagnetite as the lowest temperature one (titanomaghemite or 186 

sulphides are generally unstable at high temperature). Owing to the much lower magnetic susceptibility of the 187 

hematite compared to that of the Ti-rich titanomagnetite and of magnetite, the latter are present only in moderate 188 

proportion. 189 

The measured hysteresis loops for sedimentary samples (Fig. 9) are often noisy. They present typical 190 

characteristics (open loops, high remanent coercive force) of high coercivity minerals like hematite. Only some 191 

minor wasp-waisted or pot-bellied shapes suggest the presence of the other magnetic components. 192 

Paleomagnetic results 193 

Sedimentary sites 194 

The Natural Remanent Magnetization (NRM) intensity is mostly weak (in 10-3 A/m, between 0.4 and 195 

53.7; mean value 8.2). Several pilot specimens were subjected to a stepwise alternating field (AF) demagnetization  196 

up to 100 mT or thermal demagnetization up to 680°C to characterize the components of magnetization. AF 197 

appeared as totally inefficient and was not further used. Seven of the 24 sampled sedimentary sites (including the 198 

site 12 close to the volcanic flow site 13) did not yield reliable results  (too weak magnetization to obtain reliable 199 

data by principal component analysis ). This was also the case for a proportion of the samples from the other sites, 200 

and only 80 samples gave usable results, meaning that some sites had a very low number of reliable data. None of 201 

these results were later discarded because of inconsistent direction relative to other samples from the same site. In 202 

these samples, during thermal demagnetization (Fig. 10) and after elimination of a poorly defined A component 203 

mainly related to the present magnetic field (Fig. 11), the analysis of the magnetization mostly evidences the 204 

presence of 3 different components B, C and D with very neighboring directions (Tab. 1). All are of normal 205 

polarity, except for the C component of reversed polarity in a few samples from a single site (Figs. 10 and 11 – 206 

sample SR224A). The difference between the different components, often small, mainly appears on the Zijderveld  207 
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plots (Fig. 11). The 4 corresponding demagnetization temperature windows are roughly lower than 250°C (A 208 

component), 250-350°C (B), 350-580°C (C) and higher than 580°C (D). The D component is a Characteristic 209 

Remanent Magnetization (ChRM).  210 

Except for the site 1, clustering (shown by the precision parameter k - Fisher, 1953) in each site is better 211 

for the D component (Tab. 1) for which k is relatively high (mean value: 166). However, the corresponding radius 212 

of the confidence zone 95 (Fisher, 1953) is relatively large for some sites because of the weak number of obtained 213 

data (e.g., 3 for sites 1 and 10). According to the results, different groups of directions can be distinguished 214 

(Tables 1 and 2). The sites f, close to a fault and clearly affected by recrystallization, present negative fold test 215 

(Figs. 12a, 12b and 13) for all components, with increasing directions scattering, highlighted by the k  parameter 216 

values, from D to C to B components (Tab 2). The site 23, close to another fault, presents directions with large 217 

scattering (k=10 for component D), probably also disturbed during the faulting. The other sites (hereafter named 218 

sites s), widespread in the basin, present on the contrary positive fold test (Figs. 12c, 12d and 13) for all 219 

components, but here also with increasing scattering from D to C to B directions (Tab. 2). The fold tests are 220 

obviously not significant for the B components, owing to the weak variation of the k  parameter during progressive 221 

untilting, but it can be noticed that this variation has the same evolution (increase or decrease with untilting) as for 222 

the corresponding C and D components . This variation is much larger for the C components, and even larger for 223 

the D ChRMs, despite weak dip variations from one site to another (Table 1): For the site s, the mean dip value is 224 

10° and dip is mostly towards neighboring directions. Mean dip is 22° for the sites f. For the D ChRMs, the 225 

maximum k  value during progressive untilting is not significantly different from the k  values for 0% untilting for 226 

the sites f (indicating negative fold test) and 100% untilting for the sites s (positive fold test). The corresponding 227 

ratios k  maximum/ k  minimum are 3.7 (sites f) and 2.2 (sites s). The fold tests for the D ChRMs are then fully  228 

reliable: D ChRM acquisition is pre-tilting for sites s and post-tilting for sites f. 229 

The contact test for the site 18 shows that only the boundary of the Serouenout sediments in the contact 230 

with the dyke has a perturbed magnetization during dyke emplacement, indicating that the magnetization of these 231 

sediments further away from the dyke was acquired before volcanism. Surprisingly, these perturbations are 232 

different in the two host rocks sites studied.  233 

- For the samples from the sedimentary site 18b1, a thermal overprint, limited to the first 20 centimeters of the 234 

dyke boundary, results only in unreliable scattered directions  for the B component. The C and D components 235 

remained unaffected. In this narrow boundary, the temperature reached during the dyke intrusion was then lower 236 

than most blocking temperatures for these components .  237 
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- Within a larger distance to the dyke (about 1 m), all the samples of the sedimentary site 18b2 underwent chemical 238 

effects affecting the magnetization. Only B and C components, totally remagnetized, have been obtained (no D 239 

component). This likely reflects local effects of active fluids associated with magma emplacement.  240 

This difference in the impacts of the intrusion according to the sites could possibly be related to a greater 241 

porosity of the sampled level in the site 18b2 than in the site 18b1? 242 

Volcanic rocks (sites 13 and 18a) 243 

The NRM intensity is much stronger than in sandstones (in A/m, between 1 and 18; mean value 7).  244 

In the partially weathered lava flow (site 13), the thermal demagnetization data suggest that the main  245 

magnetic carrier is a Ti-rich titanomagnetite, but also that a part, mostly very small, of the remanence is carried by 246 

Ti-poor titanomagnetite. Unfortunately, remanent magnetization is very unstable during thermal treatment , 247 

probably because of the weathering effect. Table 1 gives the paleomagnetic direction obtained by AF 248 

demagnetization for moderate fields. The relation of this direction with that of the reliable components obtained 249 

in the sedimentary sites is unclear. 250 

In the dyke (site 18a), the thermal demagnetization (Fig. 10) clearly indicates both Ti-rich and Ti-poor 251 

titanomagnetites. However, the corresponding paleomagnetic directions are unreliable due to their strong 252 

scattering, suggesting lightning disturbances.  253 

Discussion 254 

Magnetic mineralogy 255 

The presence of primary or secondary magnetite (here in small amounts) in red beds is not surprising 256 

(e.g., Miller and Folk, 1955; Turner, 2009; Bilardello and Kodama, 2010). The occurrence of Ti-rich  257 

titanomagnetite, even like here in very weak amounts, is more unusual. The presence of this mineral in the 258 

Cenozoic volcanic rocks suggests a possible relationship with the migration of chemically rich volcanic fluids 259 

throughout the whole sedimentary basin. 260 

The components B, C and D and the sites f and s 261 

The temperature windows, associated with the different B, C and D components and those of the 262 

variations highlighting Ti-rich titanomagnetite, magnetite and hematite on the KT curves, are similar, showing that 263 

the different components B, C and D are connected with the magnetic mineralogy. However, for sites s and f, the 264 

proximity of the direction for the different components clearly indicates a close relationship between them. In 265 

addition, in a few samples, the C component is very weak, or even in the opposite direction to the D ChRM, then 266 

clearly due to the superposition of magnetizations of opposite polarity carried by hematite and magnetite (Fig. 11 267 
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samples SR28A and SR96A). B and C components are therefore composite magnetizations, resulting from the 268 

superposition of the hematite magnetization with that of magnetite (C component), and with those of magnetite 269 

and Ti-rich titanomagnetite (B component). Such superpositions also explain the larger scattering directions in the 270 

B and C composite components relatively to the D ChRM (Tab. 2). Obtention of linear segments for B and C 271 

components on the Zijderveld plots then shows that the different component minerals phases are demagnetized in 272 

relatively regular proportions during the corresponding temperatures intervals (e.g., Derder et al. 2022). Hematite 273 

clearly remains the dominant carrier in most cases, with Ti-rich titanomagnetite and magnetite being carriers of 274 

partial remagnetizations. Composites B and C components will be therefore not further considered. This highlights 275 

the importance of a detailed analysis of the demagnetization data for rocks with different magnetic phases.  276 

As shown by the negative fold test, the D ChRM is a remagnetization (e.g., Henry et al. 2004) in sites f 277 

affected by intense fluids circulation close to the fault  (see Yang et al. 2019), while the positive fold test for the 278 

sites s argues for a primary magnetization. 279 

Paleomagnetic dating 280 

The seven sites s are well distributed in the basin and stratigraphically located in the 2/3 lower levels of 281 

the formation (Figs. 1 and 2). Their D ChRM (Ds= 343.8°, Is= 15.5°, k= 140, 95= 5.1° after tilt correction, 282 

Fig. 12) was used to determine a paleomagnetic pole (67.2°S, 53.6°E with K = 166, A95= 4.1°) for the Serouenout 283 

Formation. Such a pole would not have been used to improve an APWP, owing to the low number of obtained 284 

results (only 31 data for 247 samples, from 7 sites out of 24), far from the paleomagnetic standards. However, 285 

considering its uncertainty, it can be compared (Fig. 14) with the APWP for Africa (Besse and Courtillot, 2002;  286 

Domeier et al. 2012, modified from Le Goff et al. 1992; Amenna et al. 2014; Henry et al. 2017) to estimate the 287 

acquisition age of its ChRM. In order to obtain a clear and reliable comparison, the variation of the absolute angular 288 

difference between this Serouenout pole and the APWP as a function of age (every 10 Ma) was determined (blue 289 

curve on the figure 15a). Angular uncertainties A95 from our pole and from each mean pole of the APWP was 290 

integrated (green and red curves delimiting the corresponding uncertainty zone on the figure 15a). For the age of 291 

magnetization acquisition, this indicates two possible age windows, corresponding to the Triassic (before 198 Ma) 292 

and Upper Cretaceous-Lower Paleocene (95-62 Ma) ages. For the Serouenout Formation, a Triassic age is not 293 

compatible with the known paleobotanical data (Upper Jurassic to Cenomanian). On the contrary, the coincidence 294 

(Fig. 15a) of the age windows for these latter data and for the ChRM acquisition (Upper Cretaceous-Lower 295 

Paleocene) suggests a primary magnetization for these sediments, which strongly favors a Cenomanian deposition 296 

of the formation. It should be noted that Kilian (1930) found the ammonite Calycoceras naviculare, of Cenomanian 297 
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age (Busson et al. 1999), in the Amguid limestones (also discordant on the Precambrian basement, but in a 298 

completely different context - marine transgression - e.g., Kocsis and Scotese 2020) in the North Hoggar. For 299 

Lelubre (1952), these Amguid levels were deposited in an area with large valleys, suggesting an earlier tectonic 300 

episode within the leveled Hoggar shield. 301 

The post-tilting D ChRM of the 7 sites f (Dg= 349.4°, Ig= 26.7°, k= 82, 95= 6.7° before tilt correction) 302 

was used to determine a paleomagnetic pole (Latitude = 75.7°S, Longitude = 52.3°E, K = 112, A95= 5.0°) for the 303 

remagnetization age (Fig. 14). The same approach using the absolute angular difference with the APWP (Fig. 12b) 304 

gives, for remagnetization acquisition, a Coniacian - Eocene age window (101-35 Ma – Fig. 14). The other possible 305 

window - lower Mesozoic age 176-190 Ma – for remagnetization acquisition is here also not compatible with the 306 

geological data. Tectonics, with tilting and faulting, then occurred during the Upper Cretaceous - Eocene, at least 307 

in the sampled area including the sites s.  308 

Structural implications 309 

The presence of the relatively thick detrital Serouenout Formation (up to 350 m), deposited within a large 310 

area, suggests the existence of a prior significant topography. In addition, Bordet (1955) observed that the 311 

Serouenout bottom levels locally filled ridged depressions. He also noticed, as indicated above, that N120° normal 312 

faults could have played a role since the beginning of the basin development. The basal conglomerate with very 313 

large pebbles (Fig. 3) indicates that the eroded reliefs were not very far from the basin. These different field  314 

observations reveal a tectonic event shortly before the deposition of the Serouenout sandstones.  315 

The observed tectonic brittle deformation postdates the deposition of the Serouenout Formation. This 316 

event generated local moderate tilting and, along vertical faults, significant displacements lateral and vertical in a 317 

N-S dextral shearing context. The paleomagnetic directions obtained in the different sites are well-clustered  318 

(confidence zones partly included within the confidence zone for the mean direction), except for the site 3 319 

(Fig. 12e); this could indicate a moderate local clockwise rotation undergone by this last site, in agreement with  320 

such a context. The moderate reverse displacement along a fault suggests a compressive context. The shearing 321 

along the different strike-slip faults and the approximately E-W undulation axes in the basin suggest that these 322 

deformations are related to a sub-horizontal maximal stress direction roughly oriented SSW-ENE. Volcanis m 323 

sealing tectonic structures (Fig. 4c) suggests faulting prior to this Oligocene volcanism (34-17 Ma). This is also 324 

evidenced by the presence of basaltic dykes sealing strike-slip faults within the Serouenout Formation and by the 325 

post-tilting possible remagnetization age (89-35 Ma) of the sites f.  326 
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The lava flows covering the Serouenout Formation were also affected latter by N-S dextral strike-slip  327 

faults and locally by weak tilting. In the Tirhitine area (200 km to the east of Serouenout), Kettouche et al. (2013) 328 

and Maouche et al. (2014), using field investigation highlighted that sedimentary Oligocene - Early Miocene 329 

formations (Rognon et al.1983) are affected by numerous kilometric faults (with N-S, NE-SW and NW-SE 330 

dominant directions) similarly as the Serouenout Formation. These observations could reflect a structural setting 331 

similar to the one here described in the Serouenout area, suggesting a regional and temporal extension of the 332 

shearing context during the Neogene. This Neogene structural setting could be related to the convergence between 333 

Africa-Europe since the Oligocene, resulting in Alpine reactivations of N-S Pan-African mega-shear zones, as well 334 

as Cenozoic Atakor volcanic activity (Liégeois et al. 2005; Azzouni-Sekkal et al. 2007) on the boundaries of 335 

LATEA metacraton (Liégeois et al. 2003). Similar reactivation during the Variscan orogeny (e.g., Haddoum et al. 336 

2001, 2013; Haddoum, 2009) and current intraplate earthquake activity confirm that these mega-shear zones 337 

constitute mechanically weak area that may deform in response to distant tectonic events (Boughacha, 2005; Harbi 338 

2006). Similarly, the Cenomanian tectonic activity could be linked to  the Pangea dislocation and South Atlantic 339 

opening, a period that favored the Cretaceous West and Central African Rift System (e.g., Ghomsi et al 2022). 340 

 341 

Conclusion 342 

Age characterization of the Serouenout Formation suggest that it has been deposited in a la rge area during 343 

Cenomanian probably in response to tectonic faulting. The tectonic record in this formation shows a succession of 344 

faulting events during the Cenomanian and the Cenozoic. These events correspond for the Precambrian basement 345 

of the Hoggar to a new and "recent" page of its structural history, which is difficult to evidence in such old cratons 346 

where Meso-Cenozoic sedimentary record is often lacking. The Cenozoic uplift of the Hoggar (Rougier et al. 347 

2013) thus cannot be considered as  a simple global vertical movement. (Liégeois et al.2005). During Cenomanian , 348 

local differential uplifts occurred probably controlled by a tectonic extensional event. During Cenozoic, the Hoggar 349 

uplift was accompanied by tectonic tilting and faulting with horizontal dextral component, then, constituting an 350 

example of interaction of uplifts at various scales and of a continuum of Alpine reactivations of Pan-African mega-351 

structures. 352 

 353 
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 538 

Figure captions 539 

Figure 1: (a) Geological map of the Serouenout region (modified from Bordet, 1955 and Derder et al. 2023) and 540 

sampling sites locations. Inset indicates the location of the studied area in Algeria. 541 

(b) Tectonic setting: post-Cenomanian faults. 542 

Figure 2: Lithological section of the Serouenout Formation at Tin Adakitine (the conglomerate level, not visible 543 

in this zone, has been added). The symbols fossils correspond to the levels with ferns (1) and silicified 544 

woods (2) observed in other sections in the basin (Fig. 1). The circled numbers indicate the levels 545 

corresponding to those of the paleomagnetic sites widespread in the basin (Fig. 1). 546 

Figure 3: Basal conglomerate, including some pebbles larger than 20 cm, lying over the basement (location 547 

indicated on the figure 1a). 548 

Figure 4: Evidence of post-Cenomanian tectonics: cross-sections highlight brittle tectonics (see Fig. 1a for 549 

positions). The cross-section (c) and its above associated picture presents an example of a dextral 550 

vertical N010 fault, also showing an important vertical shift. Scale in meters. 551 

Figure 5: Slickenside striations (dots with arrow) and fault plane: dextral (blue) and sinistral (red) strike-slip faults, 552 

and faults without observable slickenside striations (black). Equal-area plot, lower hemisphere.553 

Figure 6: Examples of observed and measured faults: (a) N-S right lateral strike slip (b) N070 Left lateral strike 554 

slip with reverse component. Fault plane (f) and slickenside striations (p) orientation. 555 

Figure 7: (a) Weichselia reticulata (Barale, 1979; Monje Durán et al. 2016; Blanco‐ Moreno et al, 2018, 2020), 556 

and (b) silicified wood from the Serouenout Formations. 557 

Figure 8: Typical thermomagnetic curve (normalized low field susceptibility K/Ko as a function of the T 558 

temperature): samples SR27 and SR66. Heating (red line) and cooling (dark blue line) curves 559 
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Figure 9: Hysteresis loops (samples SR92and SR318), displaying large open loops and showing no reached 560 

magnetization saturation. Hcr is the remanent coercive force, Field in Tesla (T) and magnetization is in  561 

A/m.  562 

Figure 10: Typical thermal demagnetization curves (normalized Magnetization M/M 0 as a function of the 563 

temperature T): variation of the resultant moment in blue and of the total magnetization (from the sum of 564 

the lost magnetizations) in red, for the sedimentary sequences (sample SR224) and volcanic dyke (sample  565 

SR235 - superposed blue and red curves). 566 

Figure 11: Orthogonal vector plots (filled circles: horizontal plane, crosses: vertical plane; stratigraphic 567 

coordinates) and demagnetization curves for samples SR28A, SR62A, SR96Aand SR224A. C component 568 

is reversed for SR224A, and weak for SR28A and SR96A, because of superposition of normal (hematite) 569 

and reversed (magnetite) magnetizations. 570 

Figure 12: ChRM equal-area plots (lower hemisphere): Paleomagnetic directions, before (a, c) and after tilt  571 

correction (b, d), for the sites f (a, b) and s (c, d). Mean site data for the sites s after tilt correction (e), 572 

with associated confidence zones α95. Present day magnetic field (PDMF). 573 

Figure 13: Variation of the k  parameter (Fisher, 1953) during progressive untilting for the B and C components 574 

and the D ChRM, for the sites s (blue) and f (red). 575 

Figure 14: Comparison of the Serouenout poles for sites s (red) and f (green) with the Gondwana APWP (230-210 576 

Ma - Domeier et al. 2012 modified from Le Goff et al. 1992 - and 200-0 Ma - Besse and Courtillot, 2002). 577 

To have a clear figure, only confidence zones for Serouenout poles are presented. Effects of uncertainties 578 

associated with APWP poles are considered in the figure 12. 579 

Figure 15: In red, possible age windows for deposition (a) and tectonic deformation (b) of the Serouenout 580 

Formation. Absolute angular deviation (modified from Derder et al. 2023), as a function of the age (every 581 

10 Ma), between the Serouenout pole and the African APWP (blue curve, the green curves defining the 582 

uncertainty angle). Age window for Weichselia reticulata in orange. 583 

 584 

Table 1: Mean A, B, C and D components in the different sites: Dip P, dip direction G, Number of samples N, 585 

Declination and Inclination before (Dg, Ig) and after (Ds, Is) tilt correction and Fisher (1953) parameters  586 

k and α95. Sites s (white background), f (pinky beige), 23 (green) and volcanism related (blue). 587 

Table 2: Sites mean directions (see table 1) and corresponding paleomagnetic poles (Latitude  and longitude ) 588 

for the different components. 589 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Figure 2



Figure 3



Figure 4



Figure 5



Figure 6



Figure 7



0

0.5

1

1.5

2

0 100 200 300 400 500 600 700

SR66

K/K0

T

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 100 200 300 400 500 600 700

SR27

K/K0

T

Figure 8



0.8 1.6

1  10-6

0

-1  10-6

-0.8-1.6

A/m

T

SR92

Hcr

2.4 10-7

-2.4 10-7

0
-1.6 -0.8 0.8 1.6

Hcr

A/m

T

SR318

Figure 9



0

0.2

0.4

0.6

0.8

1

0 100 200 300 400 500 600

M/Mo

T

Serouenout formation

Volcanic dyke

Figure 10



Stratigraphic Coordinates

Horizontal Plane

Vertical Plane

W E

N  Up

S  Down

10 A/m
-6

Sample SR62A

NRM
T250°C

T340°C

T410°C

T470°C

T500°C

T600°C

T630°C

T650°C

Comp A?

Comp C

Comp B?

Comp D

T580°C

1

J ( )10 A/m
-6

0 200 400 600

T(°C)

b

1

2

3

4

5

6

7

J ( )10 A/m
-6

0 200 400 600

T(°C)

N S

E  Up

W Down

NRM

T150°C

T300°C

T380°C

T440°C

T500°C

T580°C

T600°C T630°C

T640°C

Comp A?

Comp C ?

Comp B
Comp D

Sample SR28A

10 A/m
-6 T660°C

d

W E

N  Up

S  Down

10 A/m
-6

NRM

T150°C

T340°C

T410°C

T660°C

T630°C

T650°C

Comp A

Comp B

Comp D

T580°C

T250°C

Sample SR96A 1

2

3

4

J ( )10 A/m
-6

0 200 400 600

T(°C)

c
Comp C ?

N S

E  Up

W Down

10 A/m
-6

Sample SR224A

NRM
T
15

0°
C

T
6
4
5
°C

T
63

0°
C

T
64

0°
CComp A?

Comp C (Reversed)

Comp B

Comp D

T
25

0°
C

1

2

3

4

5

6

7

8

J ( )10 A/m
-6

0 200 400 600

T(°C)

a

T
4
0
0
°C

T
5
0
0
°C

Figure 11



Sites ( f )
0

270

Geographic Coordinates

PDMF

Mean  direction

0

90

Stratigraphic Coordinates

Mean  direction

Sites ( )s

0

270

Geographic Coordinates

PDMF

Mean  direction

0

90

Stratigraphic Coordinates

PDMF

Mean  direction

0

90270

Stratigraphic Coordinates

PDMF

Mean  direction

PDMF

(a) (b)

(c) (d)

(e)

Site1

Site3

Site5

Site7

Site8

Site10

Site21

Figure 12



-25 0 25 50 75 100 125
Untilting percentage

k

100

40

140

B

C

D

B
C

D

Figure 13



60°

0°
230 Ma

10 Ma

60 Ma

140 Ma

Figure 14



-20

-10

0

10

20

30

40

A
bs

ol
ut

e 
an

gu
la

r d
iff

er
en

ce
 

be
tw

ee
n 

th
e 

Se
ro

ue
no

ut
 

po
le

 a
nd

 th
e 

AP
W

P

Age (Ma)

50150200 100

Sites s Pre-tilting magnetization

Weichselia reticulata

-20

-10

0

10

20

30

40

Ab
so

lu
te

 a
ng

ul
ar

 d
iff

er
en

ce
 

be
tw

ee
n 

th
e 

Se
ro

ue
no

ut
 

po
le

 a
nd

 th
e 

AP
W

P

Age (Ma)

50150200 100

Sites f Post-tilting remagnetization

.

a

b

Figure 15



site P(°) G(°) comp N Dg(°) Ig(°) Ds(°) Is(°) k α95(°) 

site 1 10 345 

A 3 9.6 46.0 6.1 36.7 76 14.2 

B 4 323.1 43.8 325.9 34.4 4 52.9 

C 3 348.3 21.4 348.2 11.4 335 6.7 

D 3 344.9 27.2 344.9 17.2 67 15.1 

Site 3 10 350 

B 6 358.4 23.7 357.9 13.8 20 15.5 

C 4 357.6 33.1 356.9 23.2 43 14.2 

D 6 355.2 21.4 354.9 11.4 133 5.8 

Site 5 0 0 

B 6 336.8 9.1 336.8 9.1 20 14.4 

C 6 340.9 17.4 340.9 17.4 123 6.1 

D 6 338.5 15.7 338.5 15.7 284 4.0 

Site 7 12 0 

A 5 36.7 46.2 30.7 35.4 6 34.6 

B 5 331.8 37.5 335.5 25.0 32 13.7 

C 5 347.3 29.2 348.4 15.7 50 10.9 

D 6 335.9 27.7 338.0 15.3 100 6.7 

Site 8 12 0 

A 3 1.5 28.8 1.4 16.9 67 15.1 

B 5 351.8 25.0 352.3 13.1 21 17.1 

C 5 347.9 30.0 349.0 18.3 24 15.9 

D 4 348.3 31.1 349.4 19.3 279 5.5 

Site 10 15 70 

A 4 343.2 24.7 349.8 23.0 10 30.5 

B 5 339.2 10.0 341.8 9.9 12 22.8 

C 4 332.7 12.5 336.2 13.9 11 28.7 

D 3 336.9 16.8 341.5 17.0 140 10.5 

Site 13 8 180 Volc 13 185.2 -39.2 185.9 -47.1 21 9.2 

Site 16 12 90 

A 7 359.9 29.3 6.6 28.6 39 9.8 

B 8 340.0 25.1 345.8 28.6 44 8.4 

C 9 341.6 24.7 347.4 28.0 52 7.2 

D 6 344.3 25.0 350.1 27.7 197 4.8 

Site 17 18 100 
B 8 347.5 25.7 356.9 31.3 38 9.2 

D 7 352.3 24.6 1.2 28.7 323 3.4 

Site 18 18 100 

B 10 77.5 31.6 80.3 14.7 2 44.7 

C inv  4 96.8 -9.4 96.5 -27.4 52 12.9 

C 6 2.1 41.3 18.1 41.2 24 13.9 

D 5 350.4 33.9 3.3 38.0 73 9.0 

Site 19 40 140 

B 8 340.3 26.5 1.0 61.8 13 16.1 

C 8 347.3 23.9 9.1 56.4 26 11.1 

D 8 347.8 20.2 6.5 53.0 86 6.0 

Site 20 40 140 

A 8 33.7 58.6 91.1 48.4 9 19.6 

B 8 23.8 55.4 83.5 52.4 13 16.2 

C 9 3.0 46.5 59.6 61.6 47 7.6 

D 8 2.3 36.8 42.7 57.1 102 5.5 

Site 21 20 50 

A 3 359.5 46.1 11.0 31.7 26 24.8 

B 3 324.9 21.6 332.3 18.6 30 23.1 

C 3 336.4 22.8 343.1 16.0 42 12.9 

D 3 333.4 17.7 338.6 12.1 426 6.0 

Site 23 15 60 

A 8 340.7 57.2 359.3 49.7 13 15.8 

B 8 353.2 64.0 14.8 55.4 5 26.3 

D 4 16.6 43.9 24.2 32.3 10 30.8 

Table 1



Site 24 20 110 

A 7 0.9 32.1 14.4 36.5 5 28.5 

B 7 356.2 36.8 12.3 42.4 4 34.1 

C 6 337.2 31.9 349.8 43.9 20 15.5 

D 7 349.8 27.6 1.2 36.0 86 6.5 

Site 25 17 10 

A 8 346.5 38.2 0.3 45.9 20 12.6 

B 8 340.8 23.4 348.4 33.4 32 10.0 

C 7 330.4 24.0 337.3 36.3 21 13.6 

D 8 341.14 18.24 347.11 28.26 41 8.8 

 

Table 1. 



  comp N Dg (°) Ig (°) kg 95g (°)  (°S)  (°E) Ds (°) Is (°) ks 95s(°)  (°S)  (°E) 

Sites f  

B 7 349.3 37.3 17 15.2 81.8 85.3 6.4 47.2 10 19.6 80.9 238.9 

C 5 342.9 30.6 34 13.3 72.8 74.1 357.5 48.2 12 23.5 83.5 190.5 

D 7 352.4 28.4 35 10.3 75.3 51.3 5.2 38.8 19 14.4 85.7 340.8 

Sites s 

B 7 338.5 25.0 22 13.2 66.7 73.5 340.7 18.0 34 10.5 66.0 61.7 

C 7 344.1 24.0 58 8.0 70.8 60.7 346.0 16.6 122 5.5 69.2 69.4 

D 7 341.8 22.7 73 7.1 68.7 64.5 343.7 15.5 140 5.1 67.2 53.6 

 

Table 2 

Table 2


