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Abstract Low-temperature thermochronology studies revealed major exhumation events affecting
domains in the hinterland of the Central Atlantic margins, where Palaeozoic and/or Precambrian
basement is exposed. Thus, domains traditionally assumed to be stable since at least the Variscan and
juxtaposed to subsiding Meso-Cenozoic basins, appear to be affected by km-scale vertical movements
during the Atlantic rifting and after the Early Jurassic breakup in the Central Atlantic. In this contribution,
we investigate the extent and the magnitude of these motions along the NW African margin by presenting
the first low-temperature thermochronology data from west Mauritania. The analysed 22 samples were
collected along the Mauritanides, a N-S trending Variscan Belt separating the cratonic Taoudeni Basin in
the east from the Atlantic coastal basin in the west. The obtained apatite fission track (AFT) ages range
between 236 and 90 Ma, with mean track lengths between 11.22 and 12.81 ym and D,,,, comprised
between 1.6 and 2.1 um. The uncorrected (U-Th-Sm)/He (AHe) ages vary between 261 and 33 Ma. Inverse
thermal modelling of the AFT and AHe data indicates that the hinterland of the Mauritanian Atlantic
margin experienced (i) burial between the Permian and the Late Triassic, (ii) km-scale exhumation during
Middle-Late Jurassic and Early Cretaceous, (iii) burial during the Palaecogene-early Miocene, and (iv)
exhumation between mid-Miocene and present-day. We argue that these vertical movements are primarily
driven by the tectonic evolution of the Atlantic rift and the subsequent geodynamic evolution of the
Central Atlantic Ocean and the African plate.

1. Introduction

The history of vertical movements around the Central Atlantic has been the subject of many studies in the
last decade that revealed the existence of unexpected km-scale exhumation and burial events (e.g., Char-
ton et al., 2018; Ghorbal et al., 2008; Gouiza et al., 2017, 2018; Leprétre et al., 2017; Lorencak et al., 2004;
RodenTice & Tice, 2005; RodenTice et al., 2000; Ruiz et al., 2011; Saddiqi et al., 2009; Taylor & Fitzgerald,
2011; Teixell et al., 2009). The intriguing aspects of these findings are the timing and the magnitude of the
exhumation, as 2 to 4 km of upward motions were recorded during Jurassic to Cretaceous times, which
is shortly after the Early Jurassic breakup in the Central Atlantic and prior to the main Cenozoic Alpine
shortening events. The exhumation affected various domains in the hinterland of the NW African margin,
where Palaeozoic and/or Precambrian basement is exposed (e.g., Western Meseta, High Atlas of Marrakech,
Anti-Atlas, and Reguibat Shield). Concurrently, subsidence continued in the nearby offshore and coastal
Atlantic basins, documented by the accumulation of thick Jurassic to Cretaceous pile of sediments (e.g.,
Bertotti & Gouiza, 2012; Charton et al., 2018; Ellouz et al., 2003; Gouiza et al., 2010).

Km-scale post-rift exhumation events are recorded along many other margins in the North Atlantic (e.g.,
Japsen etal., 2012; Bonnin et al., 2014), South Atlantic (e.g., Cogné et al., 2011; Harman et al., 1998), and West
Australia (e.g., Gallagher & Brown, 1997; Weber et al., 2005). Thus, such events appear to be a rule rather
than an exception in the evolution of newly formed rifted margins. They are usually qualified as ‘unexpected’
or ‘anomalous’ because they do not fit in the classical McKenzie model of passive margins, which is widely
used and predicts a prolonged passive thermal cooling/subsidence after breakup (McKenzie, 1978; Steckler
& Watts, 1982; Watts, 1982). Burov and Cloetingh (1997) on the other hand used thermo-mechanical mod-
elling to show that rift shoulder exhumation, if coupled with erosion, can persist for a long period of time
after continental breakup (> 30 Myr).
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Figure 1. Simplified geological map of Mauritania and surroundings (Thiéblemont, 2016), showing the location of the
low-temperature thermochronology samples and corresponding AHe corrected mean ages and/or AFT central ages.

Quantifying the timing, magnitude, and wavelength of exhumation, and associated denudation, is crucial to
understand processes controlling rifted margin evolution, which should be considered in assessing hydro-
carbon maturation, migration pathways and reservoirs. This study investigates the southward extent of the
Mesozoic exhumation events, already documented in the northern part of the NW African margin, with
new samples collected from the Reguibat Shield and along the Mauritanides fold belt in Mauritania. This
is the first extensive low-temperature thermochronology dataset and associated inverse thermal modelling
along the Mauritanian Atlantic margin.

2. Geological Setting

The geological map of Mauritania shows four distinct tectono-stratigraphic domains (Figure 1): (1) the Pre-
cambrian Reguibat shield in the north, (2) the Palaeozoic Toudeni Basin in the east, (3) the Mauritanides
belt in the centre, and (4) the Mesozoic Atlantic coastal basin in the west (i.e., Mauritanian-Senegalese
Basin). The Reguibat Shield is an elongated ENE-WSW domain, where the West African Craton (WAC)
basement is exposed. It consists of granitic and metamorphic Archean rocks in the west and granitic and
volcano-sedimentary Palaeoproterozoic rocks in the east (Schofield et al., 2012; Villeneuve & Cornée, 1994).
The WAC sedimentary cover is preserved in the Taoudeni Basin, which is a cratonic basin filled by a thick
pile of Neoproterozoic to Carboniferous sediments (up to 6 km) overlain by a major erosional unconformity,
then a thin Cretaceous to Cenozoic cover (Martin-Monge et al., 2017; Villeneuve, 2005). The basin itself
comprises several sub-basins but the main Palaeozoic depocentres are found in the Adrar sub-basin in the
NW, the Hodh sub-basin in the centre, and the Hank sub-basin in the NE (Villeneuve, 2005). The Mauri-
tanides fold belt extends from Morocco to Guinea Bissau, along the western boundary of the WAC. It records
the Variscan tectonic events, which occurred ca. 330-270 Ma and led to the emplacement of eastward thrust
sheets over the Palaeozoic sediments of the Taoudeni Basin (Purdy, 1987; Villeneuve, 2005). In Mauritania,
the Mauritanides belt outcrops in a N-S corridor along the Taoudeni Basin and is largely covered by the
Mesozoic to Cenozoic sediments of the Atlantic coastal basin further to the west (Figure 1). The Atlantic
coastal basin extends along the onshore Mauritanian and Senegalese rifted margin (Figure 1), with thick
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Mesozoic to Cenozoic sedimentary packages which gradually thin toward the east and pinch out against the
Mauritanides belt (Ndiaye et al., 2016).

The geological evolution of Mauritania was affected by two major orogenies. The Pan-African Orogeny (ca.
900-500 Ma), which remnants are found in Africa, Arabian Peninsula, Brazil, North America and Europe,
resulted from several collision events around the WAC during the assembly of Gondwana (e.g., Black &
Liegeois, 1993; Hefferan et al., 2000). The Pan-African belts were then reactivated during the Cambrian to
Late Devonian extension related to the rifting of west Gondwana (e.g., Baidder et al., 2008). The latter ended
when Laurasia collided with Gondwana to form Pangea during the Variscan Orogeny (ca. 330-270 Ma),
which resulted in the establishment of the N-S Mauritanides fold belt (e.g., Villeneuve, 2005). In the Triassic,
continental rifting related to the opening of the Central Atlantic reactivated the Mauritanides structures (e.g.,
Le & Piqué, 2001; Piqué & Laville, 1996). It led to continental breakup between NW Africa and East North
America by the Early-Middle Jurassic and the development of the Mauritanian Atlantic margin (Sahabi
et al., 2004; Klitgord et al., 1986). The thermal effect of the Atlantic rifting extended at least to the foothills
of the present-day remnants of the Mauritanides, as attested by the extent of the Mauritanian-Senegalese
coastal basin (Figure 1). The latter consists of a thick pile (up to 10 km) of Late Triassic to Quaternary
sediments in its western part and mostly post-Jurassic sediments in its eastern part (Brun & Lucazeau, 1988;
Ndiaye et al., 2016). Thus, the thermal effect of the Atlantic rift certainly reached the Variscan basement,
presently outcropping in the Mauritanides, even though the tectonic effect might have not extended that far
east. The Africa-Europe convergence that initiated in the Late Cretaceous and resulted in the Atlas Orogeny
in N Africa do not appear to have a major effect on the Mauritanian geology. Nevertheless, low-temperature
thermochronology data from the Reguibat Shield in the north indicate a Cenozoic cooling event that some
studies have linked to the far effect of the Africa-Europe convergence (Gouiza et al., 2018; Leprétre et al.,
2014).

3. Analytical Methods

Low-temperature thermochronology (LTT) techniques, like apatite fission tracks (AFT) and apatite
(U-Th-Sm)/He (AHe), are widely used to constrain the near-surface thermal history, which is then inter-
preted in terms of vertical movements. To investigate the history of vertical movements in Mauritania, 22
samples were collected from the Precambrian crystalline basement, which sporadically outcrops 100 to 500
km east of the shoreline of the Atlantic margin (Figure 1). The large majority of the samples were taken from
granitic intrusions exposed in the Reguibat Shield in the north and along the N-S trending Mauritanides
belt (Table 1). The sampled non-granitic lithologies include tonalite, syenite, and metapelite, which did not
yield good nor enough apatites for AFT and AHe analyses (Table 1).

3.1. Apatite Fission Tracks

The AFT method is based on the spontaneous fission of U, which results in damage trails called fission
tracks. In apatite, fission tracks form with an initial etchable length of 16 + 1 ym which anneal as func-
tion of temperature (Green et al., 1989). Tracks are completely annealed at temperatures higher than 110 °C
and they are preserved with minimal annealing at temperatures lower than 60 °C (Green et al., 1989). This
temperature range (110-60 °C) is called the partial annealing zone. Annealing rates are controlled primar-
ily by temperature but also by apatite composition (i.e., F and Cl content). The etch pit diameter (D, ) is
measured and used as proxy for the influence of chemical composition on track annealing (Donelick et al.,
1999). AFT ages are obtained by measuring 233U spontaneous track density relative to 2>>U induced track
density. AFT ages are combined with measurements of track lengths to quantify the thermal history of the
sampled rocks (Gallagher, 2012; Ketcham et al., 2007).

AFT dating by the external detector method (Gleadow et al., 1983) was carried out at the Institute of Geolog-
ical Sciences, Polish Academy of Sciences in Krakéw (Poland). Apatite crystals were mounted in an epoxy
resin, polished and etched in 5N HNO, at 20-21 °C for 20 seconds to reveal spontaneous fission tracks
(Donelick et al., 1999). Samples together with age standards (Fish Canyon, Durango, and Mount Dromedary
apatite) and CN5 glass dosimeters were irradiated at the TRIGA reactor (Oregon State University, USA).
After the irradiation, muscovite detectors were etched for 45 minutes in 40 % HF to reveal induced fission
tracks. Tracks were counted and track lengths were measured at 1250x magnification under dry objective
using a NIKON Eclipse E-600 microscope, equipped with motorised stage, digitising tablet and drawing tube
controlled by FTStage 4.04 software (Dumitru, 1993). Fission track ages were calculated using TrackKey
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Table 1
Lithologies and coordinates (WGS84) of analysed samples

Coordinates

Sample Name Lithology X Y
MAU-02 Granite-schist -14.51 19.70
MAU-03 Granite-schist (mylonitic texture) -14.53 19.96
MAU-04 Feldspar-Granite -13.99 19.96
MAU-05 Feldspar-Granite -13.35 20.39
MAU-06 Feldpar-Granite -13.23 20.70
MAU-07 Biotite-Granite (weathered) -13.23 20.70
MAU-08 Biotite-Granite (coarse texture) -13.16 21.07
MAU-09 Granite-gneiss -13.20 20.92
MAU-10 Metagranite (mylonitic texture) -12.95 17.49
MAU-11 Metagranite (mylonitic texture) -12.82 16.86
MAU-12 Granite (meladiorite) -12.29 15.55
MAU-13 Muscovite-Granite (gneissic texture) -12.27 15.48
MAU-14 Muscovite-Granite (gneissic texture) -12.22 15.42
MAU-15 Granite-gneiss (gneissic texture) -12.30 14.94
MAU-16 Diorite (fine texture) -12.44 15.04
MAU-17 Metapelite (fine, pelitic quartzite) -12.68 15.98
MAU-18 Quartzite (quartz-arenite) -13.46 16.19
MAU-19 Syenite -13.32 18.97
MAU-20 Tonalite -13.33 18.97
MAU-21 Granite -15.22 20.15
MAU-22 micro-Granite -14.91 20.50
MAU-23 micro-Granite -14.91 20.50

4.2g (Dunkl, 2002). The track annealing kinetics in apatite were assessed by measuring etch pit diameter
(i.e., D,qr; Burtner et al., 1994).

3.2. Apatite (U-Th-Sm)/He

The AHe method is based on radiogenic He that results from the decay of U, Th, and Sm via a-particle
emission. In apatite, (U-Th-Sm)/He closure temperature depends on the crystal size and the amount of
radiation damage due to a-particle recoil (Brown et al., 2013; Flowers, 2009; Gautheron et al., 2013; Reiners
& Farley, 2001). Thus the partial retention zone, which is the temperature range defined by He total retention
and He complete diffusive loss, can vary between 40 and 120 °C (Gautheron et al., 2013; Shuster et al., 2006).

AHe dating was carried out at the GOochrom Laboratory of the University of Géttingen (Germany). Apatite
were hand-picked under a stereo-polarizing microscope and the appropriated crystals were selected under
200x magnification according to the selection criteria of Farley (2002). The width and length of each selected
crystal were measured to determine the a-ejection correction factors (Farley et al., 1996). After single apatite
crystals were loaded into pre-cleaned Pt tubes, helium extraction was performed by heating the encapsulated
grains in vacuum using an IR laser. The extracted gas was purified by a SAES Ti-Zr getter and the He content
was measured by a Hiden Hal-3F/PIC triple-filter quadrupole mass spectrometer. For measurements of the
a-emitting elements (U, Th, and Sm), the crystals were dissolved and spiked with calibrated 233U, 2*Th, and
1499Sm solutions. Apatites were dissolved in 2 % ultrapure HNO, (+ 0.05 % HF) in an ultrasonic bath. The
actinide and Sm concentrations were measured by inductively coupled plasma mass spectrometry using
the isotope dilution method with a Perkin Elmer Elan DRC II system equipped with an APEX micro-flow
nebulizer. Uncertainty in single-grain AHe analysis is calculated by adding analytical procedure error (i.e.,
related to He, U, Th, and Sm measurement) and standard deviation of the reproducibility of Durango apatite
standards.
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Figure 2. Plots of AFT central ages against (a) sample latitude, (b) longitude, (c) track lengths, and (d) mean Dyar
values. (e) Plot of mean track lengths against mean D, values. MTL: mean track lengths.
4. Analytical Results
4.1. Apatite Fission Tracks
The AFT data are reported in Table 2 and show AFT central ages ranging between 235.7 + 18.1 and 90.2
+ 11.5 Ma. All the samples passed the chi-square test (i.e., P(y?) >5 %), which indicates an insignificant
single-grain age dispersion (Table 2). Eleven samples out of fourteen indicate Cretaceous cooling with Hau-
terivian to Campanian AFT ages. The remaining three samples yielded two Jurassic ages (MAU-04 and
MAU-05) and one Late Triassic age (MAU-14). There is no apparent correlation between the spatial distri-
bution of the samples and their AFT ages (Figure 2a and b). Track lengths were measured in all samples
and, typically, the aim is to measure a minimum of 100 confined tracks per sample when possible (Donelick
et al., 2005). Track length distribution in samples with low number of measurements, which is primarily
attributed to relatively low uranium content (Table 2), should be interpreted with caution. Most samples
show unimodal track length distributions with mean track lengths varying from 11.22 to 12.81 ym (Figure 3).
Although there is no correlation between AFT ages and mean track lengths (Figure 2c), the sample with
the oldest AFT age (i.e., MAU-14: 235.7 + 18.1 Ma) is characterized by the shortest mean track length (i.e.,
11.22 + 0.17 um). It suggests that prior to the Cretaceous cooling event, most samples experienced anneal-
ing. Track annealing may be influenced by apatite composition (e.g., Barbarand et al., 2003), which can skew
the mean track length-age relationship. D), measurements, used as proxy for compositional influence on
GOUIZA ET AL. 13,338
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Figure 3. Density plot showing track length distribution for each sample.

apatite annealing kinetics, are comprised between 1.6 and 2.1 ym, and show no correlation with AFT ages
and mean track lengths (Figure 2d and e).

4.2. Apatite (U-Th-Sm)/He

Three to four apatite aliquots from nine samples were successfully analysed (32 aliquots in total). The AHe
data, the uncorrected, and corrected ages are summarized in Table 3. Since there is a complex relationship
between a-ejection, radiation damage (of U, Th, and Sm), and He diffusion (e.g., Gautheron et al., 2012), the
usage of the Ft factor can result in over-corrected AHe ages. Thus, we use uncorrected AHe ages to describe
and analyse the obtained results. The correction for a-ejection is treated during the thermal modelling pre-
sented in the next section. The oldest aliquot age of 261.3 + 4.6 Ma is obtained from sample MAU-14 and the
youngest aliquot age of 33.7 + 1.4 Ma is obtained from sample MAU-16. The mean uncorrected AHe ages
range from 158 + 95.4 to 50.1 + 19.7 Ma. Samples MAU-09, MAU-15, and MAU-23 show a good reproducibil-
ity of single aliquot ages, with standard deviations of less than 15 %, whereas samples MAU-14 and MAU-22
show a high single age dispersion with standard deviations of more than 50 %. AHe age dispersion is pri-
marily the result of the thermal history of the samples, radiation damage within the apatite crystal, and/or
variation in the size of the analysed grains (e.g., Brown et al., 2013; Fitzgerald et al., 2006; Gautheron et al.,
2012). To assess the influence, if any, of these factors, we examine the relationship between single aliquot
ages, eU content (used as proxy for radiation damage), and crystal spherical equivalent radius (R*). Graphs
in Figure 4 show that samples MAU-04, MAU 05, MAU-16, and MAU-22 have a clear positive age-R* corre-
lation, while samples MAU-05 and MAU-15 display a strong positive age-eU correlation. Thus, the large age
dispersion could be related to the size of the analysed aliquots in the case of MAU-22, whereas it is probably
due to the combined effect of several factors in the case of MAU-14.

All AHe average uncorrected ages are younger than the respective AFT central ages (Figure 5). While, most
of them indicate a main cooling event through the apatite partial annealing zone during the Late Creta-
ceous to Eocene, two samples suggest an older Late Jurassic-Early Cretaceous cooling event (MAU-04 and
MAU-14; Figure 5 and Table 3).

5. Inverse Thermal Modelling

5.1. Modelling Approach

The interpretation of the AFT and AHe results requires the integration of both datasets using an adequate
time-temperature (t-T) inversion method to account for the obtained ages, track lengths, composition (i.e.,
D,,), and related uncertainties. To this purpose, we use the inverse modelling software QTQt, which is based
on the Bayesian transdimensional Markov Chain Monte Carlo (MCMC) method described in Gallagher
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Figure 4. Plots of AHe aliquot ages (uncorrected) against (a) the effective Uranium content (eU) and (b) the crystal

spherical equivalent radius (R*). eUppm = [Uppm] + 0.235 x [Thppm]. R* =(3x(RxL))/(2x (R + L)), where L is

crystal length, W is crystal width, and R = W/2. Linear correlation trend is shown for samples with a good correlation
coefficient (R2 > 0.7).

(2012). QTQt allows for the examination of a large range of possible t-T paths and provides probability dis-
tribution and predicted ages (i.e., AFT and AHe), track length distribution, and Dpar of the sampled paths
(Cogné et al., 2011; Fitzgerald et al., 2006; Gallagher, 2012; Gallagher and Ketcham, 2018; Gallagher et al.,
2009; Vermeesch & Tian, 2014).

We model the thermal history of samples MAU-03, MAU-09, MAU-10, MAU-14, and MAU-15 which cover
the full extent of the sampled area. AHe single aliquot ages were jointly inverted with the corresponding
AFT data, except for sample MAU-10, which AHe analysis was unsuccessful. The correction for a-particle
ejection is constrained by the dimensions of each aliquot (Farley et al., 1996) and accounted for at each
time step during the inversion (see Gallagher, 2012). The inversions were run for 1,000,000 iterations after
discarding the initial ‘burn in’ of 50,000 iterations (Gallagher, 2012), and were based on the AFT annealing
kinetics of Ketcham et al. (2007) and the He kinetics of Flowers (2009). The effect of apatite composition on
fission track annealing was approximated by the average D,,, value of each grain (Barbarand et al., 2003;
O’Sullivan and Parrish, 1995).

5.2. Geological Constraints

The samples were taken from Precambrian granitic bodies that intruded the Archean-Palaeoproterozoic
basement of the West African Craton during the Pan-African Orogeny (ca. 900-500 Ma; Black and Liegeois,
1993; Li et al., 2008). Pan-African rocks together with Palaeozoic sediments (belonging to the Taoudeni Basin
in the east) are found deformed and metamorphosed along the Mauritanide belt (Villeneuve, 2005). This
suggests that our samples were buried underneath the Palaeozoic sediment of the Taoudeni Basin (up to
6 km thick), then were exhumed during the Variscan Orogeny leading to the build-up of the Mauritanides
(ca. 330-270 Ma; Villeneuve, 2005). To account for this evolution, two geological constraints were used for
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the thermal history inversion: an initial constraint at 350 + 20 Ma/120 =+ 20 °C (burial before the Variscan
Orogeny) and a second constraint at 300 & 30 Ma/50 + 30 °C (exhumation during the Variscan Orogeny).

5.3. Modelling Results

The results of the thermal inversions are shown in Figures 6 and 7. The probability distribution in
time-temperature (t-T) space is based on all sampled t-T paths. The weighted mean model, called the
expected model, is weighed according to the probability of each sampled t-T path. The uncertainty associated
with the expected model is represented by the 95 % probability range (Gallagher, 2012).

The expected Palaeozoic t-T paths of all samples predict an initial cooling from 90-110 to 70-60 °C by 290
Ma, which is consistent with the imposed two constraints (Figure 6). During post-Variscan times (ca. < 270
Ma), samples MAU-03, MAU-10, and MAU-15 yielded identical t-T pattern with two heating phases and two
cooling phases (Figure 6a, c, and e). During the initial heating, MAU-03 and MAU-10 reached 100 °C by
180 and 165 Ma, respectively, while MAU-15 reached 80 °C by 215 Ma. The following cooling phase lasted
until 75-55 Ma when the three samples reached 40-30 °C. In the last heating, the samples were heated by
15-20 °C to reach 60-50 °C by 15 Ma. The final cooling brought the samples to the surface (i.e., 20 °C),
their present-day elevation. Sample MAU-09 also shows two post-Variscan heating and cooling events, but
its expected t-T path suggests an isothermal period at ca. 90 °C that lasted 50 Myr between 210 and 160
Ma (Figure 6b). It was followed by a very slow heating to 80 °C by 90 Ma, then a rapid ca. 60 °C cooling
within 10 Myr. The last recorded heating phase brought the sample from 20 to 55 °C and lasted from 100
to 15 Ma, before it reached present-day surface temperature after a final cooling event. Sample MAU-14, on
the other hand, shows a much simpler expected thermal evolution, with a continuous cooling that started
during Variscan times. The cooling rate was initially extremely slow at 0.07 °C/Myr but increased suddenly
at 15 Ma to 2 °C/Myr. To assess the robustness of the inverse modelling of MAU-14 and the significance of
the predicted thermal history, we forward modelled a t-T path matching the trend shown by the other four
models (Figure 8a).

The predicted AFT ages, AHe ages, and track length distribution are in agreement with observed data. The
forward model suggests that a thermal history similar to predictions obtained from the other four samples
is possible.

The predicted heating and cooling events occur at relatively low rates (i.e., < 0.6 °C/Myr), except the 6
°C/Myr cooling recorded by MAU-09 between 90 and 100 Ma, and the last cooling event (15-0 Ma), recorded
in all samples at 2-3 °C/Myr.

Overall, the t-T paths, predicted by inverse modelling, or forward modelling in the case of MAU-14, sug-
gest a relatively coherent thermal history along the entire Mauritanian margin (Figure 9a). Cooling events
occurred during the Variscan time (ca. 350-290 Ma), the Late Jurassic-Early Cretaceous (ca. 160-95 Ma),
and the mid-Miocene-Present (ca. 15-0 Ma), while heating events took place during the Permo-Triassic (ca.
290-200 Ma) and the Paleocene-mid-Miocene (ca. 60-15 Ma) (Figure 9a).

200 :
1g0| @ MAU-03 MAU-04 MAU-05 MAU-09
4 MAU-14 .- MAU-15 o MAU-16 = MAU-22
?160 e MAU-23 oA o A
=140 | 7@3
I9) i o
a0120 e’
9] i
®100 |
[ i
= 80 | B I
Q “ [ ]
Z 60 !
[
40
20 1 1
60 80 100 120 140 160 180 200 220 240 260

AFT central age (Ma)

Figure 5. Plot of AFT central age against AHe average age (uncorrected). Yellow bars indicate the error, which is 16 for
the AFT ages and the standard deviation for the AHe ages.
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Figure 8. Forward thermal modelling of sample MAU-14. a) Forward modelled t-T path. b) Predicted AFT ages, AHe
ages, and track length distribution.

6. Discussion

According to LTT, domains in the hinterland of the NW African margin, where Palaeozoic and/or Precam-
brian basement is exposed (e.g., the Reguibat Shield to the north of Mauritania, the Anti-Atlas belt, the High
Atlas of Marrakech, and the Western Meseta in Morocco), show several cooling and heating events during
Mesozoic and Cenozoic times (e.g., Ghorbal et al., 2008; Gouiza et al., 2017, 2018; Leprétre et al., 2015; Ruiz
etal., 2011; Saddiqi et al., 2009; Sehrt et al., 2017). Mesozoic to Cenozoic thermal events are also documented
by the few LTT studies carried out onshore the conjugate North American margin (Lorencak et al., 2004;
RodenTice & Tice, 2005; RodenTice & Wintsch, 2002; RodenTice et al., 2000; Spotila et al., 2004; Taylor &
Fitzgerald, 2011).

These thermal events, interpreted as vertical movements of the Earth's surface (i.e., subsidence/burial and
exhumation/denudation), were somehow linked to the evolution of the Central Atlantic Ocean (Gouiza
etal., 2018; Leprétre et al., 2017; Sehrt et al., 2018; Teixell et al., 2009). Hereafter, we discuss our new findings
along the Mauritanian margin, their uncertainties, and their link to the regional geodynamic context, which
is argued to largely contribute to the post-Variscan vertical movements documented in the Central Atlantic
realm.

6.1. Uncertainties and Limitations

When modelling thermochronology data, there are uncertainties related to the analytical errors in the
observed data, the choice of the kinetic models (FT annealing and a-damage models), and the imposed
constraints. The analytical errors are used alongside the input data in the QTQt modelling. They are taken
into account in modelling AFT and AHe data and the probability weighting of tested t-T paths. The kinetic
models are built on simplifications, assumptions, and calibrations, which uncertainty is beyond the scope
of this contribution (see Flowers et al., 2009; Gautheron et al., 2012; Ketcham et al., 2007). Nonetheless, to
assess the sensitivity of our data to the He-diffusion model used in the QTQt modelling, we ran simulations
using the a-damage model from Gautheron et al. (2012). The thermal inversion results (Figures S1 and S2
in the supporting information) indicate that both He-diffusion models (i.e., Flowers, 2009; Gautheron et al.,
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Figure 9. a) Expected thermal histories predicted by the inverse modelling of samples MAU-03, MAU-09, MAU-10,
and MAU-15, and by the forward modelling of sample MAU-14. b) Vertical movements calculated from the expected
t-T paths using a geothermal gradient of 20 °C/km except between 220 and 145 Ma where a geothermal gradient of 40
°C/km was applied to account for the effect of the Atlantic rifting. The dashed boxes indicate cooling/exhumation
(black) and heating/burial (pink) phases shared by all the t-T paths.

2012) yield comparable expected t-T paths. We also tested the sensitivity of the models to the imposed geo-
logical constraints by running geologically unconstrained thermal inversions. The obtained expected t-T
paths (Figure S3 and S4 in the supporting information) indicate that the samples remained at high temper-
atures between 110 and 80 °C during most of the Palaeozoic, which is in contradiction with the orogenic
event recorded in the Mauritanides (ca. 330-270 Ma; Villeneuve, 2005). The predicted post-Triassic thermal
histories on the other hand are very similar to the ones in the constrained models (Figure S4).

Low track length count (« 100) also introduces some uncertainty in the thermal inversion and the modelled
track length distribution in particular. Thus, the modelling predictions obtained from MAU-03, MAU-09,
and MAU-10, which have 97 to 100 measured track lengths, are considered more robust than the ther-
mal histories obtained from MAU-14 and MAU-15, which have only 55 and 45 measured track lengths,
respectively.

Another major uncertainty when quantifying vertical movements constrained by LTT data is the assumption
on the palaeo-geothermal gradient, especially in tectonically active domains where the geothermal gradient
varies spatially and/or temporally. These variations could be attributed to shallow processes like denudation,
burial, and fluid circulations, but also to deep processes like magmatism, variations in crustal radiogenic
heat, and changes in the basal heat (i.e., at the lithosphere-asthenosphere boundary) (e.g., Ehlers, 2005;
Mareschal and Jaupart, 2004). Present-day values of the geothermal gradient in the West African Craton are
very low ranging between 10 and 16 °C/km, which is consistent with values in old cratons (Rimi, 2000; Rimi,
1999). These values increase substantially in the Palaeozoic basins found within the craton and the Mesozoic
coastal basins (e.g., 20-30 °C/km; Rimi, 1990). Our samples were taken along the western boundary of the
West African Craton, which formed the eastern flank of the Triassic to Early Jurassic Atlantic rift (e.g.,
Davison, 2005). The flanks of active rifts (e.g., East African and Rhine rifts) show a relatively elevated surface
heat flow (i.e., 52-73 mW/m?; Kusznir and Park, 1987). Thus, to account for the thermal effect of the Atlantic
rifting, we adopted a geothermal gradient of 40 °C/km between 220 and 175 Ma (i.e., syn-rift period; Davison,
2005), which linearly decreases to 20 °C/km by 350 Ma and 0 Ma (Figure 9b).
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6.2. Post-Variscan Vertical Movements Along Central Atlantic Margins

Following the Variscan Orogeny, during the Permian and Triassic (ca. 290-220 Ma), possibly the Early Juras-
sic as well (ca. 180 Ma), the sampled rocks were heated by 20 to 50 °C. The amount of burial is estimated at
ca. 0.6 to 1 km (Figure 9). A coeval burial event is documented in the Western Meseta (Ghorbal et al., 2008;
Saddiqi et al., 2009) and the central and eastern Reguibat Shield (Leprétre et al., 2017). In the Moroccan
Western Meseta, Ghorbal et al. (2008) suggest up to ca. 4 km of burial during the Triassic and the Jurassic.
While Saddiqi et al. (2009) suggest ca. 2 km of burial during the Triassic and Early Jurassic. In the Reguibat
Shield, the central and eastern parts underwent also a burial of up to ca. 2 km during the Permian, Trias-
sic, and Early Jurassic according to Leprétre et al. (2017). On the conjugate margin, the southern Canadian
Shield terranes show a heating phase during the Permian and Triassic with ca. 2 km of burial (Lorencak
et al., 2004).

The first cooling event along the Mauritanian margin started around the Middle Jurassic (ca. 180-160 Ma)
and continued until the Late Cretaceous (ca. 100 Ma). The samples cooled by about 80 °C, which corre-
sponds to ca. 2 km of exhumation (Figure 9). A similar exhumation event is reported by LTT studies in other
domains along both sides of the Central Atlantic. In the Moroccan Meseta, the exhumation started around
the Early-Middle Jurassic and ended by the late Early Cretaceous (ca. 120-100 Ma). In the High Atlas of
Marrakech, exhumation initiated much earlier during the Devonian-Carboniferous (ca. 400-350 Ma) and
continued until the end of the Early Cretaceous (Balestrieri et al., 2009). In the Reguibat Shield, exhumation
occurred during the Jurassic and stopped by the beginning of the Early Cretaceous (ca. 130 Ma), except in
the eastern part where it continued until the present-day (Leprétre et al., 2017). Overall, all these domains
show between 2.5 and 4 km of exhumation between the Middle Jurassic and the Late Cretaceous when Pre-
cambrian to Palaeozoic rocks were exhumed from relatively high temperatures (ca. 120-90 °C) to surface
(or near surface) temperatures (ca. 30-15 °C). In contrast, stratigraphic records from sedimentary basins on
the shelf and the coastal domain of the Central Atlantic margins show an almost uninterrupted subsidence
between the Middle Jurassic and the Cretaceous. Carbonate platform build-up which started in the Middle
Jurassic (or earlier) continued until the Early Cretaceous when siliciclastic systems started developing along
both sides of the Central Atlantic (e.g., Davison, 2005).

A second phase of heating by 15 to 30 °C occurred during the Paleocene to mid-Miocene (ca. 60-15 Ma),
which indicate a 0.7 to 1.5 km of burial (Figure 9). A coeval burial event with similar magnitude is docu-
mented in the Moroccan Meseta (Ghorbal et al., 2008; Saddiqi et al., 2009), the High Atlas of Marrakech
(Balestrieri et al., 2009), and the western and central Reguibat (Gouiza et al., 2018; Leprétre, 2015; Leprétre
et al., 2014).

The last cooling event, illustrated by the t-T models, occurred between the mid-late Miocene and the Present
(ca. 15-0 Ma). The samples cooled by about 30 to 50 °C, thus, indicating ca. 1.5 to 2.5 km of exhumation
(Figure 9). A comparable exhumation event is documented in pre-Mesozoic terranes in Morocco like the
Western Meseta, the High Atlas of Marrakech, and the Reguibat Shield (Balestrieri et al., 2009; Ghorbal
et al., 2008; Gouiza et al., 2018).

Samples from the southern Canadian Shield and the Appalachian Adirondack mountains, on the conjugate
East American margin, suggest a prolonged phase of exhumation during most of the Mesozoic and Cenozoic
(Lorencak et al., 2004; RodenTice and Tice, 2005; RodenTice et al., 2000; Taylor and Fitzgerald, 2011). There
are no evidences of the Late Cretaceous to mid-Miocene heating documented along the Mauritanian and
other NW African margins.

6.3. Tectonic and Geodynamic Processes

The Permo-Triassic and Early Jurassic heating/burial event coincides with continental rifting and litho-
spheric thinning that led to the opening of the Central Atlantic in the Early Jurassic (e.g., Davison, 2005;
Le Roy and Piqué, 2001; Sahabi et al., 2004). Several major rift basins are found above the present-day sea
level between the Moroccan and Senegalese margins (e.g., Doukkala Basin, Essaouira Basin, Tarfaya-Dakhla
Basin, Mauritanian-Senegalese Basin). They indicate that tectonic subsidence related to the Atlantic rifting
was widely distributed and extended farther east, beyond the present-day shoreline. Our results suggest that
the Mauritanides in Mauritania experienced up to 1 km of burial. The lack of syn-rift structures and Tri-
assic to Lower Jurassic syn-rift sediments east of the coastal basin, suggest that it is unlikely that tectonic
subsidence reached the western margin of the West African Craton. Nevertheless, burial rates derived from
the expected thermal models are between 6 and 18 m/Myr. They are comparable with minimum subsidence
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rates calculated in well data from the shelf and coastal basins of the Moroccan margin (Gouiza, 2011; Gouiza
et al., 2010; Le, 1997). It is also possible that this heating event could be partly explained by a very high
geothermal gradient. As discussed above, we already assume a geothermal gradient of 40 °C/km during the
Late Tiassic-Early Jurassic (220-175 Ma) to account for the thermal effect of the Atlantic rift. However, if we
assume an even higher geothermal gradient of 80 °C/km, proposed for some rift basins (e.g., Malusa et al.,
2016), the amount of burial would be reduced to 0.6 km.

The process (or processes?) driving the Jurassic to Cretaceous cooling is more intriguing, as it needs to
reconcile the km-scale exhumation of the hinterlands of both sides of the Atlantic with the contemporaneous
subsidence in the surrounding basins. It has also to account for the large E-W wavelength of the exhumation
event, which affected domains extending over 600 km (e.g., the Reguibat Shield). Authors have already
proposed deep processes like mantle plume underneath the entire Central Atlantic (Leprétre et al., 2017)
or small-scale mantle convection cells (Gouiza, 2011). A rising hot asthenosphere plume underneath the
Central Atlantic during the Jurassic to Cretaceous time, as suggested by Leprétre et al. (2017), can explain the
long-lived exhumation event. It, however, can neither account for the concurrent subsidence in the shelf and
coastal basins nor the N-S wavelength of the exhumation. Gouiza (2011) examined the effect of edge-driven
small-scale convective cells that would initiate at the base of the subcontinental lithospheric necking zone
by the end of rifting. These localized convection cells can potentially reconcile between the exhumation and
the subsidence observed on both conjugate margins. However, the thermo-mechanical modelling carried
out by Gouiza (2011) predicts only few hundred meters of exhumation, which is in disagreement with the
2 km documented by LTT.

Regardless of the type of deep mantle process that was potentially involved, it can only partly explain the
large Jurassic to Cretaceous cooling. Studies examining mantle-driven dynamic topography in oceanic realm
suggest that the resultant elevation anomalies (positive or negative) do not exceed 1 km (Hoggard et al.,
2017). Dynamic topography should be even less expressed in continental domains where the lithosphere is
mechanically stronger (e.g., McKenzie et al., 2005). Alternatively, the Jurassic-Cretaceous exhumation could
be primarily driven by a tectonic process with some contribution of mantle dynamics (if any). Especially
since major geodynamic events, related to the evolution of the Atlantic domain, occurred during Jurassic
to Cretaceous times. The Early Jurassic continental breakup in the Central Atlantic (e.g., Davison, 2005;
Labails et al., 2010; Sahabi et al., 2004) and the Aptian-Albian (ca. 112 Ma) continental breakup in the
South and North Atlantics (Torsvik et al., 2009; Tucholke et al., 2007) were key factors that controlled plate
motion rate and direction. Thus, ultraslow spreading rates (ca. 0.5 to 2 cm/yr) are recorded at the beginning
of the Middle Jurassic, which gradually increased to reach ca. 5.5 cm/yr by the Late Jurassic, and then sud-
denly dropped to ca. 3 cm/yr in the Early Cretaceous (Kneller et al., 2012; Labails et al., 2010; Schettino and
Turco, 2009). The increase in spreading rate certainly increased the ridge push forces and the accumulated
stress within the plates, which could have resulted in crustal- to lithospheric-scale folding (e.g., Cloetingh
and Kooi, 1992; Ziegler and Cloetingh, 2004) and ultimately the reactivation of old basement structures
(e.g., Boldreel and Andersen, 1998; Eagles and Wibisono, 2013). The decrease in spreading rate would then
cause stress relaxation and can explain the minor burial event recorded between the Late Cretaceous and
mid-Miocene.

The final Neogene cooling/exhumation phase is coeval with the uplift of many orogenic belts around
the Mediterranean as a result of the Africa-Iberia/Europe convergence, which initiated in the Santonian
(Martinez-Loriente et al., 2014). Stresses localized along the boundaries of the African plate, but also in its
interior. Thus, deformation was accommodated along the northern boundary in the Rif-Tell system and in
the interior of the plate in the Atlas system (Frizon De Lamotte, Bezar, Bracéne, & Mercier, 2000). The Atlas
fold-and-thrust belt experienced two major inversion phases, during middle-late Eocene to Oligocene then
during late Miocene to Pliocene (Frizon De Lamotte et al., 2009). The latter phase coincides with the Neo-
gene exhumation event revealed by LTT in NW Africa. The mobile belts around the WAC (e.g., Anti-Atlas
and Mauritanides) were always interpreted as stable since the Variscan cycle (ca. 320-270 Ma; Ennih and
Liégeois, 2008). Nonetheless, a recent field study by Soulaimani et al. (2014) showed that the Anti-Atlas owes
its present elevation to the reactivation of Precambrian-Palaeozoic structures during the Atlas-Rif Orogeny.
Our results hint that the Mauritanides structures might also have been reactivated during Neogene times.
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6.4. Climate and Surface Processes

In addition to tectonic and geodynamic processes, the feedback between tectonic, climate, and surface pro-
cesses can also influence the burial and exhumation history inferred from LTT (e.g., Allen, 2008; Braun,
2006). A provenance study by Ali et al. (2014) indicates that the detrital Cretaceous sediments in the
coastal Tarfaya Basin, to the NW of the Reguibat Shield, were sourced from the Reguibat Shield and the
Mauritanides. This suggests that basement material was eroded during the Middle Jurassic—Cretaceous cool-
ing/exhumation event and was routed to the nearby subsiding basins. Since erosion can enhance or inhibit
deformation and exhumation, such as high erosion rates localize deformation and promote exhumation
(Braun, 2006), a change in climate can cause changes in the magnitude and rate of exhumation. NW Africa
occupied mostly tropical latitudes during most of the Mesozoic (Miiller et al., 2016); and general circula-
tion models suggest that the climate was mostly dry and seasonally wet with significant precipitation during
summer (Sellwood & Valdes, 2006). Although high erosion rates are not expected under dry conditions, Mol-
nar (2001) postulated that in arid zones, an increase in relative magnitudes of rare floods or, conversely, an
increase in the frequency of large floods can double erosion rates. Thus, it is possible that mantle dynamics
and/or intra-plate stresses could have initially triggered the observed Jurassic to Cretaceous exhumation,
which was then maintained and enhanced by climate-driven high erosion rates.

7. Conclusions

The new LTT data presented above indicate that the hinterland of the Mauritanian Atlantic margin under-
went several thermal events during Mesozoic and Cenozoic times: (1) a heating event to 90-100 °C between
the Permian and the Late Triassic (ca. 290-220 Ma); (2) a prolonged cooling event during Middle-Late Juras-
sic and Early Cretaceous (ca. 180-100 Ma); (3) a heating phase to 60-65 °C during the Palaeogene-early
Miocene (ca. 60-15 Ma); and (4) a final rapid cooling event between the mid-Miocene and the present-day
(ca. 15-0 Ma).

Our data are consistent with findings in the north, along the Moroccan Atlantic margin, where thermal
events with comparable timing and magnitude were reported, and suggest episodes of burial and exhuma-
tion of the Earth's surface. Thus, the Permian-Late Triassic heating/burial is contemporaneous and linked
to the Atlantic rifting and related tectonic subsidence. The following Middle-Late Jurassic and Early Cre-
taceous cooling/exhumation is coeval with major variations in spreading rates in the Central Atlantic. We
suggest that the substantial increase in Central Atlantic spreading rate between the Late Jurassic and Early
Cretaceous, was mirrored by an increase in intraplate stresses, which could have resulted in crustal- to
lithospheric-scale folding and maybe the reactivation of basement structures in the Mauritanides. Stress
relaxation, due to the decrease in spreading rate after the Early Cretaceous, could potentially explain
the minor heating/burial episode during the Paleogene and early Miocene. The final cooling/exhumation
recorded from the mid-Miocene to the present-day is associated with the Africa-Iberia/Europe conver-
gence, which was mainly accommodated by the inversion of the Atlas-Rif system but its influence probably
extended further south and affected the the West African Craton mobile belts (e.g., Anti-Atlas and Mauri-
tanides).
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