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Abstract New paleomagnetic data (43 sites) from Mesozoic sediments are contributed in this work,
verifying the presence of a pervasive syntectonic Early Cretaceous remagnetization in the easternmost
area of the Moroccan High Atlas. Using the small circle intersection method, we have calculated the
characteristic remagnetization direction (Dec: 337.3, Inc: 38.4) that fits with a 100-Ma age, according to the
Apparent Polar Wander Path of Africa. The paleomagnetic vectors of remagnetization are used to obtain the
geometry during the remagnetization stage (100 Ma) of one of the most renowned geological cross sections
of the High Atlas, the Midelt-Errachidia profile. The partial restoration of the cross section at 100 Ma allows
us to determine the dips of the beds at the remagnetization stage in five structures (ridges or anticlines). Our
results indicate that the five ridges that configure the Midelt-Errachidia profile were initiated to different
degrees prior to wholesale compressive deformation during the Cenozoic. This configuration can be
explained according to two different scenarios that we discuss in this paper: transpression and diapirism. The
geological model obtained, both at present and at 100 Ma, indicates the existence of a Mesozoic cover
substantially décolled from the Paleozoic basement, what strongly contrasts with previously published
transects of the same area.

1. Introduction

The main geodynamic stages affecting the High Atlas are well documented and basically consist of a
Triassic-Early Jurassic extensional stage including two phases of rifting (Beauchamp et al., 1999; Frizon de
Lamotte et al., 2000; Laville & Piqué, 1992) and a compressional stage during the Cenozoic which produced
the inversion of the Mesozoic basins generated in the extensional stage (Arboleya et al., 2004; Michard et al.,
2011; Teixell et al., 2003). However, there is a lack of information during the period of supposed tectonic
quiescence covering the Late Jurassic and Early Cretaceous times.

This general geodynamic context is imprinted in the characteristics present in the area of this study, the
classical Midelt-Errachidia cross section (Figure 1). The structures in this section consist of primarily narrow
thrust anticlines with NE-SW to E-W directions separated by wide, gentle synclines. Structures such as
overlapping faults, relay ramps, coalesced faults, accommodation zones, and polarity changes on faults,
typical of oblique extensional tectonics, as well as harpoon, pop-up structures, and box folds, are common
along the profile.

The study of syn-folding remagnetizations has become a tool for obtaining the relative age of the
remagnetization with respect to tectonic processes by using the incremental fold test (Kent & Opdyke,
1985; Scotese & Van der Voo, 1983). In the last years, one more step has been taken with the development
of a method that allows obtaining the geometry at the age of the remagnetization (Villalain et al., 2003,
2016) from the study of syn-folding remagnetizations. This method has been used satisfactorily in several
works in the Iberian plate (Casas et al., 2009; Soto et al.,, 2008, 2011) and in the Central High Atlas (Calvin,
Casas-Sainz, et al., 2017; Torres-Lépez et al., 2016).

In this paper we present a paleomagnetic study on sedimentary rocks from the Moroccan High Atlas that
corroborates that the remagnetization recently described in this region (Calvin, Casas-Sainz, et al., 2017;
Moussaid et al., 2015; Torres-Lopez et al., 2014) extends to the easternmost part to the Central High Atlas.
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Figure 1. (a) Digital elevation model and geological sketch of the Central High Atlas and Midelt-Errachidia area.
(b) Geological map of the Midelt-Errachidia area, showing the sample sites and the profile corresponding to figure.

(c) Midelt-Errachidia cross sections modified from Benammi (2002) and Teixell et al. (2003). (d) Schematic stratigraphic
column of the study area.

We apply the method of Villalain et al. (2016) to obtain the geometry of the Midelt-Errachidia profile at the age
of the remagnetization, at 100 Ma. This snapshot allows us to understand the relative chronology of structures
and fold evolution. The results obtained are a contribution to the knowledge of the poorly known
deformation processes occurred in the Central High Atlas during Late Jurassic and Early Cretaceous times.

2. Geology of the High Atlas

The Atlas is an intracontinental belt extending more than 2,000 km in North Africa. Two fold-and-thrust
branches are distinguished in Morocco: the Middle Atlas, with NE-SW direction, and the High Atlas, with
approximately E-W to ENE-WSW direction. The Atlas chains developed due to the inversion of the extensional
or transtensional Mesozoic basins, as a consequence of the convergence between Africa and Europe during
the Cenozoic (Jacobshagen et al., 1988; Laville & Piqué, 1992; Mattauer et al., 1977). The deformation occurred
in the High Atlas is polyphased. During the Triassic, a rifting episode with NE-SW extension direction took
place (Mattauer et al.,, 1977; Piqué et al., 2000). Successive extensional episodes are represented by red
bed units with intercalated basaltic lava flows (Choubert & Faure-Muret, 1962) sedimented in graben struc-
tures. During the Jurassic, a second rifting formed basins elongated in NE-SW (Mattauer et al., 1977) and
ENE-WSW (Laville & Piqué, 1992) directions. This second extensional stage is evidenced by lithostratigraphic
changes which show bathymetric/environmental variations from deep to shallow water and lasted from the
Early until the Middle Jurassic (Frizon de Lamotte et al., 2000). During the Early Jurassic, shallow marine
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platforms, with increasing subsidence, controlled the deposition of carbonates. The Middle Jurassic was
characterized by deposition of marl-limestone series, ending with a marine regression and the sedimentation
of red bed deposits (Laville & Piqué, 1992). The convergence between Africa and Europe began at the end of
the Mesozoic (Laville, 2002; Laville et al., 1977; Mattauer et al.,, 1977) but it is from the Eocene to present day
when basin inversion and normal fault reactivation took place in the High Atlas (Bracéne & Frizon de
Lamotte, 2002; El Harfi et al., 2001, 2006; Frizon de Lamotte et al., 2008; Missenard, 2006). Compressional
deformation is heterogeneously distributed: Deformation is concentrated in narrow anticlines or thrust
faults of probable Cenozoic compressional origin, which are separated by broad synclines. Variations in
Mesozoic stratigraphy and thickness of the Mesozoic series across thrust faults attest to their origin as
syn-sedimentary extensional faults (Frizon de Lamotte et al., 2000). Jurassic sedimentary rocks crop out in
the central and eastern segments of the Central High Atlas, being scarcer in the western part, where the
Paleozoic outcrops abound.

The High Atlas underwent intense magmatic activity during the Triassic and throughout the Mesozoic, since
alkaline transitional gabbroic magmatism continued during the Early Cretaceous and later times. The gab-
broic bodies are located in the Central High Atlas specially (Bensalah et al., 2013; Zayane et al., 2002).
Another remarkable feature in the Central High Atlas is the presence of Triassic evaporites and salt diapiric
structures which appear in the core of several of the narrow anticlines known as ridges (French rides), a typical
structure of this area. Most authors recognize the High Atlas as an extensive diapiric province (Saura et al.,
2014, and references therein), attributing folding during the Jurassic basin-opening stage to salt diapirism
of the Triassic layer (Michard et al., 2011; Saura et al., 2014; Teixell et al.,, 2017).

A phase of compressive folding and erosion, witnessed by unconformities and pervasive structures at the
outcrop scale, was proposed for the Late Jurassic by Mattauer et al. (1972, 1977), Laville and Piqué (1992),
and Laville et al. (2004). However, this compressional, intermediate stage is still controversial and not recog-
nized by other authors (see e.g., Calvin, Casas-Sainz, et al., 2017; Frizon de Lamotte et al., 2008; Saura et al.,
2014; Teixell et al., 2017).

Note that, in spite of the different interpretations of the tectonic structure in the two cross sections, especially
regarding the elevation of the top of the basement and the homogeneity/heterogeneity in thickness of
the Mesozoic series, both of them consider basement-driven compressional tectonics without
significant décollements.

The stratigraphic series of the Midelt-Errachidia Jurassic profile begin with the Sinemurian platform
carbonates (Figure 1) developed in the northern and southern basin borders and limestones and marly lime-
stones with brachiopods, sponges, and crinoids toward the basin center. During the Late Sinemurian and
Pliensbachian, deepening and individualization of the minibasins due to the second extensional stage
occurred in the High Atlas, which generated new accommodation space and subsidence. The deposits are
marls, limestones, and gravity-flow deposits corresponding to ramp-type to a shoal-rimmed morphology,
while the basin deepened and the fault movement accelerated (Quiquerez et al, 2013; Wilmsen &
Neuweiler, 2008). The Toarcian-Early Bajocian is characterized by a shallowing-upward cycle that begins with
Toarcian marls and marly shales with ammonites and ends with shallow marine carbonate constructions and
reefs (Ait Addi & Chafiki, 2013). This reflects increasing topography of the ridges and deepening of the depo-
centers in the central areas. The Bajocian-Early Bathonian is only preserved in the deepest synclines. It is
formed by three units: The lowermost one consists of marls with ammonites intercalated with calcarenites;
the second unit contains gray marls and nodular limestones and the upper unit shaly marls, nodular fine-
grained limestones, and coral patch reefs with brachiopods, indicating a generalized regression.

The studied profile, the Midelt-Errachidia transect, is one of the best known of the Central High Atlas
(Figure 1) and shows many of the common characteristics described for this area. The inverted Mesozoic sedi-
mentary basin is at present limited by regional-scale thrusts in the northern and southern basin borders, with
ENE-WSW directions. The Midelt-Errachida area shows narrow thrust anticlines with ENE-WSW trends sepa-
rated by wide, gentle synclines. The tight anticlines are defined by Jurassic rocks: generally Liassic limestones
crop out in the northern limb of the ridges and Dogger limestones in their southern limbs, whereas the syn-
clines show Middle Jurassic materials in their cores and, more rarely, Triassic shales. Unlike the central part of
the High Atlas, gabbroic bodies and salt walls are absent in the core of the ridges and the anticline hinges are
faulted and sealed.
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3. Paleomagnetic Methods and Sampling

A total of 51 sites, completing 464 cores, were sampled along a cross section with approximate N-S direction
(about 45 km). The sampled series consist of black limestones, marly limestones, and marls, Early to Middle
Jurassic in age, from Sinemurian to Bathonian. Black limestones belonging to Lias are strongly cemented,
whereas marly limestones are less consolidated and show more ocher colors, typical of Dogger. The samples
are distributed across the five ridges present in the profile (large-scale and metric-scale structures) and along
the gentle synclines between ridges. Samples were taken by means of a gasoline portable drilling machine
and oriented with a magnetic compass-inclinometer device. All paleomagnetic and rock magnetic analyses
have been done in the Paleomagnetism Laboratory of the University of Burgos (Spain). The natural remanent
magnetization of all specimens was routinely measured on a 2G-755 cryogenic magnetometer. After that, all
specimens were subjected systematically to stepwise thermal demagnetization using a TD48-SC thermal
demagnetizer in steps of 25° up to 550 °C. In addition, pilot samples, one or two for each station, were
demagnetized using the alternating field technique. The steps for alternating field demagnetizing followed
progressive peak fields, applying increasing fields of 2 to 10, 5 to 30, 10 to 60, and 20 to 100 mT. The
characteristic magnetic component (ChRM) was isolated using linear regression techniques, and Fisher’s
(1953) statistics were used to compute the mean directions by using the Remasoft 3.0 software (Chadima
& Hrouda, 2006).

For the purpose of analyzing the stability of the magnetic components, several fold tests in large-scale and
metric-scale folds were performed. The statistical confidence of the fold tests was determined by the
McFadden and Jones (1981) method. In order to know the properties of the carriers of the magnetization,
several rock magnetic experiments were done. Representative samples were submitted to progressive acqui-
sition of isothermal remanent magnetization (IRM) using a pulse magnetizer, reaching a maximum field of
2 T. Furthermore, samples were thermally demagnetized after they had acquired three orthogonal IRM com-
ponents under fields of 2, 0.4, and 0.12 T (Lowrie, 1990). Thermomagnetic and backfield curves, as well as hys-
teresis loops, were performed by means of a Magnetic Variable Field Translation Balance.

3.1. Magnetic Properties

The thermal demagnetization reveals two stable components. One of them shows a maximum unblocking
temperature of 250 °C and is usually aligned to the present-day magnetic field direction. This component
is considered as a viscous magnetization and is not of interest for this work. After removing the viscous mag-
netization, a directionally stable, well-defined component presenting systematically normal polarity with
unblocking temperatures comprised between 300° and 450 °C and intermediate coercivities between 20
and 100 mT (Figure 2 and Table 1) was observed.

The characteristics that define this component are the same as those described in the Imilchil area (100 km
west of the Midelt-Errachidia section) by Torres-Lépez et al. (2014) called component A in this work.
Therefore, it has been identified as the remagnetized component observed in the Imilchil region (Calvin,
Casas-Sainz, et al.,, 2017; Torres-Lépez et al., 2014). A small variability in the maximum unblocking tempera-
ture (between 425 °C and 475 °C) is observed; nevertheless, the remagnetization component can be observed
independently of the age and lithology.

The acquisition of IRM indicates that magnetization is saturated below fields of 0.4 T, suggesting that the
dominant magnetic carriers have low coercivity (Figure 3). In the thermal demagnetization of three IRM com-
ponents (Figure 3b), the low coercivity phase shows drops at unblocking temperatures between 425 and
525 °C, suggesting that fine grained magnetite is the main carrier. In some cases, this dominant magnetic
phase coexists with a lower contribution of pyrrhotite (drop at about 320 °C in the intermediate phase),
hematite, or rarely goethite (characteristic drops in the high coercivity phase). The thermomagnetic curves
(Figure 3c) of some samples show very clear drops at 580 °C, what confirms the presence of magnetite
observed in the IRM experiments (upper Figure 3a). In several samples, secondary magnetite and also prob-
ably pyrrhotite are generated during heating (lower Figure 3c). The parameters of hysteresis Mr/Mrs and
Hcr/Hc (Figure 3d) of the samples are within the SD + SP mixture area (Dunlop, 2002) with approximate limits
of 0.1 < Mrs/Ms < 0.5 and 2 < Hcr/Hc < 20. Allin all, this grain size distribution is consistent with the unblock-
ing temperatures observed in the thermal demagnetization of three orthogonal IRM, lower than the Curie
temperature of magnetite.

TORRES-LOPEZ ET AL.
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Figure 2. Natural remanent magnetization (NRM) (a—e) thermal and (f) alternating field demagnetizations of representative
samples. All directions are plotted in in situ coordinates. The open symbols are projections of the vectors end points
onto the vertical north-south plane, and the filled symbols are projections onto the horizontal plane. The evolution of
normalized NRM intensity M/Mg is shown in the insets.

4. Paleomagnetic Directions

The paleomagnetic directional analyses have been developed upon the ChRM described in the previous sec-
tion which has been identified in 43 out of the 51 sites used in this study. The facts that (i) normal and reverse
polarities appear frequently along the Jurassic and that (i) ChRM systematically shows normal polarity sug-
gest that it is a secondary magnetization or remagnetization. The mechanism of acquisition of remagnetiza-
tion is probably chemical, according to the SD + SP mixture area (Jackson 1990; Channell & McCabe, 1994;
Torres-Lépez et al.,, 2014), as also inferred from studies in the sector of Imilchil (Torres-Lopez et al., 2014).

A regional fold test using all site mean directions of the ChRM was performed (Figure 4). Site mean directions
before and after bedding correction are scattered, indicating that the ChRM is a syn-tectonic remagnetiza-
tion. It must be understood that a syn-tectonic remagnetization implies that the magnetization can be
acquired either between subsequent tectonic stages separated in time and during the development of struc-
tures in a single event. To determine the relative age of the remagnetization in relation to specific structures,
several fold tests were performed along the cross section in meter-scale and kilometer-scale folds.

The fold test performed in meter-scale folds (Figure 5a) shows that the paleomagnetic directions of the two
flanks of the fold are clustered after the complete bedding correction, meaning that the remagnetization is in
this case a predeformational event, with a clear prefolding acquisition at 95% level of confidence (McFadden
& Jones, 1981). Figure 5b is an example of kilometer scale fold test: Sites 42 and 22 correspond to the north-
ern and southern flanks of the syncline, respectively, between Sidi-Hamza and Foum-Tillich ridges.
Paleomagnetic directions are scattered before and after bedding correction, suggesting an acquisition of
remagnetization at an intermediate deformation stage. In the incremental fold test we observe that the max-
imum grouping takes place at an unfolding configuration of 35%, corresponding to a minimum f value
(McFadden & Jones, 1981), indicating that both distributions present statistically the same direction at 95%
level of confidence.

TORRES-LOPEZ ET AL.
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Figure 3. (a) Isothermal remanent magnetization (IRM) acquisition, back-field, and hysteresis loops after slope correction of representative samples. (b) Thermal
demagnetization of three orthogonal IRM components of a representative sample. (c) Thermomagnetic curves of induced magnetization of representative sam-
ples. (d) Day diagram (Day et al., 1977), showing the hysteresis parameters for representative samples. SD, single domain; PSD, pseudosingle domain; MD, multi-
domain; SP, superparamagnetic. The dashed lines indicate the theoretical reference lines following Dunlop (2002) for SD + SP and SD + MD.

The two different responses to the fold test found in folds of different scales indicate a different relative tim-
ing folding/remagnetization acquisition for both types and can be related to the tectonic evolution in the
area. This will be discussed in the next sections, after defining the expected direction for the
remagnetization vector.

5. Calculation of Remagnetization Direction and Age of the Remagnetization

Intersections of remanence small circles (SCs) are increasingly used in paleomagnetism to determine the
paleofield direction from syn-folding remanences. This method was proposed by Shipunov (1997) and mod-
ified by Waldhor and Appel (2006). Remanences are often syn-folding and have been acquired at an inter-
mediate stage of folding and then tilted further. The aim of the SCI (SC intersection) method is to know
the characteristic direction of the remagnetization, assuming that (1) all sites were remagnetized at the

TORRES-LOPEZ ET AL.
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Figure 4. Equal-area projections showing directions for characteristic magnetization obtained in all samples before and
after bedding correction. Mean direction and 95% confidence circles are also represented for each site. The filled sym-
bols are plotted on lower hemisphere and open symbols on upper hemisphere.

same time and (2) during tilting, the direction of magnetization rotates around the strike of bedding and then
the magnetization vector follows an SC trajectory centered in the bedding strike. The intersection of the SCs
from different sites represents the single possible common magnetization direction (Shipunov, 1997), which
can be interpreted as the characteristic direction of remagnetization.

The SCl solution has been calculated from 42 sites using the pySCu software (Calvin, Villalain, et al., 2017): N:
43, Dec: 337.3, Inc: 38.4, n: 13.0, & 3.5, A/n: 7.7° (Figures 6a and 6b). The remagnetization direction is given
with a 95% uncertainty ellipse (Kent, 1982) obtained from a population of 500 solutions beginning with a
parametric bootstrap allowing propagation of errors of the in situ paleomagnetic directions and bedding
(Calvin, Villalain, et al., 2017).

For the method to be successful, two premises have to be honored: (a) Between the sites, no differential rota-
tions around vertical axes or other rotations around axes not parallel to bedding strike must have occurred
and (b) the SCs have to intersect, which is an indicator of the quality of the result (Waldhor & Appel, 2006).

TORRES-LOPEZ ET AL.



Tectonics 10.1029/2017TC004936

Before

Incn_emental fold test
+

0.1 [F95% _
35% unfolding
0.01
0.001

20 40 60 80 100
% unfolding

Figure 5. (A) Fold test in a meter-scale fold. The squares, pentagons, small circles, and triangles are directions correspond-
ing to samples from different limbs before and after bedding correction (BC). Mean directions and 95% confidence circles
are also shown. (b) Incremental fold test in a kilometer-scale fold. The small circles and triangles are directions corre-
sponding to both limbs before and after BC and to the 35% unfolding. Mean direction and 95% confidence circle are also
shown. Parameter f (McFadden & Jones, 1981) as a function of the percentage of unfolding of bedding tilt is represented in
the graph. The horizontal dashed line represents the critical value of £ at the 95% confidence level (F95%).

In the High Atlas there is no evidence of differential rotations around vertical axes between different parts of
the chain (Teixell et al., 2003). Structures are generally coaxial (no complex tectonic histories), and there are
no large block rotations between the High Atlas and the rest of the African plate, accordingly with its intra-
cratonic character, the absence of large-scale changes of displacement along-strike of the main thrusts in
the northern and southern borders of the High Atlas, and the existing paleogeographical reconstructions
of the atlasic basin (Sibuet et al., 2012).

The bedding strike and the paleomagnetic direction define the shape of the SCs. Sites showing high errors in
bedding strikes (dip < 15°) or high errors in paleomagnetic directions (095 > 15°) were removed from the cal-
culation of the remagnetization direction.

TORRES-LOPEZ ET AL.
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Figure 6. (a) Small circles corresponding to remagnetization directions from selected sites. The squares are mean direc-
tions of the in situ remagnetization for each site. The circles show the directions after bedding correction of the remag-
netization. The triangles are the best fit directions of the remagnetization. The star shows the small circle intersection (SCl)
solution, that is, the paleomagnetic direction of the remagnetization. (b) Equal area projections showing contours of equal
value of A/n (Calvin, Villalain, et al., 2017). The star shows the remagnetization solution for a population of 500 solutions
(Calvin, Villalain, et al., 2017). The 95% confidence ellipse is also shown. (c) The curve shows the expected paleomagnetic
directions at the Central High Atlas from the Global Apparent Polar Wander Path (GAPWP) in African coordinates
(Torsvik et al., 2012) as well as the SCI solution and its confidence ellipse. (d and e) Declination and inclination-age curves,
expected in the Central High Atlas from the GAPWP in African coordinates (Torsvik et al.,, 2012). Uncertainties of the
expected direction are shown. The horizontal line represents the observed declinations/inclinations and their uncertainties.
The vertical shaded region indicates possible solutions.

The obtained direction for the remagnetization can be compared with the expected directions at the studied
region obtained from the Global Apparent Polar Wander Path (GAPWP) in NW African coordinates (Torsvik
et al, 2012). Figure 6d shows a broad solution in the inclination curve, ranging from 20 Ma up to 220 Ma
(no specific solution). Conversely, the declinations curve points out a clear result at the age of about
100 Ma (Figure 5c) coinciding with the age calculated for the remagnetization in previous works (Calvin,
Casas-Sainz, et al,, 2017; Moussaid et al., 2015; Torres-Lépez et al,, 2014). The direction obtained is completely
coincident with the direction from GAPWP at 100 Ma (Figure 6c). The uncertainty in the inclination can be
explained by coaxiality of structures that cause the arrangement of the SCs intersections along a narrow,
elongated band (Figures 6a and 6b) that constrains the value of the declination but gives a large error in
the inclination value. On the other hand, the shape and distribution of the SCs depends on the angle between
the strike of bedding and the remagnetization direction. In the case of the Central High Atlas, the direction
of the remagnetization is practically perpendicular to the strike; this fact contributes to elongate intersection
area in inclination giving a narrow uncertainty in declination. The fact that the High Atlas did not vary in lati-
tude during the Mesozoic is also a cause of uncertainty in age determination when only using the inclination

TORRES-LOPEZ ET AL.
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Figure 7. Equal area projections showing the poles of bedding of the rich area mostly acquired during the pre-Cenozoic
(unfolding angle for restoration to the paleofield direction <30% of the present-day bedding) and during the Cenozoic
(>70% of the present-day bedding) stages. The fold directions obtained are also shown.

of the remagnetization direction. The uncertainty ellipse obtained intersects the curve of expected directions
from the GAPWP (Torsvik et al, 2012) in a well-defined direction corresponding to 100 Ma (D = 337.3,
I = 38.4°), being both directions statistically indistinguishable (Figure 6c).

6. Reconstruction Methodology

We applied the method developed by Villalain et al. (2003, 2016) that allows determining the geometry of
folds in an intermediate deformation stage. The difference with respect to other techniques such as the incre-
mental fold test, for the study of remagnetizations, is the assumption of nonsymmetric deformational his-
tories. This issue is especially interesting when the remagnetization has been acquired between two
different tectonic events. Therefore, the attitude of strata at the moment of the remagnetization is not neces-
sarily horizontal, since there is a previous deformational event that conditions the geometry at the time of
acquisition and its subsequent deformation due to a second tectonic event. Remagnetizations acquired
before tectonic inversion of the basins but after syn-sedimentary deformation are relatively common
(Calvin, Casas-Sainz, et al., 2017; Casas et al.,, 2009; Soto et al.,, 2008; Soto et al.,, 2011; Torres-Lépez et al.,
2016; Villalain et al., 2003) because remagnetizations occur in sedimentary basins owing to different mechan-
isms during burial (Aubourg et al., 2012; Katz et al., 1998; Torres-Lopez et al., 2014).

Starting from the expected direction of remagnetization obtained by means of the SCI method, the recon-
structed geometry is obtained restoring bedding orientation to the remagnetization stage (paleodips) by
rotating the magnetic directions of each site around the strike of bedding until the paleomagnetic mean vec-
tor reaches (or approaches as much as possible) the expected direction (Table 1). Each site will undergo the
necessary rotation until reaching the expected direction, so that each limb of the same fold can undergo dif-
ferent amounts of rotation (Villalain et al., 2016).

The only necessary hypothesis to be accomplished for the application of this method is that the different
phases of folding should be broadly coaxial (Villalain et al., 2016). In the High Atlas the faults developed dur-
ing the extensional stage generated a strong anisotropy that conditioned the Cenozoic deformation, thus
favoring coaxiality of fold axes. In addition, the SC analysis also allows to distinguish the structures mostly
preremagnetization from post remagnezation (Figure 7). In the Midelt-Errachidia transect, poles to bedding
for folds formed during the pre- and postremagnetization stages show axes forming a small angle (<20°),
thus indicating that the two deformation stages were broadly coaxial. Another argument supporting this
coaxiality is that, when restoring paleomagnetic data, an elongation of the distribution of possible solutions
occurs along the SC (Figure 5), generating uncertainty in the calculation of the paleofield direction by the SCI
method (Villalain et al.,, 2016).

TORRES-LOPEZ ET AL.
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Figure 8. (a) Present-day cross section of the Midelt-Errachidia profile. The paleomagnetic sites, bedding (black lines), and paleomagnetic vectors (arrows) are indi-
cated. (b) Transpressive end-member restored section at 100 Ma. (c) Extensional/diapiric end-member restored section at 100 Ma.

Once the paleodips at the time of remagnetization were obtained (Table 1), they were projected onto the ver-
tical plane of the cross section considering the stratigraphic positions of the samples within the sedimentary
pile, obtaining a picture (Figure 8) of each transect at the remagnetization time (100 Ma).

7. Tectonic Reconstruction of the Midelt-Errachidia Cross Section
7.1. Present-Day Geometry

The first step for reconstructing the pre-100 Ma deformational stage is the accurate definition of the present-
day geometry of the Midelt-Errachidia cross section. The existing reconstructions (Benammi, 2002; Teixell
et al,, 2003, see Figure 1) propose either involvement of the basement in all the structures, with significant
highs and lows of its top (Teixell et al.,, 2003), or, alternatively, fault-related folds linked to a subhorizontal,
interestratal detachment, but also rooted in the basement (Benammi, 2002). In our opinion, there are several
facts that must be taken into account and that any feasible model for the present-day state must respect:

a The cores of the synclines are occupied by Upper Lias or Dogger materials, and rocks of equivalent age are
located at similar elevations in these cores (Figure 1b). This means that the top of the basement cannot be
at very different elevations or, even less, reproduce the geometry of the folds at surface. We will come back
to this latter issue. An argument in favor of the involvement of the basement (Teixell et al., 2003) is the
Paleozoic core of the Mougueur culmination, located some kilometers east of the presented cross section.
However, the westward plunge of this structure, together with the quick changes of the geometry of struc-
tures along trend, precludes the extrapolation of this uplift to the presented cross section.

b The anticlines are tight (Figure 8), most of them show steeply dipping faults and thrusts in their cores, and
in some cases (Bou Hamid structure) practically isoclinal. Vergence of high-angle thrusts located in their
cores commonly changes along trend. These features are consistent with the presence of a ductile level
in the core of anticlines, thus implying a strong decoupling from the top of the basement.

¢ Angular relationships between the two walls in thrusts cutting the cores of the anticlines (Table 2) are not
consistent with fault-related folds (fault-propagation or fault-bend folds, see, e.g., Jamison, 1992). Instead,
a consistent kinematic model must consider either an initial stage of detachment folding (by

TORRES-LOPEZ ET AL.
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Table 2

Specific Structural Characteristic of the Section Midelt-Errachidia

Structure Hanging wall bedding Vergence (along the
(from N to S) dip/geometry Footwall bedding dip Probable thrust dip cross section)
Jbel Aouja 35 N low-angle ramp 87 Sflat (?) 35Nto70 N South

Sidi Hamza 36 S ramp 87 N ramp 70 S-90 North

Foum Tillich 83 N ramp 47 S ramp 70S South

Bou Hamid 85 N low-angle ramp 86 S low-angle ramp 90 (diminishing at depth)  South

Foum Zabel 66 S flat 63 S ramp 66 S South

compressional or diapiric mechanisms) or an out-of-plane movement of material (because of strike slip or
transpression) that accounts for the incompatibility between folds and associated thrusts.

According to these constraints, our reconstruction of the present-day structure of the Midelt-Errachidia cross
section (Figure 8) shows a regular, though not completely flat basement top, and we consider that most of
the thrusts involving the Mesozoic cover branch at depth in the Upper Triassic detachment. We do not dis-
card, however, a moderate conditioning by some basement structures that could be responsible for structur-
ing the Jurassic basin during the extensional stage. The proposed geometry is therefore an intermediate
between the two formerly proposed end members: (i) a rigid basement cut by noninverted normal faults
clearly decoupled from the tightly folded sedimentary cover (Benammi, 2002) and (ii) heterogeneous
basement-involved structures with limited role of the detachment (Teixell et al., 2003) and inverted normal
faults (Missenard, 2006). Some of these inherited faults could have acted as stress raisers, facilitating the
development of structures in the overlying cover. The proposed geometry implies the local thickening of
the detachment level under some structures, what can aid to interpret some gravity lows of the residual grav-
ity anomaly along the transect (see, e. g. Ayarza et al.,, 2005 for the Bouguer gravimetric profile). Anyway, it
must be taken into account that the combination of high (basalts and gabbros) and low (salts) density bodies,
as well as the high density of the Jurassic limestones, often preclude the direct application of gravity methods
in these areas.

An unknown variable is the change in thickness of Jurassic sedimentary units from the anticline crests to the
core of the synclines, and, because of the scarcity of subsurface data, it is difficult to constrain. As mentioned
in the stratigraphic description of materials, there are some hints that support the existence of an undeter-
mined thickening of some units, and that it is probable for the detachment level to be thinner at the core
of the synclines.

7.2. Reconstruction at 100 Ma

The calculation of paleodips along the Midelt-Errachidia cross-section (Figure 8a) allows us to obtain a con-
figuration of the structures at the age of 100 Ma. However, for particular paleodips at the limbs of structures,
different possible reconstruction of the structures can be obtained, depending on the processes involved in
their formation. In our sections, two different possible scenarios were considered since both are compatible
with our results: (i) transpression during the Late Jurassic and Early Cretaceous (Figure 8b) and (i) early dia-
pirism related to extensional tectonics (Figure 8c). The main differences between cross sections considering
the two different mechanisms are the volume of evaporites at the core of anticlines/diapirs in the restored
configuration, even considering similar dips of beds, and the thickening of units toward the basin center dur-
ing the remagnetization stage, that would be probably higher for the extension/diapirism hypothesis. The
cross section was divided into four detailed restored profiles to show specific features of the five studied
ridges. Structures will be described from north to south.

In the Jbel Aouja present-day profile (Figure 9a) a south-verging harpoon structure whose southern flank
overthrusts finally its northern flank, with a fault-propagation fold geometry, can be interpreted. A second,
north-verging harpoon structure is associated with fault reactivation (Figure 9a). The hinge of the ridge is
cut by a high angle fault, with the lowermost part of the Lower Lias (1) cropping out in its northern flank
and the middle part of the Lower Lias (12) in its southern flank. It also shows two metric-scale folds clearly
related to the Cenozoic compression.

TORRES-LOPEZ ET AL.
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Figure 9. (a) Present-day cross section of the Jbel Aouja Ridge. The paleomagnetic sites, bedding, and paleomagnetic vectors are indicated. (b) Transpressive end-
member restored section at 100 Ma. (c) Extensional/diapiric end-member restored section at 100 Ma. (d) Field photography of the structure of the Jbel Aouja
(south-verging thrust associated with the northernmost anticline). (e) Stereoplot showing the small circle corresponding to the restored remagnetization directions
from selected sites. The symbols are the same as those shown in Figure 6. (f) Stereoplot showing poles of bedding of the structure.
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Figure 10. (a) Present-day cross section of the Sidi Hamza and Foum Tillich ridges. The paleomagnetic sites, bedding, and paleomagnetic vectors are indicated.
(b) Transpressive end-member restored section at 100 Ma. (c) Extensional/diapiric end-member restored section at 100 Ma. (d) Field photography of the struc-
tures at Sidi Hamza (southern, back-limb of the thrusted anticline) and Foum Tillich (hectometer-scale back thrust in its northern limb). (e) Stereoplot showing the
small circle corresponding to the restored remagnetization directions from selected sites. The symbols are the same as those shown in Figure 6. (f) Stereoplot
showing poles of bedding of the structure.

The 100-Ma geometry of this structure (Figures 9b and 9c) in the transpressional and extensional reconstruc-
tions are very similar, showing a gentle profile with incipient reverse or normal faulting. The small-scale fold
(sites 47, 56, 57, and 58) developed completely during the Cenozoic inversion, since in the palinspastic recon-
struction beds are flat and shallowly dipping to the South.

The Sidi Hamza and Foum Tillich anticlines (Figure 10a) define altogether a pop-up structure. The Sidi Hamza
anticline shows a northward vergence, and its hinge is cut by a high-angle fault. In its southern flank, the
Lower Lias (11) overlies the Upper Lias (I3) reaching dips up to 87°. The Foum Tillich structure shows a south-
ward vergence and is also affected by a high angle reverse fault. The lower Lias (1) is nearly vertical while the
dip of the Dogger units in the footwall does not exceed 45°. The northern flank of Sidi Hamza and the south-
ern flank of Foum Tillich define an asymmetric syncline.

TORRES-LOPEZ ET AL. 15
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Figure 11. (a) Present-day cross section of the Bou Hamid ridge. The paleomagnetic sites, bedding, and paleomagnetic
vectors are indicated. (b) Transpressive end-member restored section at 100 Ma. (c) Extensional/diapiric end-member
restored section at 100 Ma. (d) Field photography of the southern limb of the Bou Hamid anticline. (e) Stereoplot showing
the small circle corresponding to the restored remagnetization directions from selected sites. The symbols are the same as
those shown in Figure 6. (f) Stereoplot showing poles of bedding of the structure.

The restored cross sections (Figures 10b and 10c) indicate that the described structure was already devel-
oped before the Cenozoic inversion. A syncline with box-fold geometry is interpreted in the northern flank
of the Sidi Hamza Ridge. A harpoon structure is observed in the Foum Tillich Ridge showing dips up to
53°. The different structures can be explained either by transpression (Figure 10b) or diapirs showing
salt-wall geometry (Figure 10c). The reconstruction of the small-scale fold shows that it developed
at 100 Ma.
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Figure 12. (a) Present-day cross section of the Foum Zabel ridge. The paleomagnetic sites, bedding, and paleomagnetic
vectors are indicated. (b) Transpressive end-member restored section at 100 Ma. (c) Extensional/diapiric end-member
restored section at 100 Ma. (d) Field photography of the northern (back) limb of the faulted anticline at Foum Zabel.

(e) Stereoplot showing the small circle corresponding to the restored remagnetization directions from selected sites. The
symbols are the same as those shown in Figure 6. (f) Stereoplot showing poles of bedding of the structure.

The Bou Hamid anticline is an upright, nearly symmetric box-fold in the present-day cross section
(Figure 11a), having dips up to 86° and cut by a high angle fault. In the 100-Ma reconstruction, this anticline
can be interpreted as a fault-propagation fold (Figure 11b) with an already developed harpoon structure, or
alternatively as a symmetric diapir (Figure 11c¢) probably associated with extension. The metric-scale fold in its
northern flank tightened after remagnetization time.
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The Foum Zabel is a fault-propagation fold, and its present-day geometry is similar to the other anticlines. It
can be classified as a high angle break-through fold. Its core is occupied by Triassic rocks (Figure 12a). It shows
a southward vergence, with a northern flank dipping up to 68° and formed by Lower Lias, and a southern
flank formed by Dogger limestones reaching dips of 63°.

In the 100-Ma reconstruction (Figures 12b and 12c), its southern flank presents moderate dips and the
Dogger beds are more or less subhorizontal, while its northern limb shows dips up to 46°. A reverse fault
or alternatively a salt-wall can explain the Foum Zabel configuration at this stage. The smaller scale fold devel-
oped completely during the compressional Cenozoic stage, but an inherited significant southward dip can be
inferred from the restored sketch.

Paleomagnetic data thus indicate that the five studied ridges in the Midelt-Errachidia profile were partially
developed at 100 Ma, although each underwent a different evolution. Curiously, the central ridges, Foum
Tillich and Bou Hamid, were more developed at 100 Ma, including some of the smaller-scale folds at the limbs
of the main structures.

8. Discussion
8.1. Origin of the Remagnetization

The mechanisms that trigger sedimentary remagnetizations have generated numerous studies in recent years
but nowadays are still an open question. Torres-Lépez et al. (2014) established that the widespread remagne-
tization of the limestones from the Central high Atlas is of chemical origin related to growing of diagenetic
magnetite. Widespread remagnetizations in carbonates are documented in different regions being the more
renowned example the one observed in Paleozoic carbonate strata from the Appalachian Basin (McCabe &
Elmore, 1989a). These remagnetizations are also carried by neo-formed magnetite showing a very particular
magnetic signature (McCabe & Channell, 1994a; Dunlop, 2002) similar to the one described above (Figure 3d).
This type of remagnetizations has been associated with burial processes (Aubourg et al., 2008, 2012; Evans
et al., 2000; Katz et al., 1998; Woods et al., 2000, 2002) and also to pressure solutions structures within the bur-
ial context (Evans et al., 2000). Torres-Lopez et al. (2014) pointed out that the remagnetization process in the
Central High Atlas involves (1) basin-scale conditions mainly related to a minimum thickness of sediments and
(2) a regional-scale thermal event acting as a catalyst of remagnetization. In any case, the mechanism must be
associated with cooling below a critical temperature because there are no differences in magnetic properties
or paleomagnetic directions despite the differences in the position within the stratigraphic sequence of the
different sites within the basin. If remagnetization occurs independently of age (position) and type of sedi-
ment, small variations in thickness, and therefore in pressure and temperature, must be conditioning factors
to block this process. The cooling necessary to block the magnetization could be achieved either by partial
inversion of the basin (transpressional hypothesis; see below) or by decreasing of the temperature gradient
and thermal re-equilibration of the continental crust (extensional-diapirism hypothesis; see below).

8.2. Geodynamic Processes at Debate

The principal tectonic stages underwent by the Central High Atlas are documented by numerous authors, but
there is a controversial point in the tectonic activity during the Mesozoic. This debate is open since
Jacobshagen et al. (1988) exposed that inversion processes started at the end of the Oligocene (Laville &
Piqué, 1992), thus contradicting Studer and Du Dresnay (1980) that pointed out intra-Jurassic compressional
movements. Mesozoic, syn-sedimentary movements were first described by Dubar (1938) and related to Late
Liassic and Middle Jurassic horizontal compression by Studer and Du dresnay (1980).

Laville and Piqué (1992) defended the existence of Jurassic deformation based on the development of clea-
vage near intrusive bodies before the deposition of Late Jurassic red beds and pointed out that emplacement
of gabbro bodies contemporaneous with Jurassic deformation was a related process. Ibouh et al. (1994, 2001)
recognized in the Imilchil area (60 km west of the studied cross section) a compressional phase during the
Bajocian. A mechanism for this particular tectonic stage was proposed by Laville et al. (2004), who indicated
that the transpressive regime in the High Atlas during the Middle Jurassic was associated to the sinistral
movement of Africa relative to Eurasia. Other authors (Beauchamp et al.,, 1996; Beauchamp et al.,, 1999;
Bertotti & Gouiza, 2012) also admit uplifting of the Central High Atlas during this time, which would cause
syn-sedimentary deformations (also described, e.g., by Ettaki et al., 2007 and Gouiza et al., 2010). Finally, ther-
mal modeling and interpretation of igneous intrusions (Gouiza et al., 2010; Charton et al., 2018) point to a
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relationship between transpression and magmatism, on one side, and to the exhumation of the onshore
domain in the margin Atlantic of Morocco from Permian to Jurassic times, on the other.

Calvin, Casas-Sainz, et al. (2017) using the method of Villalain et al. (2016) relate cleavage, folding, and
Cretaceous deformation and show the geometry at 100 Ma in different areas of the Central High Atlas. In
all cases, cleavage postdates the remagnetization and can therefore be interpreted as generated during
the Cenozoic inversion. However, the reconstruction of folds shown by these authors indicates preremagne-
tization incipient folds, which can be due to an intra-Mesozoic compressional event. However, this compres-
sional, intermediate stage is still controversial and not recognized by other authors (see e.g., Gdmez et al.,
2002, Ellouz et al., 2003, Teixell et al., 2003, Arboleya et al., 2004, Barbero et al., 2007, Frizon de lamotte
et al., 2008, Michard et al., 2008., Babault et al., 2013, Bensalah et al., 2013), who defend that in The Central
High Atlas there has only been one inversion stage in Cenozoic times.

The scarcity or absence of Upper Jurassic and Cretaceous sedimentary record in the Central High Atlas makes
difficult the field observations to determine the possible intra-Jurassic deformations.

8.3. Cross-Section Reconstruction

The High Atlas underwent a remagnetization during the quiescent period bracketed between the end of rift-
ing (Middle Jurassic) and the compressional stage (Cenozoic) related to collision tectonics. Therefore, the
events occurring between syn-rift deformation (here including folding associated with normal faults, diapirs,
and igneous intrusions; Teixell et al., 2003; Michard et al., 2008) and wholesale compressional folding and
thrusting during the Cenozoic can be considered as “syn-tectonic” (from the paleomagnetic point of view)
and can reveal Mesozoic deformations not known at present. Moreover, the evolution during the Late
Jurassic and Early Cretaceous is poorly constrained due to the disperse nature of the sedimentary record that
generally appears within isolated outliers and marginal areas of the High Atlas.

The Midelt-Errachidia profile shows typical features of the Central High Atlas: fault-thrust systems with NE-SW
to E-W trends showing sinuous, anastomosing traces, and varying polarity (i.e., north-verging and south-
verging steeply dipping thrusts at the core of anticlines). These characteristics are commonly found in
inverted basins resulting from extensional oblique tectonic contexts, as the one that occurred during
Triassic and Early Jurassic times in the Moroccan Atlas. The anticlines (ridges) are narrow and cut by high-
angle faults, resulting from the reactivation of previous extensional faults. Between them, there are broad,
gentle synclines. In general, the northern flanks of the ridges present steeper dips and are defined by
Lower Lias limestones, while their southern flanks show shallower dips and are defined by Upper Lias and
Dogger limestones.

Palinspastic reconstructions of cross sections indicate that the geometry of ridges at 100 Ma was already
initiated. It is observable that the steep paleodips are distributed toward the central and southern sectors
of the basin, whereas in the north, these paleodips are much gentler. It is to notice that the Dogger units
(Bajocian and Bathonian limestones) are also folded and do not fossilize previous structures. We also observe
that high angle, break-through faults associated with folds were partially developed at the remagnetization
time. In restored cross sections, dips up to 50° have been obtained. These steep dips are difficult to explain
within an extensional tectonic context lacking gabbroic intrusion or salt walls or diapirs characteristic of other
regions of the High Atlas.

Torres-Lépez et al. (2016) reconstructed quantitatively the amount of folding in three structures of the Central
High Atlas in the Imilchil area: the Tassent, Tasraft, and Tissila ridges at the age of the Cretaceous remagne-
tization. These authors pointed out different evolutionary trends for each structure and concluded that fold-
ing during the Mesozoic basinal stage was heterogeneously distributed along the chain and related to
gabbro intrusions and diapirs nucleating the core of the anticlines.

The present work shows that along the Midelt-Errachidia cross section, structures were incipiently developed
at 100 Ma. The main difference with the Imilchil area is the absence of gabbroic bodies and diapiric walls in
the present-day situation. Although the whole Central High Atlas is an extensive diapiric province (Saura
et al., 2014), the Upper Triassic evaporitic level thins toward the E-ESE (Saura et al., 2014), and the presence
of the gabbroic bodies is also limited to the central area of the Central High Atlas (Guezal et al.,, 2017;
Bensalah et al.,, 2013; Frizon de Lamotte et al., 2008).
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The restored cross sections indicate that the paleodips obtained are consistent with two different models of
Mesozoic tectonism: transpression and normal faulting associated with diapirism. Transpressional regime
was associated with thick skinned deformation involving the basement and a general detachment level in
the Triassic series; most part of the faults in the sedimentary cover are reactivated and inverted (Figure 8).
This reactivation involved the formation of harpoon, pop up structures, and box folds. In the end-member
diapiric interpretation, the basement is affected by extensional faults, and salt walls associated with normal
faults or simple diapirs are responsible for the paleodips obtained at 100 Ma. According to the feasibility of
the different reconstructions (Figure 8) the most probable scenario is a combination of both origins, with
some structures (Foum Zabel and Jbel Aouja, and probably Bou Hamid) growing at the basin margins asso-
ciated with normal faults, salt walls, and probably thickness changes within the sedimentary pile, whereas
other ridges (namely Sidi Hamza and Foum Tillich) fit better with a transpressional origin that is also consis-
tent with cartographic patterns in geological maps (Ahmed et al., 1956).

9. Conclusions

This study provides 43 new sites with paleomagnetic data corroborating that the remagnetization found in
other parts of the chain extends at least to the easternmost part of the Central High Atlas, showing system-
atically normal polarity. Fold tests indicate that remagnetization is syn-folding in relation to some structures
and clearly predates the Cenozoic compressional stage. The characteristic direction of the remagnetization is
calculated by the SCI method, (Dec: 337.3, Inc: 38.4, n: 13.0, & 3.5, A/n: 7.7°) through pySCu software (Calvin,
Villalain, et al., 2017). Comparison with the direction from the African GAPWP obtained by Torsvik et al. (2012)
provides an age for the remagnetization at 100 Ma.

This syn-folding remagnetization allows obtaining the geometry of the basin at 100 Ma using the method
developed by Villalain et al. (2016). We provide a palinspastic picture of one of the best studied profiles in
the Central High Atlas, through four detailed cross section of ridges considering two different scenarios.
The results obtained on the five ridges show that they were initiated prior to compressive deformation
during the Late Cretaceous-Cenozoic and that compressional folds nucleated on these incipient structures.

This work highlights the deformations occurred during the Late Jurassic in the easternmost part of the
Central High Atlas. We cannot prove whether folding observable at 100 Ma is due to the accommodation
to basement faults and salt-wall formation within a transtensional/extensional regime or, alternatively, due
to uplifting of the Central High Atlas during Middle-Late Jurassic weak transpressive intra-Jurassic tectonics.
However, in our opinion, the restored sections of the Jbel Aouja, Sidi Hamza-Foum Tillich, Bou Hamid, and
Foum Zabel ridges show that structures located at the basin margins fit better with extension and diapirism,
whereas the ridges in the central sector (Sidi Hamza-Foum Tillich) are consistent with transpression at the
basin center. This situation could be related to the blocking of the remagnetization at 100 Ma.
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