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Abstract The Atlas of Morocco is a continental rift developed during the Triassic-Jurassic and moderately
inverted during the Cenozoic. The High Atlas south of Marrakech, with exposures of basement and Triassic
early synrift deposits, has been viewed as a high during the Mesozoic rifting. First zircon (U-Th)/He ages and
thermal models obtained from 42 samples in the Marrakech High Atlas following two NNW-SSE transects
across the mountain belt reveal that in contrast to previous models, the Triassic-Jurassic rift was well
developed in the Marrakech High Atlas (with more than 4.5-6 km of rift-related deposits). Middle
Jurassic-Early Cretaceous zHe cooling ages obtained indicate that rift-related subsidence in the Marrakech
High Atlas finished in the Middle Jurassic and was followed by a period of exhumation where 2-3 km of rock
were eroded. Thermal models from zHe data provide the first thermochronologic clue for a Late Cretaceous
initiation of the Atlas compression-driven exhumation in the inner parts of the Marrakech High Atlas. The
Triassic-Jurassic basin reconstruction assisted by thermochronology highlights a key role of inherited
basement anisotropy in rift orientation and evolution, and on its subsequent inversion. Comparison of
present-day and restored sections to the rifting stage aided by thermochronology suggests minimum values
of total orogenic shortening in the Marrakech High Atlas of 13 to 14 km (21 to 17%), with exhumation of 1 to
more than 5 km of rocks. Similar zHe ages on both sides of the Tizi n'Test fault evince minor vertical
movements along the fault during the Atlas orogeny.

1. Introduction

The Atlas Mountains of Morocco are an intraplate orogen that formed during the Cenozoic in response to
the Eurasia-Africa convergence. The Atlas orogen developed by the tectonic inversion with moderate short-
ening values of the aborted Mesozoic Atlas rift system, which was linked with the Atlantic and Tethys open-
ing and formed in Triassic and Jurassic times [Choubert and Faure-Muret, 1962; Mattauer et al., 1977; Frizon de
Lamotte et al., 2000; Gomez et al., 2000; Piqué et al., 2002; Teixell et al.,, 2003; Arboleya et al.,, 2004]. The High
Atlas south of Marrakech (i.e., the Marrakech High Atlas or MHA), where this study is focused, is the region
located between the Western and Central High Atlas (Figure 1). The geology of the MHA is dominated by
basement and early synrift Triassic deposits. While numerous studies have investigated the evolution of
the area during the Mesozoic rifting and Cenozoic orogeny, several aspects remain unresolved and/or con-
troversial, such as the spatial extent and the magnitude of rift development in the area, as thick Jurassic car-
bonates and shales that outcrop in the Western and Central and Eastern High Atlas are largely absent in the
MHA. Most studies have attributed this absence to modest amounts of Triassic-Jurassic rifting and represent-
ing a paleohigh or an area of limited subsidence (i.e., the West Moroccan Arch) that separated the Atlantic
rift (to the west) from the Tethys rift (to the east) [Choubert and Faure-Muret, 1962; Du Dresnay, 1971; Michard,
1976; Laville and Piqué, 1991; Stets, 1992; Jabour et al, 2004; Laville et al., 2004; El Arabi, 2007; Frizon de
Lamotte et al., 2008, 2009].

In contrast, some authors have recently suggested, on the basis of apatite fission track and (U-Th)/He ages,
that the absence of Mesozoic rocks in the MHA could have been caused by vertical movements and exhuma-
tion either in Middle Jurassic-Early Cretaceous times, linked to E-W shortening [Bertotti and Gouiza, 2012], or
in Cenozoic times, linked to the Atlas orogeny [Missenard et al., 2008; Balestrieri et al., 2009]. However, burial
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Figure 1. Geologic map synthesis of the Western and Marrakech High Atlas (modified from Hollard [1985]). Black squares show the Tizi n'Test (west) and Ourika-
Toubkal (east) areas were thermochronologic ages were obtained for this study.

and exhumation events in the MHA remain insufficiently constrained, since structural and sedimentological
observations only shed light on Early Triassic rifting (pre-Carnian) [Doménech et al., 2015] and limited thermo-
chronologic data from the inner parts of the mountain belt were reset and yield Tertiary ages, providing no
information on the pre-Tertiary thermal evolution [Missenard et al., 2008; Balestrieri et al., 2009; Ghorbal, 2009;
Bertotti and Gouiza, 2012]. Similarly, the timing and magnitude of Atlas shortening is also only poorly con-
strained in the MHA, due to the scarcity of preserved synorogenic sediments and fault cutoffs of major
thrusts. One of the major structural elements of the MHA is the so-called Tizi n'Test fault (Figure 1), a major
and controversial fault zone interpreted either with strike-slip or dip-slip kinematics during Mesozoic exten-
sion and/or the Cenozoic compression [Mattauer et al., 1972, 1977; Proust et al., 1977; Jenny, 1983; Binot et al.,
1986; Froitzheim et al., 1988; Laville and Piqué, 1991; Amrhar, 2002; Qarbous et al., 2003, 2008; Laville et al.,
2004; Delcaillau et al., 2011]. More recently, however, this fault zone has been reinterpreted as a Triassic nor-
mal fault with only limited reactivation and movement during the Atlas orogeny [Domenech et al., 2015].

Zircon (U-Th)/He (zHe) thermochronometry with a higher closure temperature (~180°C) than the apatite (U-
Th)/He (aHe) and apatite fission track (aFT) dating offers the potential to quantify thermal histories and burial
and exhumation events obscured by subsequent thermal events and inaccessible to aFT and aHe dating. This
study presents new zHe ages and thermal models from a set of 42 samples collected in the MHA along two
NNW-SSE transects across the Atlas mountain belt. The integration of the zHe data and detailed crustal-scale
structural analysis of the area [Domeénech et al., 2015] allows for the reconstruction of the tectonic and thermal
evolution of the MHA from Mesozoic times to the present. The interpretation of the zHe ages and thermal
models demonstrate that the MHA experienced fully developed Triassic-Jurassic rifting followed by a period
of exhumation in Middle Jurassic to Early Cretaceous. Furthermore, the data constrain the initiation of Atlas
orogenic-driven exhumation as Late Cretaceous in age and illustrate that the MHA experienced moderate
values of orogenic shortening.

2. Geologic Setting

The MHA is distinguished by an axial zone, characterized by basement and Permo-Triassic synrift deposits,
and foothills composed of Cretaceous to Cenozoic postrift to syninversion deposits unconformably overlying
basement or Triassic rocks (Figure 1). The basement shows two distinct tectonic domains, dominated by
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Pan-African and Variscan orogenic imprint, respectively. In the area NW of the MHA, belonging to the
Moroccan Meseta domain (Figure 1), basement is formed by Paleozoic rocks strongly affected by the
Variscan orogeny and little overprint by subsequent deformation events. The area to the SE, belonging to
the Anti-Atlas domain (Figure 1), is composed of Precambrian crystalline basement (onlaped by Paleozoic
sedimentary rocks), with a dominant Pan-African structural grain and only a little Variscan and younger tec-
tonic overprint [Choubert and Faure-Muret, 1962; Mattauer et al., 1972; Froitzheim et al., 1988; Pique and
Michard, 1989; Hoepffner et al., 2005; Michard et al., 2010]. The boundary between both lithologic and rheo-
logic domains is loosely defined but roughly follows the southern border of the High Atlas mountain belt.
In the MHA such boundary deflects, bordering to the north the Precambrian massif of the Ouzellarh salient
and being partially identified in the Tizi n'Test fault [Choubert, 1952; Pique and Michard, 1989; Ouanaimi
and Petit, 1992; Michard et al., 2010] (Figure 1).

Early Mesozoic Atlas rifting is manifested in the MHA as a narrow and segmented NE-SW oriented rift with a
complex system of horsts and grabens bounded by normal faults that formed during the Middle to earliest
Late Triassic times [Domenech et al., 2015]. The preserved Triassic synrift strata consist of red beds with occa-
sional evaporite layers, capped by basalt flows belonging to the Central Atlantic Magmatic province (CAMP)
[Bertrand and Prioton, 1975; Mattis, 1977; Biron and Courtinat, 1982; Manspeizer, 1982; Beauchamp, 1988;
Knight et al., 2004]. Jurassic deposits are absent in the MHA.

The inversion of the High Atlas rift occurred mainly during the Cenozoic [Mattauer et al., 1977; Frizon de
Lamotte et al., 2000; Piqué et al., 2002; Teixell et al., 2003; Tesén et al., 2010]. The earliest evidence for the onset
of contractional deformation and folding comes from angular and progressive unconformities in Late
Cretaceous to Eocene inliers within the High Atlas [Laville et al., 1977; Froitzheim et al., 1988; Herbig, 1988;
Tesén, 2009; Michard et al., 2011]. However, folding appears to have been very limited and the existence of
regionally extensive subtabular limestone deposits of Paleocene to mid-Eocene age is not consistent with
the development of an Atlas flexural, orogenic foreland basin system [Herbig and Trappe, 1994; Tesén and
Teixell, 2008; Teson, 2009]. Furthermore, some of the Eocene structures have been recently reinterpreted as
caused by salt diapirism [Michard et al., 2011].

As for the main episodes of contractional deformation in the Atlas, different phases of Oligocene to Pleistocene
shortening have been proposed on the basis of syntectonic sediments, although there are marked discrepan-
cies in interpretation among different authors [Laville et al., 1977; Fraissinet et al., 1988; Goérler et al., 1988;
Jacobshagen et al., 1988; Harfi et al., 1996; Frizon de Lamotte et al., 2000; Tesén et al., 2010]. Field observations
combined with magnetostratigraphy in the Sub-Atlas thrust belt north of the Ouarzazate basin, along the
southern margin of the Central High Atlas, show that main thrust activity in the external fold-and-thrust belt
begun during the Oligocene or early Miocene and extended up to recent times [Fraissinet et al., 1988; Morel
et al., 2000; Teson and Teixell, 2008; Tesén et al., 2010]. The initiation of orogenic deformation in the High
Atlas hinterland was placed in the mid-Eocene on the basis of the occurrence of Lutetian sandstones and micro-
conglomerates in the Sub-Atlas, interpreted as first foreland basin deposits [Harfi et al., 1996; Frizon de Lamotte
etal., 2000; Tesén and Teixell, 2008; Tesén et al., 2010]. The chronology of deformation in the internal parts of the
High Atlas is only poorly constrained, but Oligocene-Miocene aFT ages from the MHA [Missenard et al., 2008;
Balestrieri et al., 2009; Ghorbal, 2009] and thermal modeling of aFT ages from the Central High Atlas [Barbero
et al., 2007] indicate a Neogene age for the main phase of thrusting.

Rift inversion in the Central High Atlas is characterized by thick-skinned deformation with the reactivation of
former normal faults and formation of new contractional structures [Froitzheim et al., 1988; Frizon de Lamotte
et al., 2000; Teixell et al., 2003]. The MHA shows similar structural anatomy [Missenard et al., 2007; Doménech
et al, 2015] with the distinct difference that the reactivation of former normal faults was only minor
[Domenech et al., 2015]. Thin-skinned deformation is concentrated in narrow thrust belts along the orogen
margins [Laville et al., 1977, Beauchamp et al, 1999; Frizon de Lamotte et al, 2000; Teixell et al, 2003;
Missenard et al., 2007; Teson and Teixell, 2008; Domenech et al., 2015]. Total orogenic shortening from the
restoration of post-Variscan strata in the Central High Atlas has been estimated as 24% to 18% from east
to west, respectively [Teixell et al., 2003]. In the MHA, cross sections and fault displacements are more difficult
to quantify due to the sparse preservation of post-Variscan stratigraphic markers and shortening estimates
range from <3 km (4%) [Missenard et al.,, 2007] to >13km (~16%) [Doménech et al., 2015]. The moderate
amounts of shortening of the High Atlas are in stark contrast to the mean topography of the mountain range.
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This discrepancy, coupled with gravity data, has led studies to suggest that the system is isostatically under-
compensated at crustal levels and to invoke mantle-related uplift in the Atlas region [Van Den Bosch, 1971;
Makris et al., 1995; Teixell et al., 2003; Ayarza et al., 2005]. The onset of dynamic uplift has been dated at
~15 or 5Ma on the basis of the post-Miocene magmatism and various paleoelevation markers [Teixell
et al.,, 2005; Missenard et al., 2006; Babault et al., 2008]. Potential field and 3-D modeling of the lithosphere-
asthenosphere boundary have defined the existence of a NE trending, 400 km wide asthenosphere upwelling
zone beneath the Moroccan Atlas [Missenard et al., 2006; Fullea et al., 2007]. However, the MHA is thought to
lie outside the main thinned lithosphere domain despite containing the highest summits of the Atlas
Mountains (e.g., the Toubkal massif; Figure 1).

3. Zircon (U-Th)/He Methodology

(U-Th)/He dating is a thermochronometric technique widely employed in tectonic studies, which makes use
of the radioactive decay of alpha particles from 38U, 22°U, 2>2Th, and '*”Sm leading to the production of “He
nuclei (i.e., o particles). Retention of radiogenic “He in zircon is controlled by thermally activated volume dif-
fusion [Zeitler et al., 1987; Lippolt et al., 1994; Wolf et al.,, 1996; Farley, 2000]. Laboratory experiments and
empirical borehole studies indicate that He is not retained at temperatures above 200°C and is mostly
retained below ~130°C, defining the zircon He partial retention zone (zPRZ) [Reiners et al, 2002, 2004;
Reiners, 2005; Wolfe and Stockli, 2010]. The nominal closure temperature for the He thermochronometer
(Tc) in zircon is estimated at ~180°C [Reiners, 2005; Wolfe and Stockli, 2010]. However, the He diffusivity in zir-
con is affected by diffusion domain (grain) size, lattice anisotropy, and the radiation damage [Reiners et al.,
2002, 2004; Cherniak et al., 2009; Guenthner et al., 2013; Ketcham et al., 2013] (see discussion in Text S1 in
the supporting information). In addition to diffusive controls on He loss, alpha particles (He nucleus) can
be ejected from the outer ~20 um of the grain, requiring a morphometric alpha-ejection correction (Ft)
[Farley et al., 1996; Farley, 2000; Ketcham et al., 2011]. All samples were processed and all zircon (U-Th)/He ana-
lysis were carried out at the UTChron facilities at the University of Texas, following analytical procedures of
Wolfe and Stockli [2010]. Complete procedures are detailed in the supporting information. All reported ages
are alpha-ejection corrected (F7), and errors are standard errors (~8%, 20) on the basis of reproducibility of the
Fish Canyon Tuff standard.

A suite of 42 samples was collected in the MHA in two different areas. In the west, zHe ages were obtained
from the Tizi n'Test Triassic basin and its adjacent southern margin and in the east, zHe ages were obtained
in the Ourika-Tizi n'Tacht Triassic basin and basement of the Toubkal Massif area (Figure 1). Detailed results
are given in Tables 1, 2, and S1. Some samples were collected and grouped in elevation profiles and inter-
preted as vertical profiles, assuming that samples have belonged to the same structural block since cooling
below the zHe closure temperature (and hence, the vertical offset between samples was invariant over time).
In addition, while some elevation profiles cover as much as 4 km of horizontal distance, we assumed that the
lateral cooling and effects of topographic dynamics and isotherm perturbations in the zHe system are neg-
ligible in light of the high closure temperature (~180°C). All inverse thermal modeling of zHe ages has been
carried out with the QTQt software [Gallagher, 2012], which uses the Bayesian transdimensional Markov
Chain Monte Carlo (MCMC) approach described by Gallagher et al. [2009]. A detailed description of the
QTQt software and MCMC approach is presented in Text S2.

4. Zircon (U-Th)/He Results
4.1. Tizi n'Test Area

In the Tizi n'Test area, 19 samples were collected following a NNW-SSE transect across the Triassic basin, the
adjacent Paleozoic basement, and the Lower Cretaceous (the Infracenomanian Unit) (Figure 2). Samples are
grouped in four profiles (Figures 2 and 3). The zHe ages obtained for each profile are described in
following sections.

4.1.1. N'fis, Abarnous, and Tama’rout Elevation Profiles

Six samples (MiHe-39T, MiHe-40T, MiHe-46T to MiHe-49T, and MiHe-63T) were collected in the Triassic rocks
preserved in the Tizi n'Test basin (the N'fis elevation profile in Figures 2 and 3) between 1370 m and 2061 m of
altitude. Sample MiHe-49T was collected in the F3 conglomeratic unit, attributed to the Lower to Middle
Triassic (the overlying F4 unit was dated as Anisian [El Arabi et al., 2006]), and the other samples were
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Table 1. Zircon (U-Th)/He Data From the Tizi n'Test Area

Corrected Uncorrected Elevation Grain Corrected Uncorrected Elevation
Grain Lab N° age +8% (Ma) age (Ma) (m) Lab N° age + 8% (Ma) age (Ma) (m)
Nfis profile zMiHe-41T-5 111.17 +8.89 80.48
zMiHe-39T-1 132.24+10.58 107.45 1716 zMiHe-41T-6 13434 4+10.75 95.40
zMiHe-39T-2 439.07 +35.13 361.75 35.96%
zMiHe-39T-3 113.38 £9.07 92.88 zMiHe-43T-1 156.63 +12.53 125.15 2367
zMiHe-39T-4 21456 +17.16 170.20 zMiHe-43T-2 130.92 +10.47 98.83
zMiHe-39T-5 208.91 +16.71 169.94 zMiHe-43T-3 121.84+9.75 96.44
zMiHe-39T-6 122.67 +£9.81 96.90 25.49%
158.77% zMiHe-45T-1 7421 +5.94 5841 2234
zMiHe-40T-1 15149+ 12.12 115.82 1584 zMiHe-45T-2 154.74 +12.38 121.07
zMiHe-40T-2 183.91 + 14.71 138.51 zMiHe-45T-3 110.38 +8.83 81.09
zMiHe-40T-3 151.81+12.15 123.81 zMiHe-45T-4 188.77 = 15.10 143.63
zMiHe-40T-4 194.85 + 15.59 157.04 zMiHe-45T-5 135.49 +10.84 105.37
zMiHe-40T-5 173.61 +13.89 131.40 zMiHe-45T-6 127.07 £10.17 104.59
zMiHe-40T-6 175.94 + 14.08 137.81 86.93%
25.22% zMiHe-56T-1 106.60 + 8.53 80.83 1685
zMiHe-46T-1 183.65 + 14.69 138.09 1784 zMiHe-56T-2 84.73 £6.78 58.92
zMiHe-46T-2 113.34 +9.07 87.76 zMiHe-56T-3 160.88 +12.87 118.96
zMiHe-46T-3 200.33 + 16.03 159.48 zMiHe-56T-4 66.48 +5.32 46.31
zMiHe-46T-4 195.97 +15.68 143.87 zMiHe-56T-5 116.89 +9.35 85.73
zMiHe-46T-5 189.39 + 15.15 146.11 zMiHe-56T-6 125.394+10.03 85.23
zMiHe-46T-6 170.76 + 13.66 127.58 85.70%
49.55% zMiHe-57T-2 16429 +13.14 132.11 1588
zMiHe-48T-1 90.03 +7.20 70.44 1876 zMiHe-57T-4 208.75 £ 16.70 166.83
zMiHe-48T-2 166.82 + 13.35 134.48 zMiHe-57T-5 22218 +17.77 170.68
zMiHe-48T-3 133.72+10.70 103.81 29.18%
zMiHe-48T-4 316.92 +25.35 24534 zMiHe-58T-1 21453 +17.16 173.28 1989
zMiHe-48T-5 15791+ 12.63 121.60 zMiHe-58T-2 178.90 + 14.31 141.23
zMiHe-48T-6 373.07 +29.85 303.89 zMiHe-58T-3 150.99 + 12.08 118.27
137.13% 35.01%
zMiHe-49T-1 164.98 + 13.20 126.50 2061 zMiHe-60T-3 161.21 £ 12.90 131.53 1842
zMiHe-49T-2 231.054+18.48 187.15 zMiHe-60T-4 17732 +14.19 137.68
zMiHe-49T-3 206.65 +16.53 154.93 zMiHe-60T-6 17150+ 13.72 137.27
zMiHe-49T-4 14845 +11.88 114.92 9.48%
zMiHe-49T-5 40344 +32.28 325.48 Al Mdad profile
zMiHe-49T-6 89.70+7.18 68.10 zMiHe-50T-1 295.76 £ 23.66 220.96 797
151.29% zMiHe-50T-2 153.27 £12.26 12238
zMiHe-63T-1 149.83+11.99 117.18 1371 zMiHe-50T-3 273.58 +£21.89 219.11
zMiHe-63T-2 145.04 +11.60 11433 zMiHe-50T-4 351.95+28.16 282.08
zMiHe-63T-3 90.16 +7.21 68.65 zMiHe-50T-5 252.30+20.18 193.19
zMiHe-63T-4 103.63 +8.29 7851 zMiHe-50T-6 207.92 +16.63 161.97
zMiHe-63T-5 104.73 +8.38 80.86 77.67%
zMiHe-63T-6 101.21 +£8.10 74.66 zMiHe-54T-1 263.36 +21.07 194.71 855
51.54% zMiHe-54T-2 353.96 + 28.32 259.84
Abarnous and Tama'rout profiles zMiHe-54T-3 272.73 +£21.82 205.01
zMiHe-36T-1 217.84+17.43 174.38 2018 zMiHe-54T-5 290.53 +£23.24 218.95
zMiHe-36T-2 21136 £ 16.91 156.36 zMiHe-54T-6 248.92 +£19.91 197.31
zMiHe-36T-3 217.80+17.42 161.64 36.74%
zMiHe-36T-4 239.12+19.13 180.43 zMiHe-55T-1 252.314+20.18 184.70 1297
zMiHe-36T-5 219.48 +17.56 162.85 zMiHe-55T-2 284.95 +22.80 219.26
zMiHe-36T-6 218.70+£17.50 165.61 zMiHe-55T-3 256.77 +£20.54 207.11
12.58% zMiHe-55T-4 258.59 + 20.69 204.12
zMiHe-38T-1 255.65 +20.45 210.50 1806 zMiHe-55T-5 233.24 +18.66 179.58
zMiHe-38T-2 14226 +11.38 109.01 zMiHe-55T-6 286.07 £ 22.89 211.60
zMiHe-38T-3 151.88 +£12.15 117.55 20.16%
zMiHe-38T-4 129.25+10.34 102.30 zMiHe-61T-1 315.67 £25.25 249.21 1273
zMiHe-38T-5 15394+ 1232 11591 zMiHe-61T-2 261.02 +20.88 213.82
zMiHe-38T-6 155.83 +12.47 124.23 zMiHe-61T-3 291.15+23.29 241.49
76.69% zMiHe-61T-5 237.99 +19.04 181.61
zMiHe-41T-1 163.17 = 13.05 125.59 2525 zMiHe-61T-6 317.09 £25.37 246.62
DOMENECH ET AL. HIGH ATLAS THERMOCHRONOLOGIC STUDY 2613
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Table 1. (continued)

Corrected Uncorrected Elevation Grain Corrected Uncorrected Elevation
Grain Lab N° age £8% (Ma) age (Ma) (m) Lab N° age + 8% (Ma) age (Ma) (m)
zMiHe-41T-3 15390+ 12.31 116.08 27.8%
zMiHe-41T-4 160.39 + 12.83 125.10

*The intrasample grain age dispersion (range of the ages divided by the mean, as used by Brown et al. [2013]) is shown in italics.

collected in the F5 sandstone unit, dated as Carnian [Cousminer and Manspeizer, 1976; Biron and Courtinat,
1982]. The zircons analyzed yield Ft-corrected ages ranging from 90.0 + 7.2 Ma to 439.1 + 35.1 Ma (Figure 4a;
see details in Tables 1 and S1) with intrasample grain age dispersion (range of the ages divided by the mean
[Brown et al,, 2013]) from 25.2% to 158.7%. Intrasample age dispersions in excess of the analytical error is
commonly attributed to factors such as grain size, U and Th zonation, radiation damage, or age inheritance
in detrital grains (see discussion in Text S1). As direct relationships between grain size, zonation, or radiation
damage with intrasample dispersion are not observed, the fact that many zHe ages obtained from the
Triassic sedimentary rocks are older than their depositional age indicates that these zHe ages were only partially
or not reset and (partially) preserve their detrital age signature. Consequently, samples were only heated to
temperatures of 130-150°C (lower portion of the zPRZ) after Triassic sedimentation. To deduce this, we make
the assumption that the amount of zircon grains analyzed is representative of the whole detrital zircon popula-
tion of the sample. The same assumption is made for the other Paleozoic-Cretaceous detrital rocks sampled in
the Tizi n'Test area.

The zHe ages of the N'fis elevation profile do not exhibit any clear elevation dependence (Figure 4a).
Although the potential existence of minor undetected faults and the coexistence of variably reset and non-
reset zHe ages may influence the data scatter, the cluster pattern of Figure 4a suggests that samples were
heated during burial and cooled rapidly through the zPRZ. Stratigraphic lower samples (collected at F3
and basal F5 Triassic units) are currently located at higher elevations than samples collected from strati-
graphic higher positions (collected at the upper part of the F5 Triassic unit; Figure 4a) due to tilting that must
have occurred in response to Neogene Atlas orogeny and after the samples cooled through the zPRZ
(Figure 2) [Doménech et al.,, 2015]. Using the constraints on the stratigraphic position of Triassic samples
and of the thicknesses of different Triassic units, samples were projected into the section of Figure 3b both
at their current elevation (black squares) and at their original stratigraphic position (grey squares). As the tilt-
ing of the Triassic units occurred after zHe resetting, the initial stratigraphic position of the samples (i.e., the
initial vertical offset between samples) was used for the interpretation of these zHe ages.

The nine samples of the Abarnous and Tama'rout elevation profiles (MiHe-36T, MiHe-38T, MiHe-41T to MiHe-
45T, and MiHe-56T to MiHe-60T) were collected south of the Tizi n'Test basin from Cambrian siliciclastic and
volcanoclastic rocks [Angoud et al., 2002] (Figures 2 and 3). The Abarnous and Tama'rout elevation profiles
have 719 m and 401 m of elevation difference, respectively (Table 1 and Figures 4b and 4c). Samples are
located in a structural block between the Tizi n'Test Triassic basin and the Cretaceous-Paleozoic samples of
the Sub-Atlas Zone adjacent to the Souss basin (Figure 3). This block is bounded to the north by synrift nor-
mal faults belonging to the Tizi n'Test fault zone and to the south by the Tama'rout thrust (Figure 3b)
[Domenech et al., 2015]. The five samples of the Abarnous elevation profile yield corrected zHe ages from
74.2 £ 5.9 Ma to 255.7 £20.5 Ma (Table 1 and Figure 4b) with intrasample grain age dispersion from 12.6%
to 86.9%. The four samples of the Tama'rout elevation profile yield corrected zHe ages from 66.5 + 5.3 Ma
to 222.2 + 17.8 Ma (Table 1 and Figure 4c) with intrasample grain age dispersion that ranges from 9.5% to
85.7% (Table 1).

All the zHe ages from both profiles are younger than their corresponding depositional ages, indicating that
the zHe ages were fully reset after deposition. The profiles show no elevation-dependent zHe ages suggest-
ing that samples cooled rapidly through the zPRZ. The zHe ages show significant intrasample age dispersion
that cannot be explained by grain size, radiation damage, or zonation, suggesting that the samples possibly
resided in the zPRZ prior to fast cooling and might retain some variable age inheritance or kinetic differences.

The Triassic samples of the N'fis elevation profile and the Paleozoic samples of the Abarnous and Tama'rout
elevation profiles exhibit similar zHe ages and hence likely shared a similar cooling history. Plotting the zHe
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Table 2. Zircon (U-Th)/He Data From the Ourika-Toubkal Area®

Corrected Age Uncorrected Age Elevation Corrected Age Uncorrected Age Elevation
Grain Lab N° +8% (Ma) (Ma) (m) Grain Lab N° +8% (Ma) (Ma) (m)
Imlil profile zMiHe-23-4 221.73 £17.74 17413
zMiHe-02-2 111.63£8.93 91.84 1608 36.07%
zMiHe-02-3 131.80 +10.54 107.57 zMiHe-24-1 13242 £10.59 106.13 1989
16.57% zMiHe-24-2 121.30+9.70 93.80
zMiHe-03-1 123.18 £9.86 98.31 1982 zMiHe-24-3 185.39 +14.83 138.39
zMiHe-03-2 110.02 £ 8.80 89.20 43.79%
zMiHe-03-3 104.93 +8.39 82.50 zMiHe-25-1 199.87 £+ 16.00 167.51 2221
16.20% zMiHe-25-2 21557 £17.25 175.69
zMiHe-04-1 127.70 +10.22 106.87 2241 zMiHe-25-3 199.51 £15.96 164.30
zMiHe-04-4° 469.09 + 37.53 395.44 7.84%
zMiHe-04-3 85.69 + 6.85 67.36 zMiHe-27-1 280.66 + 22.45 230.27 1791
39.37% zMiHe-27-2 234.86 +18.79 181.34
zMiHe—O6—2b 178.90 + 14.31 132.06 2587 zMiHe-27-3 286.35 +22.91 236.22
ZMiHe—O6—3b 5934 +4.75 41.51 19.26%
100.36% Ourika profile
zMiHe-08-1 249.69 £ 19.98 168.13 2994 zMiHe-28-1 35.03 +£2.80 28.40 1494
zMiHe-08-2 43.73 £3.50 31.25 zMiHe-28-2 49.22 +3.94 38.96
zMiHe-08-3 24.76 +1.98 16.92 zMiHe-28-3 4521 £3.62 35.00
212.08% 32.89%
Tizi n’Likemt profile zMiHe-29-1 63.78 +5.10 50.54 1780
zMiHe-12-1 63.75+5.10 51.19 3629 zMiHe-29-2 61.84 +4.95 49.52
zMiHe-1 2—2b 708.74 £+ 56.70 569.01 zMiHe-29-3 4218 £3.37 32.80
zMiHe-12-3 63.39 £5.07 4891 38.63%
0.56% zMiHe-30-1 46.40 +£3.71 36.88 2038
zMiHe-15-1 52.13+4.17 42.89 2998 zMiHe-30-2 56.80 + 4.54 45.20
zMiHe-15-2 47.98 £+ 3.84 37.74 zMiHe-30-3 48.65 + 3.89 40.19
zMiHe-15-3 20.28 +1.62 17.03 20.54%
79.37% zMiHe-31-1 66.07 +5.29 53.01 2204
zMiHe-17-1 135.32+10.83 109.49 2559 zMiHe-31-2 76.52+6.12 58.87
zMiHe-17-2 98.44 +7.88 70.77 zMiHe-31-3 59.53+4.76 49.07
zMiHe-17-3 90.01 +7.20 66.93 25.22%
41.99% zMiHe-32-1 67.04 £5.36 54.43 2401
Tizgui profile zMiHe-32-2 5259 +£4.21 42.18
zMiHe-19-1 322+ 25.76 251.15 3198 24.16%
zMiHe-19-2 305.74 £+ 24.46 24413 zMiHe-33-1 64.15+£5.13 52.51 2595
zMiHe-19-3 298.10 4 23.85 233.51 zMiHe-33-2 92124737 7247
7.74% zMiHe-33-3 5414 +£4.33 44.02
zMiHe-20-1 273.72 +£21.90 206.01 2831 54.16%
zMiHe-20-3 131.64 £10.53 104.48 zMiHe-34-1 151.79£12.14 124.72 2818
70.10% zMiHe-34-2 113.22 +9.06 87.52
zMiHe-21-1 265.55+21.24 197.71 2574 zMiHe-34-3 59.51£4.76 47.17
zMiHe-21-2 305.87 £+ 24.47 229.99 85.31%
zMiHe-21-3 188.50 + 15.08 154.83 zMiHe-35-1 112.71 £9.02 91.65 3029
46.33% zMiHe-35-2 156.11 +12.49 128.43
zMiHe-23-1 152.96 + 12.24 112.79 2202 zMiHe-35-3 97.75 £7.82 79.50
zMiHe-23-2 197.27 +15.78 154.05 47.76%

*The intrasample grain age dispersion (range of the ages divided by the mean, as used by Brown et al. [2013]) is shown in italics.
Grains that are not included in the interpretation (see supporting information for explanation).

ages of these three vertical profiles together shows that samples rapidly cooled through the zPRZ at an age of
154+ 43 Ma (Figure 4e) (calculated using the BayesMixQt software [Jasra et al., 2006], using a statistical
Gaussian distribution; see Text S2 for details).

4.1.2. Al Mdad Samples

Four samples were collected in the southern foothills of the MHA (Sub-Atlas zone), separated from the
Paleozoic and Triassic samples to the north by the Tama'rout thrust (Figure 3). Samples MiHe-50T, MiHe-
55T, and MiHe-61T were collected from poorly sorted sandstone of the Infracenomanian Unit, while sample
MiHe-54T was collected from an Early Cambrian sandstone [Angoud et al., 2002] (Figures 2 and 3) at eleva-
tions of 797 m to 1297 m (Table 1). The Cambrian sample yielded corrected zHe ages ranging from
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Figure 2. Geologic map of the Tizi n'Test area in the MHA (see location in Figure 1) showing the main structural elements and the location of samples analyzed in this

work.

248.9 + 19.9 Ma to 354.0 4 28.3 Ma (Figure 4d). Therefore, the sample was heated and reset after its deposi-
tion, exhumed through the zPRZ in Carboniferous-Permian times, probably due to the Variscan orogeny and
remained at temperatures below the zPRZ since then.

Samples of the Infracenomanian Unit yield corrected zHe ages from 153.9+12.3 Ma to 352.0 +£28.2 Ma
(Table 1). All zHe ages are older than their depositional ages (Figure 4d), suggesting that they were likely not
heated above 130°C after sedimentation. Seventy-seven percent of all detrital zHe ages are Carboniferous to
Permian, similar to the zHe ages from the Cambrian sample, which implies a nearby Paleozoic or
Precambrian source area where zHe ages were not reset in post-Paleozoic times. The remaining 23% of detrital
zHe ages are Triassic-Jurassic, which could indicate a source area where zircon grains rapidly cooled during
Triassic-Jurassic unroofing or that zircons are derived from the erosion of igneous rocks of that age.
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Figure 3. (a) General section of the MHA across the Tizi n'Test Triassic basin (see location in Figures 1 and 2) (modified from
Domeénech et al. [2015]). (b) Close-up of the Tizi n'Test basin and its margin with samples projected at their present altitude.
In grey we show a projection following the stratigraphic position of the samples (see text for explanation).

4.2. Ourika-Toubkal Area

To the east of the MHA, in the Ourika-Toubkal area, 23 samples were collected from rhyolitic and granitic
basement rocks of the Precambrian basement (Table 2), including four elevation profiles along two NNW-
SSE transects (Figures 5 and 6).

4.2.1. Ourika Elevation Profile

A set of eight samples (MiHe-28 to MiHe-35) was collected from Neoproterozoic granitic rocks (Assarag Suite;
U-Pb zircon age of 614-575 Ma [Thomas et al., 2002]). The elevation profile has over ~1500 m of local relief.
The eight samples yield corrected zHe ages from 35.0 + 2.8 Ma to 156.1 & 12.5 Ma (Table 2), which represent
the youngest zHe ages obtained for the MHA. Samples from the Ourika profile are from both the Ourika river
thalweg and hillslope (black squares in Figures 5 and 6b).

The Precambrian samples come from the southern margin of the Triassic Ourika rift basin (Figure 5) and likely
resided at near-surface temperatures prior to Triassic rifting in the Ourika area. ZHe ages plotted define a
positive age-elevation relationship (Figure 7a). The bottom samples show intrasample zHe age dispersion
from 20.5% to 38.6%, while the two upper samples present intrasample dispersion from 47.8% to 85.3%
(Table 2). The high intrasample age dispersion of the upper samples appears to indicate that they resided
within the zPRZ and were not completely reset prior to exhumation.

Sample MiHe-29 was collected from south of the Ourika fault while others in the profile were collected north
of it (Figures 5 and 6b). The Ourika fault, which continues for another ~25 km to the NE from the area repre-
sented in Figure 5, is regarded as part of the Tizi n'Test fault zone [e.g., Proust et al., 1977] and based on struc-
tural criteria is interpreted as a normal fault active during the rifting stage, but not reactivated during
Cenozoic shortening [Domeénech et al., 2015]. The coherent positive age-elevation relationship in the zHe
ages (Figure 7a) implies that no major displacement occurred along the Ourika fault from Late Cretaceous
times to the present. Previous aFT ages, ranging from 11.5 + 0.6 Ma to 16.9 + 0.7 Ma, also show no significant
age differences across the Ourika fault and corroborate limited to no fault motion in the Cenozoic [Missenard
et al., 2008] (Figures 5 and 7a). Accordingly, samples of the Ourika elevation profile are considered to belong
to the same structural block since zircon He closure, allowing for these zHe ages to be modeled together.
4.2.2, Imlil, Tizi n’Likemt, and Tizgui Elevation Profiles

Samples of the Imlil elevation profile (MiHe-02 to MiHe-08) were collected in the Ighighayene river valley in
the vicinity of Imlil town and in the Toubkal massif between 1608 m and 2994 m (Table 2 and Figure 6a).
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Sample MiHe-02 was collected from a granite of the Assarag Suite ~300 m below the unconformity with
Triassic deposits (F4 unit, Anisian in age [El Arabi et al., 2006]) (Figures 5 and 6a). The other samples, MiHe-
03 to MiHe-08, are 560-575 Ma rhyolites of the Ouarzazate Group [Thomas et al., 2002].

The four samples suitable for interpretation from the Imlil vertical profile yielded corrected zHe ages from
24.8 + 2.0 Ma to 249.7 + 20.0 Ma. Intrasample grain age dispersion ranges from 16.2% to 212.1%. Sample
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MiHe-02 is separated from samples MiHe-03, MiHe-04, and MiHe-08 by the Oukaimeden and Imlil thrusts
(Figures 5 and 6a). An intra-Precambrian fault is additionally deduced between sample MiHe-02 and MiHe-
03-MiHe-04. The zHe ages of samples MiHe-02, MiHe-03, and MiHe-04 are elevation independent with similar
ages ranging from 85.7 + 6.9 Ma to 131.8 +10.5 Ma (Figure 7b), suggesting that these samples resided at
above the zPRZ during the Atlas orogeny and do not record any cooling associated with displacement along
the Imlil and Oukaimeden thrusts in this locality. In contrast, the structurally highest sample (MiHe-08) has
two aliquots with ages of 24.8 +2.0 and 43.7 4 3.5 Ma, clearly exhibiting the imprint of the Atlas orogeny
and recording the thermal history of a different structural block and hence cannot be jointly modeled.

The three samples of the Tizi n'Likemt elevation profile (samples MiHe-12 to MiHe-17) are from the highest
reaches of the Ourika river up to the Tizi n'Likemt mountain pass, between 2559 and 3629 m of elevation (dia-
monds in Figures 5 and 6a). Samples are from Neoproterozoic rhyolites (MiHe-12) and granites (Assarag Suite
and Ouarzazate Group). ZHe ages suitable for interpretation range from 20.2 + 1.6 Ma to 135.3+10.8 Ma
(Table 2 and Figure 7c). The very limited number of samples shows no positive age-elevation trend and
high-elevation samples (MiHe-12 and MiHe-15) exhibit younger ages (Paleocene-early Miocene) than the
low-elevation sample (MiHe-17), which yielded Cretaceous ages. This age pattern points to the existence
of intrabasement faults that were active after the closure of the zHe system likely during the Cenozoic
Atlas orogeny.
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Figure 7. Age-elevation plots with 24 error for the (a) Ourika, (b) Imlil, (c) Tizi n’Likemt, and (d) Tizgui elevation profiles. AFT
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plots with 2¢ error for the bottom samples of the Tizgui profile, the Tizi n'Likemt profile, and sample MiHe-08 of the Imlil
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Seven samples of the Tizgui elevation profile (MiHe-19 to MiHe-27) were collected from the southern flank of
the MHA in the hanging wall of the E¢ Cour thrust (Figures 5 and 6a’). The E¢ Cour thrust forms the southern
Atlas front and was identified by E/ Arabi et al. [2003] as a south dipping normal fault which suffered a progres-
sive inversion of its dip to the north during the Atlas compression. Due to its present gentle northward dip, we
reinterpret it as a newly formed bypass thrust that cuts the former normal fault with opposite dip (Figures 6a
and 6a’). Seven samples were collected from a rhyolite of the Ouarzazate Group (MiHe-19) and granites of
the Assarag Suite over ~1400 m of difference in elevation along the Tizgui River (Table 2 and Figure 6a). The
seven samples yielded zHe ages from 121.3 + 9.7 Ma to 322.0 £+ 25.8 Ma and intrasample grain age dispersion
of 7.7% to 70.1% (Table 2 and Figure 7d). Three aFT ages previously obtained in the hanging wall of the E¢
Cour thrust by Balestrieri et al. [2009] and Missenard et al. [2008] range from 24 + 2 Ma to 26.9 + 2.6 Ma. The
zHe ages from the Tizgui elevation profile show a positive age-elevation relationship except for the bottom
sample (the MiHe-27) that yielded older zHe ages (Figure 7d). Therefore, the zHe ages of the Tizgui elevation
profile are considered to likely belong to same structural block and modeled as a group (except sample
MiHe-27). Sample MiHe-20 is also excluded from the thermal modeling because only two zHe ages could be
obtained and they present dispersion higher than 100% that cannot be accounted by differences in eU content
or grain size, and which makes two aliquots not enough to be representative of the whole sample.

Combining the samples of the Tizi n'Likemt profile, the bottom samples of the Tizgui profile (samples MiHe-
23 to MiHe-27), and sample MiHe-08 of the Imlil profile shows a negative age-elevation trend with zHe ages
becoming progressively younger to the north and at progressively higher elevations toward the core of the
High Atlas (Figure 7e).

5. Inverse Thermal Modeling

Inverse thermal modeling of the zHe ages of the Tizgui and Ourika elevation profiles was performed using the
QTQt software [Gallagher, 2012]. In terms of the model setup, all runs were forced to end at surface tempera-
ture (20 £5°C) at 0Ma. In light of the observed intrasample age overdispersion that cannot be readily
explained by grain size or radiation damage variations, for modeling purposes we took into account some
uncertainty in the observed zHe ages. Therefore, in order to test the robustness of the thermal models, a ser-
ies of trial runs were performed using the zHe ages observed and the zHe ages resampled (see details in Text
S2). As the radiation damage accumulation model for zircons of Guenthner et al. [2013] was only recently
implemented in QTQt software and not extensively tested, thermal models were run both with and without
the zircon radiation damage model. In all thermal models, the temperature difference between bottom and
top samples was allowed to vary from the equivalent geothermal gradient of 10 to 40°C/km and forced to
end at the surface temperatures. In some thermal models, the temperature difference between bottom
and top samples was fixed over time, in others it is allowed to vary over time while maintaining a linear upper
crustal geothermal gradient. The two modeled zHe elevation profiles are characterized as coherent structural
blocks for which the vertical offsets between samples can be considered as invariant over time. In light of the
limited horizontal distances, lateral/horizontal cooling between samples was deemed negligible. Given these
assumptions, the modeled temperature difference for bottom and top samples from vertical transects can be
translated into paleogeothermal gradients. Models were run for 300,000 iterations. The resulting set of ther-
mal models with all these variables considered are included in the supporting information: Figures S1-S8.
Representative models are shown in Figure 8.

5.1. Thermal Model of the Ourika Elevation Profile

A representative model of the Ourika elevation profile is presented in Figures 8a—-8c. As samples were located
adjacent to Triassic deposits, they were forced to be at near-surface temperatures during the latest Permian.
In order to honor the aFT data available from this area [Missenard et al., 2008] (Figure 5), thermal histories are
forced to pass through 60-120°C, which corresponds to the Apatite Fission Track Partial Annealing zone, the
aPAZ [Gleadow and Fitzgerald, 1987], between 10 and 18 Ma.

The bottom samples (i.e., MiHe-28 to MiHe-33) are well predicted in all thermal models while the top samples
(i.e., MiHe-34 and MiHe-35) are only well predicted in thermal models where the zircon radiation damage
accumulation model of Guenthner et al. [2013] is not included (Figures 8c and S1-54). In addition, thermal
modeling including radiation damage are characterized by rapid cooling between 90 and 75Ma from
>210°C, followed by a period of slower cooling from 75 Ma to 20 Ma (Figures S1 and S2). However, cooling
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Figure 8. Inverse thermal modeling results of the (a—c) Ourika and (d-f) Tizgui elevation profiles (see location in Figure 5). The temperature between the top and
bottom samples is allowed to vary between the equivalent geothermal gradient of 10-40°C/km but is fixed over time. He ages are not resampled and no radia-
tion damage accumulation model in zircons is used (see text and Text S2 in the supporting information for explanation). Standard values of E; and Dq follow Ketcham
et al. [2011]. For visualization purposes, the elevation of the aliquots with the same altitude in Figures 8c and 8f are slightly modified by the software.

from >210°C does not appear to be compatible with the high dispersion of the upper samples that suggest
that they were located within the zPRZ (~130-200°C) prior to cooling. As consequence, only thermal model-
ing results without incorporating the radiation damage accumulation model were discussed.

The big picture extracted from these models (Figures 8a and S4) is that the thermal history is well constrained
starting in the Late Cretaceous (90-100 Ma), while no reliable information can be extracted from the Ourika
elevation profile for pre-Cenomanian times due to high uncertainties in the modeled t-T paths (which means
that the zHe ages of the Ourika profile provide no information about previous thermal events). Thermal mod-
els show that basement rocks, at surface temperatures prior to the Triassic-Jurassic rifting, were subsequently
reheated at some indeterminate time between Triassic to Early Cretaceous times to temperatures of 190°C to
250°C (for the top and bottom samples, respectively). After ~80 Ma (Campanian) thermal models show a con-
tinuous cooling until 20-10 Ma at mean cooling rate of 1.6-1.9°C/Ma. Due to the imposed constraint in ther-
mal models provided by the aFT data, all model runs show an increase in cooling rate from 20 to 10 Ma
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(Burdigalian-Tortonian) to present times (Figures 8a and S1-54) at a rate of 4°C/Ma to 7°C/Ma. The deduced
paleogeothermal gradient estimates are only well constrained from Late Cretaceous to Miocene times and
shows high values in all thermal models performed, ranging from 30°C/km to 40°C/km (Figures 8b and S4).

5.2. Thermal Model of the Tizgui Elevation Profile

A representative model of the Tizgui elevation profile (the expected model; see Text S2 for details) is shown in
Figures 8d-8f. Honoring the published aFT data [Missenard et al., 2008; Balestrieri et al., 2009], all thermal his-
tories were forced to pass through the aPAZ between 20 and 30 Ma.

The zHe ages observed are well predicted in all thermal models (Figures 8f and S5-S8). Modeled thermal
paths show that samples cooled slowly from ~300 Ma to ~120 Ma (from Permian to Early Cretaceous times)
at mean rates of ~0.25-0.35°C/Ma and remained below ~130°C from Early Cretaceous to Cenozoic times.
While high uncertainties exist in the modeled cooling history from the Early Cretaceous to the present, the
imposed aFT constraints force the thermal model results into an increased cooling rate to 2°C/Ma-3°C/Ma
from 30 to 20 Ma (Rupelian-Burdigalian) to recent times (Figures 8d and S5-S8).

The paleogeothermal gradient inferred from the different model runs shows varying evolution and high
uncertainty when it is allowed to vary over time (Figures S6 and S8), which suggest that either the zHe data
modeled provide insufficient precision to accurately model the gradient changes over time or that little var-
iations in the vertical offset or horizontal cooling between samples occurred. In any case, all models indicate
elevated paleogeothermal gradients of 30-40°C (Figures 8e and S6-S8).

6. Interpretation and Implications of zHe Dating and Thermal Modeling

6.1. Inferred Paleogeothermal Gradient

Thermal models for the Tizgui and Ourika elevation profiles show systematically elevated paleogeothermal
gradients between 30°C/km and 40°C/km from the Triassic to Miocene. Therefore, it seems that high paleo-
geothermal gradients were persistent through time, not only during the rifting and associated magmatism
but also during the postrift and syninversion stages. In post-Miocene times, geothermal gradient cannot
be directly inferred from modeled zHe ages, but one may also expect high paleogeothermal gradients in
the MHA in light of the mantle-related uplift and magmatic events that took place in the whole Atlas region
since 15 Ma [Teixell et al., 2005; Missenard et al., 2006]. For that reason, and in order to enable comparison of
the total amounts and rates of exhumation in different areas studied, an average geothermal gradient of 35°
C/km invariant over time seems reasonable. The geological significance of the elevated paleogeothermal gra-
dient through time is discussed below.

6.2. Tizi n'Test Area

In the Tizi n'Test area, the partial to total resetting of the zHe ages in the N'fis elevation profile (Figure 4a) indi-
cates that samples were heated to temperatures within the zPRZ after deposition in the Triassic and prior to
exhumation in the Late Jurassic. Assuming a minimum temperature of ~150-170°C for samples located at
stratigraphically higher position (samples MiHe-39T and MiHe-63T located at the top of the Carnian F5b sub-
unit), these samples had to be buried under a minimum of 3.5-4 km of rift deposits in Late Triassic to Middle
Jurassic times. Therefore, taking into account the mean thickness of the F3-F5b Units in the Tizi n'Test basin of
~1-1.5km, the total amount of Triassic-Middle Jurassic rift-related deposits which accumulated in the Tizi
n'Test basin likely measured 4.5-5.5 km (Figure 9a). Assuming a total amount of 1 km of Late Triassic (post-
Carnian) deposits (F6 Unit) (of which slightly over 0.5km of thickness is preserved in the Tizi n'Test and
Ourika Triassic basins [Beauchamp, 1988; Benaouiss et al., 1996; Qarbous et al., 2003; Fabuel-Perez et al.,
2009; Domeénech et al., 2015]) and basalts of the CAMP (which can be assumed to have covered the Tizi
n'Test basin given their regional expansive character [e.g., Knight et al. 2004]), the amount of Early to
Middle Jurassic deposits in the Tizi n'Test basin totaled at least 2.5-3 km (Figure 9a).

The thickness of the rift-related deposits north and south of the Tizi n'Test basin can be estimated from the
combination of geological and thermochronometric constraints. The Cambrian sample of the Al Mdad pro-
file, located south of the Tama'rout thrust preserves Variscan orogeny related Carboniferous-Permian zHe
ages (Table 1) and hence was not buried to more than ~3 km (~130°C) during and after Triassic-Jurassic rift-
ing. Published apatite and zircon FT and (U-Th)/He ages from the Anti-Atlas document cooling of samples
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Figure 9. Cross sections of the MHA across the Tizi n'Test Triassic basin restored to selected steps based on zHe data interpretation (see location in Figure 2). The
location of samples at each step according to their zHe age is also shown. (a) Restored cross section to the end of the Triassic-Mid Jurassic extension. The south-
ern border of the Jurassic sedimentation area cannot be precisely delimited (see text for explanation). (b) After Mid-Late Jurassic to Early Cretaceous exhumation. (c)
After Early to Late Cretaceous continental-marine sedimentation. We assume that some sedimentation occurred also in the axial zone of the MHA, in spite of the fact
that Cretaceous deposits are rarely preserved (see text for discussion). (d) Present-day cross section.

from Carboniferous to Early Cretaceous [Malusa et al., 2007; Ghorbal, 2009; Sebti et al., 2009; Ruiz et al., 2011;
Sebti, 2011; Oukassou et al., 2013; Sehrt, 2014; Gouiza et al., 2016], suggesting that the Anti-Atlas formed the
shoulder of the Atlas rift and that little to no deposition of Triassic-Jurassic rocks occurred south of Tama’rout
thrust (Figure 9a). However, the data cannot ascertain whether the Triassic-Jurassic deposits extended imme-
diately south of the Tizi n'Test fault, as the Abarnous and Tamarout zHe ages were reset in the Late Jurassic,
and it is thus unclear whether the samples were buried by Triassic-Jurassic or Paleozoic rocks (or the two; see
Figure 9a).

To the north, aFT and aHe ages and thermal models in basement rocks of the Moroccan Meseta and the MHA
foothills revealed Middle Jurassic-Early Cretaceous cooling [Ghorbal et al., 2008; Saddigi et al., 2009; Barbero et al.,
2011; Bertotti and Gouiza, 2012]. These studies showed that the Moroccan Meseta and foothill samples were
locally overlain by Triassic or Early Cretaceous to Cenomano-Turonian deposits (Figure 1) and thus were near
the surface in pre-Triassic and Cretaceous times. Therefore, the samples were buried to temperatures below
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or in the PAZ, causing annealing of the aFT system and reset of aHe ages, during the Triassic-Early Jurassic
before cooling again to near-surface temperatures in Middle Jurassic to Early Cretaceous times. This implies that
1.5-3 km, depending on paleogeothermal gradients, of sediments were accumulated and subsequently eroded
in the Moroccan Meseta and MHA foothills. Therefore, it seems likely that Triassic-Jurassic sedimentation
occurred both in the Tizi n'Test basin and in the Moroccan Meseta, forming a continuous rift or sag basin.
This also suggests that the Meseta cannot be considered as the emerged northern shoulder of the Atlas rift
but instead represents a moderately subsiding domain during the rifting stage. However, some extensional
faults likely separated the Tizi n'Test basin from the areas to the north (Figure 9a) as documented by slicken-
sided normal fault observed near a small Triassic outcrop south of Wirgane (Figure 1) [Domenech et al., 2015].

The zHe ages of the N'fis, Abarnous, and Tama'rout elevation profiles (Figure 4e) suggest that rift subsidence
ended in the MHA in the Middle Jurassic and was followed by rapid cooling in the Late Jurassic. Assuming a
minimum temperature for the uppermost samples of the N'fis, Abarnous, and Tama'rout elevation profiles of
150-170°C (near the T, of zHe system) at the time prior to cooling, the lowest samples had to be located at
temperatures of 185-200°C, considering the present vertical offset in Paleozoic samples and the pretilting
offset in the Triassic samples. This implies a minimum amount of cooling of 55°C to 70°C during the Late
Jurassic to bring all samples above the zPRZ, which is translated into >1.5-2 km. Estimating that ~1-1.5 km
of Cretaceous (postexhumation) or younger sediments accumulated in the axial part of the MHA, based on
the thicknesses exposed in the northern and southern foothills (Figure 3), then the amount of total exhuma-
tion increases to 2.5-3.5 km (Figures 9b and 9c).

While one might consider postrift thermal relaxation to explain Late Jurassic cooling, the amount of cooling
registered by the zHe data cannot be fully explained by a decrease in the paleogeothermal gradient, requiring
more significant cooling driven by “real” exhumation. In addition, the modeled paleogeothermal gradients for
the Ourika elevation profile (Figures 8a-8c and S1-54) are persistently high (30-40°C/km) in the Late
Cretaceous, and thus, the amount of exhumation calculated appears to be realistic. This cooling and exhuma-
tion is regionally supported by Middle Jurassic-Early Cretaceous aHe and aFT ages in the Moroccan Meseta,
the southern and northern MHA foothills, and the Anti-Atlas [Malusa et al., 2007; Ghorbal et al., 2008;
Balestrieri et al.,, 2009; Sebti et al., 2009; Ghorbal, 2009; Saddigi et al., 2009; Barbero et al., 2011; Sebti, 2011;
Ruiz et al.,, 2011; Bertotti and Gouiza, 2012; Oukassou et al., 2013; Sehrt, 2014; Gouiza et al., 2016]. All these
results define a wide region of cooling, requiring kilometer-scale upward vertical movements with exhuma-
tion during the Middle Jurassic-Early Cretaceous times that spans from the Moroccan Meseta to the Anti-Atlas,
crossing the MHA (Figure 9b). In addition, the 1.5-3.5 km of exhumation calculated from the new zHe data is
in agreement with the estimated exhumation values of 1.5 to ~3 km proposed for the Moroccan Meseta and
the MHA foothills by Ghorbal et al. [2008], Saddigi et al. [2009], and Bertotti and Gouiza [2012].

The onset of the Atlas orogeny and the amount of related exhumation in the Tizi n'Test area are poorly
constrained by zHe ages as all samples have cooled to temperatures below the zPRZ by the Late Jurassic
and thus cannot quantify the final exhumation related to the Atlas orogeny. However, some inferences can
still be made. First, the total amount of exhumation, related to both tectonic thickening and potentially
mantle-related uplift, in the Tizi n'Test basin and adjacent southern Paleozoic basement (north of the
Tama'rout thrust) is <3km, as all samples were at temperatures lower than ~130°C by the Early
Cretaceous. Second, south of the Tama'rout thrust, the Paleozoic sample of the Al Mdad profile resided at
near-surface temperature prior to Infracenomanian sedimentation and were covered by 1-1.5km of
Cretaceous to Tertiary deposits, preserved in the Sub-Atlas zone of the MHA above the sample (Figures 2
and 3). This implies a total amount of Cenozoic exhumation of ~1-1.5km. As the Cenozoic uplift and exhu-
mation, potentially produced by a mantle upwelling, is expected to be equal in the whole MHA, given the
long-wavelength character of a mantle-related anomaly, the difference in exhumation of 1.5-2 km across
the Tama'rout thrust can likely be attributed to the activity of the Tama'rout thrust and provide an estimate
for the vertical displacement along this fault. Given the current fault dip (~30-35°C) observed at the surface,
this implies a net slip on the thrust plane of 3-4 km. Integrating this with the reconstruction of the Atlas rift
and the Middle Jurassic to Early Cretaceous exhumation, the restored cross section (Figures 9c and 9d) indi-
cates a total shortening of ~14 km (~17%) for the High Atlas in the Tizi n'Test transect. Minimum displace-
ment has been assigned for thrusts in the northern and southern foothills of the Atlas on the basis of post-
Paleozoic sediments preserved.
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6.3. Ourika-Toubkal Area

Thermal modeling of the Tizgui elevation profile (Figures 8d-8f) shows that rocks progressively cooled from
Permian to Early Cretaceous times at rates of ~0.25—0.35°C/Ma (exhumation of 0.007-0.01 mm/a), which
implies that during the Triassic and Jurassic rifting the area was a slowly exhuming structural high or
horst block.

Samples MiHe-02 to MiHe-04 from the Imlil elevation profile (Figure 7b) exhibit mainly Early Cretaceous zHe
ages that are invariant with altitude, implying that samples were at temperatures higher than ~200°C after
the Triassic-Jurassic rift and prior to rapid Early Cretaceous cooling. Sample MiHe-02 from the footwall of
the Oukaimeden reverse normal fault and 300 m below the F4 Triassic unit, which lies unconformable on
basement in the Tizi n'Tacht basin (Figure 5), recorded near-surface temperature in Permian times prior to
being heated to a >200°C during Early Mesozoic rifting. This requires that >5 km of Triassic-Jurassic rift sedi-
ments were deposited in Oukaimeden area. Assuming ~2 km of Triassic rocks, based on the thickness of the
lower deposits preserved in the Ourika Triassic basin and a maximum of ~1 km for the top F6 Unit and basalts
[Beauchamp, 1988; Benaouiss et al., 1996; Fabuel-Perez et al., 2009], this indicates that ~3 km of Jurassic sedi-
mentary rocks accumulated in the Tizi n'Tacht basin in the footwall of the Oukaimeden fault. There is no stra-
tigraphic datum to constrain the position of samples MiHe-03 and MiHe-04 during Triassic-Jurassic rifting
prior to their Early Cretaceous cooling as none of these samples are overlain by Triassic deposits and they
are separated from sample MiHe-02 by at least one intra-Paleozoic fault and Tertiary thrusts (Figures 5 and
6a). However, these samples cooled through the zPRZ (>200°C to <130°C) in the Early Cretaceous, implying
a total amount of exhumation >2km during that time interval. The magnitude of exhumation calculated
from these Early Cretaceous zHe ages is similar to estimates obtained from the Tizi n'Test area and the north-
ern and southern MHA foothills, as well as the Moroccan Meseta and the Anti-Atlas.

Combining the results of the thermal models of the Tizgui and Ourika elevation profiles and the zHe ages
obtained for the Imlil profile (Figures 7 and 8) allows for a stepwise restoration of the Ourika area from
Triassic-Jurassic extension to the present (Figure 10). For this restoration, sample MiHe-02 is projected into
the cross section as it directly constrains the amount of Triassic-Jurassic accumulation in the footwall of
the Oukaimeden normal fault. The modeling of the Ourika elevation profile, located in the hanging wall of
the Oukaimeden fault, and the single-grain age dispersion of structurally shallow samples of this profile indi-
cates that the top samples were located near the lower limit of the zPRZ, limiting their burial depth to <4.5-
5 km prior to their exhumation starting at ~80 Ma (Campanian) (Figure 10c). As these samples resided at near-
surface temperatures prior to the Triassic-Jurassic rifting, the implication is that they were dramatically buried
in Triassic-Jurassic times before being exhumed in the Middle Jurassic-Early Cretaceous (>2 km) and prob-
ably reburied under thin Cretaceous deposits (~500 m) (as seen in the preserved record of the foothills;
Figure 6). Therefore, it is necessary that these samples were buried under >6km (for the top sample) of
Triassic-Jurassic rocks in order to keep them at ~4.5-5 km deep after the Middle Jurassic to Cretaceous exhu-
mation and burial events (Figure 10). This implies >4km of Jurassic sediment accumulated in the
Oukaimeden hanging wall (Figure 10a). Furthermore, in this reconstruction (Figure 10a) the boundary
between the Ourika basin and the Toubkal horst (represented by the Tizgui thermal model; Figures 8d-8f)
is well defined in the Ourika basin and represented by the Ourika fault, which has been interpreted as a nor-
mal fault during the extension based on field evidence and microstructural analysis [Doménech et al., 2015].

Based on the preorogenic restored cross section (Figure 10c) and the present-day cross section (Figure 10d),
the total amount of shortening in this transect of the High Atlas mountains totals at least ~13 km (21%). For
the southern and northern thrust faults (Figure 10d), whose hanging wall cutoffs cannot be constrained by
thermochronologic ages, the restoration relies on minimum displacement estimates.

The zHe ages and modeled thermal paths from the Ourika and Tizgui elevation profiles, with aFT data of
Missenard et al. [2008] and Balestrieri et al. [2009] included as constraints (Figure 8), show major differences
between the northern and southern MHA flanks in terms of the magnitude and rate of exhumation related
to the Atlas orogeny. The Ourika thermal model shows exhumation rates from Campanian to Burdigalian-
Tortonian of 0.04-0.06 mm/a (1.6-1.9°C/Ma), implying ~3-3.5 km of total exhumation, and rates from the
Burdigalian-Tortonian to the present of 0.1-0.2 mm/a (4°C-7°C/Ma), totaling 1-3 km of exhumation for bot-
tom and top samples. Meanwhile, the Tizgui thermal model indicates that samples were at maximum depths
of ~2-3 km for the top and bottom samples, respectively, in Early Cretaceous times, as the bottom sample
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horst, placed in between the Ourika and E¢ Cour Triassic basins, is supported by the zHe ages and thermal models obtained for the Tizgui elevation profile (see text

for explanation).

had to be located at less than ~130°C. Derived exhumation rates of 0.06-0.09 mm/a (2°-3°C/Ma) from
Rupelian-Burdigalian to present times add up to exhumation amounts of ~1km to 3 km. This implies that
pre-Oligocene exhumation was limited to <1km.

Furthermore, the composite north-south age-elevation profile combining the bottom samples of the Tizgui
elevation profile (samples MiHe-23 to MiHe-27), the Tizi n'Likemt profile (MiHe-15 and MiHe-17), and sample
MiHe-08 of the Imlil profile (Figure 7e), recording an inverted/negative age-elevation trend, documents a pro-
gressive increase in magnitude of exhumation from south to north. This trend of increasing exhumation
toward the core of the High Atlas may have been caused by a south vergent thrust fault during Paleocene
to early Miocene, as recorded by samples MiHe-15, MiHe-12, and MiHe-08 (Table 2 and Figure 7e). Tilting is
thus related to the compressional stage and related to Tertiary active thrusting. Therefore, a main thrust is
tentatively placed in Figure 6 between samples MiHe-08 and MiHe-04. This thrust was not mapped before
and is also shown tentatively in the map of Figure 5. Its lateral continuation cannot be precisely traced with
the available observations. The slightly older zHe ages of sample MiHe-12 compared with the other samples
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of the Tizi n'Likemt profile and sample MiHe-08 (Figure 7e) could indicate the existence of a related subsidiary
thrust fault between samples MiHe-12 and MiHe-15 (Figure 5). The total amount of exhumation and the
degree of tilting produced by the thrust cannot be precisely determined due to the lack of paleodepth
and paleotemperature constraints prior to Tertiary exhumation. However, it can be inferred that the exhuma-
tion for sample MiHe-27 was limited to <3 km, as it resided at <130°C during the compressional stage. On the
other hand, the Paleocene-Early Miocene ages of samples MiHe-15, MiHe-12, and MiHe-08 indicate that they
were cooled from temperatures >200°C and experienced total exhumation of >5km during the Tertiary.
Therefore, the differential exhumation of at least 2km between northern and southern samples in the
inverted age-elevation profile represents a minimum amount of exhumation produced by tilting.

7. Discussion
7.1. The Tizi n'Test Fault Zone

In the Tizi n'Test area, similar ages from the Triassic and Paleozoic samples in the N'fis, Abarnous, and
Tama'rout elevation profiles (mean cooling age of 154 443 Ma) from both sides of the Tizi n'Test Triassic
basin-bounding normal faults (Figures 1 and 3), imply that vertical movements on these faults have been
relatively minor since the Late Jurassic. Similarly, all zHe ages from both sides of the Ourika fault appear to
share the same thermal history, demonstrating that the Ourika fault, which is part of the Tizi n'Test fault zone,
experienced no major vertical movements since the Late Cretaceous. These results are in agreement with
recent field observations and microstructural analysis by Domenech et al. [2015] that showed that major faults
belonging to the Tizi n'Test fault zone were active as normal faults during the rifting stage but experienced no
to only very limited movement during the Tertiary Atlas orogeny. Importantly, this argues against previous
interpretations of the Tizi n'Test fault as a major Tertiary thrust fault [Laville et al., 1977; Proust et al., 1977;
Binot et al., 1986; Froitzheim et al., 1988; Qarbous et al., 2008], a major transpressive fault with a modest left
strike-slip movement [Mattauer et al., 19771, or as a dextral transpressive fault still active in the Quaternary
[Delcaillau et al., 2011].

7.2. The Triassic-Jurassic Rift

The zHe ages and modeling results obtained in the MHA reveal that >5-6 km of Triassic-Jurassic rift-related
sediments were deposited in the present-day Ourika basin (Figure 10a). To the west, in the Tizi n'Test basin,
Triassic-Jurassic accumulations are similarly estimated to >4.5 km (Figure 9a). This means that assuming a
maximum thickness of Triassic red beds of ~2 km [e.g.,, Doménech et al., 2015], the reconstructed thickness
of Jurassic rocks ranges from 2.5 km to more than 4 km from west to east. These findings constitute the first
estimation of the total rift-related sediment thickness in the MHA and show that the rift was fully developed
in the area and clearly demonstrating that a marine or continental connection existed between the Atlantic
(Western High Atlas) and Tethys (Central Eastern High Atlas) rifts. This conclusion is in contrast to previous
reconstructions which suggested that the MHA was a structural high during the Triassic-Jurassic rifting
[Choubert and Faure-Muret, 1962; Du Dresnay, 1971; Michard, 1976; Stets, 1992; Jabour et al., 2004; Laville
et al., 2004; El Arabi, 2007; Frizon de Lamotte et al., 2008, 2009; Baudon et al., 2012].

Thermal modeling of the Tizgui elevation profile (Figures 8d-8f) shows that rocks were progressively
exhumed from Carboniferous to Lower Cretaceous times at low rates (0.007-0.01 mm/a). These results con-
firm the previous reconstructions based on sedimentary data [Stets, 1992; El Arabi et al.,, 2003; Frizon de
Lamotte et al., 2009; Domenech et al., 2015] that suggested a paleohigh in the present Toubkal massif area,
separating the northern (the Ourika-Tizi n'Tacht) and southern (the E¢ Cour) Triassic rift basins (Figure 10).
The reconstructed cross sections (Figures 9 and 10) show that the main Mesozoic rift trough largely followed
the transition zone between the Moroccan Meseta and Anti-Atlas domains, including the northward deflec-
tion around the Ouzellarh Precambrian salient in the MHA. This influence or control of the Variscan structural
grain and anisotropy on the location/orientation and development of early Mesozoic rift was also discussed
in Doménech et al. [2015].

7.3. The Middle Jurassic to Early Cretaceous Exhumation

A long-wavelength, kilometer-scale region of uplift with exhumation of ~1.5-3.5km of rocks during the
Middle Jurassic to Early Cretaceous is documented for the first time in the MHA inner belt by zHe ages
(Figures 4e and 7b). Based on this and previous published thermochronometric data [Malusa et al., 2007;
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Ghorbal et al., 2008; Balestrieri et al., 2009; Sebti et al., 2009; Ghorbal, 2009; Saddigi et al., 2009; Barbero
et al, 2011; Sebti, 2011; Ruiz et al, 2011; Bertotti and Gouiza, 2012; Oukassou et al., 2013; Sehrt, 2014;
Gouiza et al, 2016], the area affected by this exhumation event spans from the Moroccan Meseta to
the Anti-Atlas, crossing the MHA (Figures 9b and 10b), nearly parallel to the Atlantic margin. The
Middle Jurassic-Early Cretaceous period of exhumation coincides with a deceleration in subsidence or
sedimentary hiatus in the Central and Eastern High Atlas as exemplified by Bathonian to Albian red
bed deposition of the so-called “couches rouges” formation [Jenny et al., 1981; Haddoumi et al., 1998,
2002, 2008, 2010; Andreu et al., 2003; Charriére et al.,, 2005], and with a continuous or accelerating subsi-
dence in the Western High Atlas and deposition of marine carbonates with episodes of clastic influx [Price,
1981; Davison, 2005; Bouatmani et al., 2007; Frizon de Lamotte et al., 2009; Bertotti and Gouiza, 2012]. The
abundance of pre-Mesozoic clasts in the couches rouges formation [e.g., Choubert and Faure-Muret, 1962]
and in siliciclastic sediments of the Atlantic shelf [Price, 1981; Davison, 2005] supports our proposed notion
of widespread erosion during this period of time. Subsequent marine to continental sedimentation of the
Infracenomanian Unit (Barremian-Aptian to Early Cenomanian) [Roch, 1939; Gauthier, 1960; Choubert and
Faure-Muret, 1962; Ettachfini and Andreu, 2004] in the Central High Atlas and in the western Moroccan
domain above a low-relief unconformity suggests that it postdates the widespread Middle Jurassic to
Early Cretaceous exhumation and that unconformity represents a regional low-relief planation surface
across the exhumed area (Figures 9c and 10c).

The causes of this Middle Jurassic to Early Cretaceous exhumation are not yet fully understood. Bertotti
and Gouiza [2012] attributed it to E-W shortening superimposed on the postrift subsidence of the
Atlantic margin, based on the observation of a few synsedimentary structures (meter-scale folds and
minor thrusts) in the Middle Jurassic to Lower Cretaceous formations of the Essaouira-Agadir basin
(Figure 1). However, no E-W trending compressional structures belonging to this period of time are
observed in the MHA and elsewhere, and the meter-scale folds and thrusts reported could alternatively
have been caused by diapirism, as proposed by Hafid et al. [2006]. Salt-related structures have also been
identified in the Central High Atlas and along the Atlantic margin [Courel et al., 2003; Tari et al., 2003; Hafid
et al, 2006; Tari and Jabour, 2013; Saura et al., 2014]. Frizon de Lamotte et al. [2009] proposed a thermal
origin for the regional uplift and exhumation, supported by magmatic activity in the Central High Atlas
during the late Middle Jurassic to Early Cretaceous. The persistent elevated paleogeothermal gradients
observed in our thermal modeling since Late Permian times suggest anomalous basal heat flow condition
through time that could lend support to the thermal doming interpretation, although magmatism has not
been observed within the exhuming domains as basalts are found only in the Central High Atlas.
However, the lack of magmatic rocks could be explained by the fact that Jurassic-Cretaceous magmatic
bodies appear to have been emplaced at shallower depths in the Jurassic sedimentary pile that has since
been eroded from the MHA, leaving little evidence in the Paleozoic basement. This is similar to rift-related
late Triassic magmatism. In the Central High Atlas, evidence for Middle Jurassic-Early Cretaceous uplift
appears to be masked by synrift to postrift thermal subsidence, as net subsidence and sedimentation,
although with some hiatuses, persisted at lower rates.

Alternatively, the differential subsidence between the Western and Central High Atlas and the intervening
uplifted erosional belt, parallel to the Atlantic margin, may be intrinsically related with the Atlantic rift.
Rifting in the Atlantic margin is reported to end in the Early Jurassic [Stets, 1992; Medina, 1995; Piqué and
Laville, 1996; Le Roy and Piqué, 2001; Tari et al., 2003; Hafid et al., 2006; El Arabi, 2007; Tari and Jabour, 2013]
in response to the onset of seafloor spreading and formation of Atlantic oceanic crust between 195 Ma
and 170 Ma [Medina, 1995; Sahabi et al., 2004; Davison, 2005]. However, there are numerous cases along
the rift flanks of the Atlantic and other oceans where uplift, peneplanation, and burial occurred during postrift
times [e.g., Green et al., 2013, and references therein]. While the causes of these vertical movements are not
fully understood, Green et al. [2013] suggested as possible causes (1) lithosphere-scale folding either propa-
gating from orogenies elsewhere or from basal drag of the lithosphere by horizontal asthenospheric flow, (2)
flexural isostatic response to local erosion onshore (e.g., from rift flank escarpment retreat) and sediment
loading offshore, and (3) thermal doming associated to a mantle plume and/or hot underlying astheno-
sphere. We suggest that the Middle Jurassic-Early Cretaceous exhumation belt in Morocco could be effec-
tively due to large-scale mantle doming combined with flexural isostatic response to sedimentary loading
along the Atlantic margin offshore.
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7.4. The Atlas Orogeny

The onset of the Atlas compression-driven exhumation is constrained in the Ourika thermal model as the
Campanian (Figures 8a-8c). This appears to coincide with deposition of Senonian red beds in the Atlas
domain and is consistent with widespread compressional tectonics in Africa during this time [e.g., Guiraud
and Bosworth, 1997]. Local exposure of Senonian growth strata and an unconformity at the base of the over-
lying Eocene carbonates has been reported in the High and Middle Atlas [Laville et al., 1977; Froitzheim et al.,
1988; Herbig, 1988]. However, these features are only locally observed and no major foreland basins devel-
oped at this time. This is not incompatible with the results presented here. Slow exhumation rates (0.04-
0.06 mm/a) obtained for the Ourika thermal model from Late Cretaceous to Miocene suggests the possible
coexistence of localized exhumation in the inner parts of the Atlas belt, with a few emergent structures,
and sedimentation on a broad continental-marine shelf without the development of a major flexural fore-
deep. Similar late Turonian to early Eocene aFT ages from the Central High Atlas axial zone [Barbero et al.,
2007] were suggested to record postrift/postmagmatic cooling, as they define continuous cooling since
the Late Jurassic, but in fact they could also be attributed at least in part to Late Cretaceous early
Atlas orogeny.

The restored cross sections presented in Figures 9 and 10 show values of orogenic shortening of ~13 km to
~14km (~21% to ~17%), which are consistent with values reported for the Central High Atlas of 30 to 13 km
(24 to 15%) [Teixell et al., 2003]. The thermochronology-based deduction of basement thrust faults that were
not observed previously in field surveys (Figure 7e) suggests that these shortening estimates are minimum
values, although the high-angle style of reverse faulting observed and the similar structural level exposed
suggest that it is unlikely that major large-displacement structures have been overlooked.

The total amount of exhumation estimated along the northern and southern flanks of the MHA across the
Ourika Triassic basin and Toubkal massif (Figure 10) have major implications for the Atlas orogenic develop-
ment. The data indicate that while the northern thrust faults started moving in the Late Cretaceous to
Paleocene (Figures 7 and 8), the southern E¢ Cour thrust was not active until the Oligocene, suggesting that
early shortening and associated exhumation was mainly focused along the northern flank. The aFT data
included in thermal models show that exhumation accelerated from the Oligocene-Miocene to the present
along the northern and southern flanks, with similar total amounts of exhumation, attesting to coeval biver-
gent movement of the northern and southern thrust systems. These results are consistent with structural
geology and recent magnetostratigraphy of the tectonosedimentary record in foreland basin deposits asso-
ciated with the external thrust belt in the northern Ouarzazate basin [Tesén and Teixell, 2008; Tesén et al.,
2010]. However, the total amount of exhumation from Oligocene to recent times cannot be completely
attributed to thrust-related exhumation as part of it may be related to dynamic mantle-driven uplift since
15 Ma [Teixell et al., 2005; Missenard et al., 2006].

The dominant north directed vergence of the main thrusts in the Ourika-Toubkal area is in agreement with
the higher magnitude of exhumation along the northern flank. This compressional geometry was influenced
by the inherited Variscan structural grain and the Triassic rift configuration (i.e., the horst-graben geometry
observed). The Ouzellarh Precambrian salient could have acted as a backstop to the south of the High
Atlas belt, promoting the northward propagation of the deformation. The fact that the highest summits of
the High Atlas are located in the Toubkal massif and are located outside of the modeled maximum
mantle-driven uplift zone [Missenard et al., 2006; Fullea et al., 2007] can be explained as reflecting the inher-
ited rifting structure and the focusing of the compressional crustal thickening in a narrow area around the
Ouzellarh massif along the border of the Variscan domain.

8. Conclusions

Zircon (U-Th)/He data have been obtained from 42 samples of basement and Triassic rocks of the Marrakech
High Atlas from eight profiles following two regional NNW-SSE transects across the Atlas mountain belt, sepa-
rated ~45 km from each other. The zHe ages and thermal paths obtained from the modeling of elevation pro-
files show that the Triassic-Jurassic rift was well developed in the MHA, with accumulations of more than 4.5
to 6 km of Triassic-Jurassic deposits. This constitutes the first reliable estimation of the total amount of rift
sedimentary thickness in the MHA and demonstrates that the Tethys (Central Eastern High Atlas) and
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Atlantic (Western High Atlas) rifts were connected in Triassic to Middle Jurassic times. The horst-graben geo-
metry in the present Toubkal massif and Ourika-Tizi n'Tacht Triassic basins is also evidenced by thermochro-
nology. Based on the Triassic-Jurassic Tizi n'Test and Ourika basin reconstruction assisted by
thermochronology, we deduce a major influence of inherited Variscan structural grain and rheologic aniso-
tropy, including the Ouzellarh Precambrian salient, on rift development and orientation, which, in turn, influ-
enced the subsequent contractional Atlas orogenic configuration.

Consistent Late Jurassic to Early Cretaceous zHe cooling ages obtained in the Tizi n'Test and Ourika-Toubkal
areas indicate that the rift-related subsidence in the MHA ended by Middle Jurassic times and was followed
by a period of kilometer-scale exhumation (1.5-3.5 km). These zHe ages are in agreement with published aFT
and aHe ages from the Moroccan Meseta, the Anti-Atlas, and also the foothills of the MHA, and together
define a Middle Jurassic to Early Cretaceous exhuming paleohigh in these areas that is roughly parallel to
the Atlantic margin.

ZHe ages and thermal modeling reveal a localized, moderate exhumation event starting in the Campanian and
provide the first thermochronometric clue for a Late Cretaceous initiation of the Atlas contractional deformation
and exhumation in the inner parts of the High Atlas. Exhumation continued during the Paleocene-Eocene and is
accelerated since the Oligocene or Miocene, consistent with dated tectonic-sedimentation relationships in the
external thrust belts of the High Atlas. Thermochronometry-assisted reconstruction of structural sections con-
strains the minimum values of total orogenic shortening in the MHA as 13 to 14km (21% to 17%). ZHe ages
obtained both sides of the Tizi n'Test fault zone clearly show that vertical movements and reactivation in this
fault zone during the Atlas orogenic inversion stage were only very minor.
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