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Abstract—Since the discovery of shatter cones (SCs) near the village of Agoudal (Morocco,
Central High Atlas Mountains) in 2013, the absence of one or several associated circular
structures led to speculation about the age of the impact event, the number, and the size of the
impact crater or craters. Additional constraints on the crater size, age, and erosion rates are
obtained here from geological, structural, and geophysical mapping and from cosmogenic nuclide
data. Our geological maps of the Agoudal impact site at the scales of 1:30,000 (6 km?) and
1:15,000 (2.25 km?) include all known occurrences of SCs in target rocks, breccias, and vertical to
overturned strata. Considering that strata surrounding the impact site are subhorizontal, we
argue that disturbed strata are related to the impact event. Three types of breccias have been
observed. Two of them (brl-2 and br2) could be produced by erosion—sedimentation—
consolidation processes, with no evidence for impact breccias, while breccia (br1) might be impact
related. The most probable center of the structure is estimated at 31°59'13.73"N, 5°30/55.14"W
using the concentric deviation method applied to the orientation of strata over the disturbed area.
Despite the absence of a morphological expression, the ground magnetic and electromagnetic
surveys reveal anomalies spatially associated with disturbed strata and SC occurrences. The
geophysical data, the structural observations, and the area of occurrence of SCs in target rocks
are all consistent with an original size of 1.4-4.2 km in diameter. Cosmogenic nuclide data (*°CI)
constrain the local erosion rates between 220 + 22 m Ma ' and 430 + 43 m Ma~'. These
erosion rates may remove the topographic expression of such a crater and its ejecta in a time
period of about 0.3-1.9 Ma. This age is older than the Agoudal iron meteorite age
(105 % 40 kyr). This new age constraint excludes the possibility of a genetic relationship between
the Agoudal iron meteorite fall and the formation of the Agoudal impact site. A chronolgy chart
including the Atlas orogeny, the alternation of sedimentation and erosion periods, and the
meteoritic impacts is presented based on all obtained and combined data.
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INTRODUCTION

Agoudal is the only known impact structure in
Morocco (Chennaoui Aoudjehane et al. 2016). It was
confirmed by the observation of well-preserved shatter
cones (SCs) in a mid-Jurassic marly limestone formation
(Sadilenko et al. 2013; Chennaoui Aoudjehane et al.
2014; El Kerni et al. 2014; Lorenz et al. 2015). SCs
have only been reported unambiguously for structures
larger than 1 km in diameter and occur typically within
1/6-1/2 of the estimated radius of an impact structure
(Baratoux and Reimold 2016). Field work and satellite
image analysis did not reveal any circular structure
associated with the SC occurrences. Vertical to
overturned N150-N160 trending strata, not observed
elsewhere in the surrounding area, were reported by
Chennaoui Aoudjehane et al. (2016). The breccias
within the area of SC occurrence were considered to be
impact  breccias, based on the presence of
cryptocrystalline inclusions, and were interpreted as
possible relics of weathered impact melt rocks (Lorenz
et al. 2015). These breccias may have been alternatively
formed as a result of erosion, weathering, and
cementation processes (Chennaoui Aoudjehane et al.
2016). Erosion of the Agoudal impact structure may
have wiped out the circular morphological expression of
the crater. Considering regional denudation rates of
~80 m Ma ™' for the High Atlas Mountains (Ruiz et al.
2011), SC-bearing outcrops of ~500 x 300 m in
Agoudal, and the fact that the area of SC occurrence is
commensurable with the size of the crater, Chennaoui
Aoudjehane et al. (2016) proposed an age of the
Agoudal impact event older than 1 Ma with a size of 1-
3 km in diameter.

The area of SC occurrence overlaps with the strewn
field of the Agoudal iron meteorite (Chennaoui
Aoudjehane et al. 2013). Micrometric fragments of
Schreibersite (a phosphide very rare on Earth but
common in iron meteorites) were reported to be found
on a SC surface by Schmieder et al. (2015). These
observations led to a debate regarding a possible genetic
link between the Agoudal iron meteorite and SC
occurrence. This hypothesis was promptly disputed (EI
Kerni et al. 2014) and rejected by Chennaoui
Aoudjehane et al. (2016), based on the incompatible age
calculated for the Agoudal meteorite fall (Hutzler et al.
2014; Hutzler 2015) and the period of time required to
remove the topographic expression of a crater larger
than 1 km in diameter.

Lorenz et al. (2015) proposed a calculation model
of several small craters genetically related to the
Agoudal impact meteorite fall. The model has
numerous problems, including the fact that SCs are not
observed in association with such small impact craters.
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This hypothesis was not confirmed by Chennaoui
Aoudjehane et al. (2016).

In order to better constrain the size of the eroded
crater and the age of the impact event, we collected new
geological, structural, and geophysical observations.
Detailed geological and structural maps were assembled.
The concentric deviation method (Poelchau and
Kenkmann 2008) was used to define the most probable
center of the impact structure. The conducted
geophysical survey of Agoudal combines ground
magnetic field mapping and electromagnetic campaigns.
We also measured the magnetic susceptibility of core
samples to support the interpretation of the magnetic
survey. Rather than relying on regional erosion rates
(80 m Ma~'; Ruiz et al. 2011; Chennaoui Aoudjehane
et al. 2016), we have constrained the local erosion rates
from cosmogenic nuclide data based on two samples
collected at the surface, within the area of SCs and
outside of it, some 5 km SE of the disturbed area.
These data are combined and analyzed together to infer
more precise and robust conclusions regarding the age,
position, and size of the impact structure. We have then
established a chronology chart of terrestrial and
extraterrestrial events at the Agoudal impact site,
relying on the combined results data.

GEOLOGICAL CONTEXT OF THE AGOUDAL
IMPACT STRUCTURE

The Agoudal impact structure lies in the Central
High Atlas intracontinental mountain range (Morocco)
(Fig. 1). The formation of this mountain range is
related to the closure of the Neotethys (Laville et al.
1977). The mountain belt is predominantly built up of
Jurassic rocks (Figs. 1-3). It has experienced extension
and rifting. A first phase of extension occurred during
the Triassic, as recorded by red beds (clays, silts, salt,
and gypsum) and tholeiitic basalts. A later phase of
extension occurred during the Jurassic, recorded by the
deposition of marine carbonates and shales capped by
continental red beds (Charriere and Haddoumi 2016).
Sedimentation of transgressive lower Liassic platform
carbonates, a continuous key stratigraphic level
consisting of a few hundred meters of limestone and
dolomite, sealed the Triassic rift basins (Laville et al.
1994; Piqué et al. 2000). During the late Liassic, the
platform was drowned and disrupted (Brechbuhler 1983;
Warme 1988; Igmoullan 1993; Pesonen et al. 1998;
Souhel et al. 2000). From Toarcian to Bajocian times
(170-183 Ma), up to 5000 m of open marine shales
(marls), calciturbidites, and  reefal limestones
accumulated in the central High Atlas. Red beds,
indicating filling and regression, became widespread
within the Bathonian strata (Choubert and Faure-Muret



Agoudal impact structure geology and geophysics

2485

50 km

— = Regional cross section

Fig. 2b Errachidia

Shatter cones

- Upper Liassic-Dogger
D Lower Liassic
(Fig. 2a) Triassic

Local cross sections 1, 2, Precambrian-Paleozoic
and 3 (Fig. 2b)

Anticlinal ridges with
Jurassic intrusions

Fig. 1. a) Location of the Moroccan Central High Atlas. b) Schematic geology of the Central High Atlas region in Morocco
with locations of the Agoudal village, the discovery site of shatter cones, the Akhiam valley in the High Atlas Mountains,
anticlinal ridges, the synthetic regional cross section location, and the detailed local cross sections locations (TML = Tioumliline
[Ridge]; FZ = Foum Zaabel; TTzR = Talmest-Tazoult Ridge; Azk = Azourki [Mountain]; Tz = Tizal [Mountain]; TF = Thrust
Faults). Map modified after Teixell et al. (2003), Michard et al. (2011), and Chennaoui Aoudjehane et al. (2016). The regional
cross section and the three local cross sections (2, 3, and 4) are presented in Figs. 2a and 2b, respectively. (Color figure can be

viewed at wileyonlinelibrary.com.)

1962; Jenny et al. 1981). During this period, the Atlas
troughs were characterized by a complex fault pattern,
developed under a NW-SE tensional field. The
Cretaceous strata are composed of basal red beds
beneath a Cenomanian—Turonian limestone platform
(Froitzheim et al. 1988). The uppermost Cretaceous
strata consist of terrigenous red beds, indicative of the
onset of the Alpine compression (Laville et al. 1977;
Froitzheim et al. 1988; Amrhar 1995). Due to the
successive shortening and erosion episodes, only minor
remnants of the subaerial Upper Paleocene—Eocene
deposits are preserved within the “gutters” of breached

ridges (Charriere et al. 2009; Michard et al.
(Figs. 2 and 3).

The village of Agoudal lies above an altitude of
2000 m. It is located ~20 km to the southeast of the
town of Imilchil (Fig. 1). Agoudal is surrounded in its
northern and eastern parts by large synclines in lateral
alternation with narrow anticlinal structures, commonly
called “ridges,” with amplitudes ranging from several
meters to hundreds of meters (Fig. 2a) (Michard et al.
2011; Ibouh and Chafiki 2017). The Agoudal impact
structure 1is situated in the “flat-bottomed” zone,
between Ikerzi and Toumliline ridges. These ridges are
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Fig. 2. a) Synthetic regional cross section cutting the Central High Atlas in NW-SE direction, and exposing anticlinal ridges with
synclinal flanks. The Agoudal impact structure is situated between Ikerzi and Toumliline ridges in the central subhorizontal area.
Modified after Michard et al. (2011) and Ibouh and Chafiki (2017). b) Detailed local cross sections 1, 2, and 3 in NW-SE
direction, essentially exposing the subhorizontal part between the anticlinal ridges of Ikerzi and Toumliline, where the Agoudal
impact structure is localized. The localization of the regional cross section (a) and the local cross sections (b) is in Fig. 1. (Color
figure can be viewed at wileyonlinelibrary.com.)

mainly oriented N60 to EW. They are cored by Triassic  deposits from the Liassic to the Bajocian—Bathonian
basalts, Jurassic alkaline gabbro, and Liassic limestone.  (Figs. 2a and 2b). The Imilchil sedimentary series
They expose a sedimentary series with marine limestone  correspond to a regressive mega-sequence. These
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of the Central High Atlas, modified after Ibouh and Chafiki
(2017). (Color figure can be viewed at wileyonlinelibrary.com.)

anticlinal ridges were developed as “salt walls” during
the Liassic-Middle Jurassic interval of time above
dominant, NE-trending basement faults (Bouchouata
et al. 1995; Ettaki et al. 2007; Michard et al. 2011;
Ibouh et al. 2014). Preexisting diapirs have favored
subsequent magma ascent, which played an important
role in the genesis of the ridges (Bougadir 1991; Rahimi
et al. 1991; Michard et al. 2011). The anticlinal ridges
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correspond to upright folds, longitudinally curved
(Figs. 2a and 2b), with dips ranging from 25 to 45°
toward the north or the south (Ibouh 2004). They are
alternated by large and “flat-bottomed” synclines
(Ibouh 2004). The anticlinal fold system is associated
with reverse faults that have been active during the
Tertiary inversion (Frizon de Lamotte et al. 2008).

A Triassic salt diapir at Toumliline, located some
15 km SSW of the village of Agoudal, was formed
during the Jurassic extension and was later deformed
during the Alpine compression (Teixell et al. 2003)
(Fig. 2a). The Agoudal stratigraphic series is related to
the Tassent Formation (Ibouh 1995), considered to be
the lower member of the Agoudim Formation by Studer
and du Dresnay (1980). It is also named “Ag 1” by
Charriere et al. (2011) (Fig. 3). It exhibits benthic
macrofauna (bivalves, echinoderms, brachiopods, and
corals) (Studer and du Dresnay 1980; Charriere et al.
2011) deposited during the Bajocian period (Middle
Dogger, 170 Ma; Milhi 1997). Several layers of blue
marl with reef limestones are exposed at the top of
these hills (Fig. 2b). They overlie deposits of blue marl
with brachiopods and oolitic limestone, which are
exposed in the Akhiam valley (Chennaoui Aoudjehane
et al. 2016).

MAGNETIC AND ELECTROMAGNETIC
SIGNATURES OF SMALL (<10 KM) IMPACT

CRATERS
Exposed impact structures are commonly
associated  with  circular  topographic  signatures

(depression, rim, ring, or peak) and tectonic features
(concentric faults, tilted blocks, upturned, and/or
uplifted strata) (Kenkmann et al. 2014). They are
identified and confirmed by the presence of diagnostic
criteria observed in the field at the mesoscale (SCs, see
Baratoux and Reimold 2016) and/or in the laboratory
at the microscopic scale (e.g., shocked quartz with
planar deformation features; French and Koeberl
2010). They are also generally associated with
geophysical signatures (which are not diagnostic of
meteoritic impact) such as circular gravity, magnetic,
electric  conductivity, or radiometric anomalies
(Pilkington and Grieve 1992; Boamah and Koeberl
2002; Vasconscelos et al. 2012; Baratoux et al. 2019).
Geophysical analyses are also useful to explore for
possible buried impact structures, which are then
confirmed by the documentation of shock effects from
samples obtained from drill cores (e.g., Kenkmann
et al. 2015). Geophysical signatures of eroded or
buried impact structures are often preserved
(Pilkington and Grieve 1992) and provide insights
about their initial dimensions. When an impact
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structure is partially exposed, the geophysical studies
are conducted together with detailed structural and
geological mapping, including mapping of shocked
material (Ormo et al. 1999). Geophysical studies are
also wusually achieved before drilling an impact
structure in order to optimize the scientific output of
drilling, as in the case of the Bosumtwi impact
structure (Koeberl et al. 2007).

In the case of the Agoudal impact site, the choice of
applicable geophysical investigations is limited. The
relief is a challenge for the interpretation of gravimetric
data. The rocky surface hampers the application of
electric methods due to poor electrode implantation.
Ground magnetic field and electromagnetic methods
(measurement of subsurface conductivity based on
electromagnetic induction) are appropriate in these
conditions and were applied to an area encompassing
the domain of occurrence of SCs. Given the range of
probable diameters of the impact crater that was
formed at Agoudal (1-3 km; Chennaoui Aoudjehane

et al. 2016), we review here the magnetic and
conductivity signatures of small (<10 km) impact
structures.

Generally, the magnetic signature of a small impact
structure is a circular low, ranging in amplitude from
tens to a few hundred nanoTeslas (nT) (Clark 1983). A
broad correlation exists between the extent of the
anomaly and the crater size. All structures with
D < 10 km have magnetic lows, which are best defined
over simple craters, for example, Barringer Crater
(1.2 km), USA; West Hawke Lake crater (2.44 km),
Canada; and Wolfe Creek Crater (0.88 km), Australia
(Fudali 1979; O’Neill and Heine 2005). Three impact
structures in Finland, Karikkoselka, Paasselka, and
Suvasvesi South also show such magnetic anomaly lows
(Pesonen et al. 1992, 1998; Salminen 2011). The
fractured target rocks show reduced magnetization
levels, suggesting that the propagating shock wave is the
likely cause of this signature.

Electromagnetic methods have been infrequently
applied in impact structure analysis. The conductivity of
rocks strongly depends on their water content. The
degree of fragmentation influences the porosity, the
amount, and the distribution of fluids within the rock,
and hence reduces its conductivity (Pilkington and
Grieve 1992). However, sealed fractures may increase
the bulk-rock resistivity. For example, at Siljan
(Sweden), Henkel (1992) noted an increase in resistivity
coinciding with the central uplift. This technique has
also been applied to thickness mapping of crater fill
breccias and postimpact sedimentary fill, identified by a
low resistivity response due to high porosity and
permeability of these layers (e.g., Araguainha, Brazil;
Tong et al. 2010).

H. El Kerni et al.

METHODS
Geological Mapping

The results from several field campaigns are
assembled and presented in a new geological map at a
scale of 1:30,000. More than 1000 measurements of
strike and dip directions of strata, faults, and joints
were taken over an area of ~3000 x 2000 m
surrounding and including the SC outcrops. The extent
of the area was determined as a compromise between
the need for detailed observations in the SC area and its
immediate vicinity, the available time, and resources for
field work. Furthermore, observations from satellite
images as well as regional and local geological settings
(Figs. 2a and 2b) do not suggest that critical
deformation of layers in relation to the impact structure
is expected to be found beyond this area. The map was
drawn using CorelDraw-6 software. The exposure of
rocks is fairly good, due to the absence of vegetation.

A second geological map at a scale of 1:15,000 was
made of the central area (1500 x 1500 m, 2.25 km?)
including the SC outcrops, the breccias, and vertical to
overturned strata. This focused mapping effort at higher
resolution is justified given the lack of signs of
disturbance related to the impact event outside of this
area, and the importance of reporting the localization
and extension of outcrops within the disturbed area, as
well as the information that they might provide on the
original shape of the impact crater.

Structural Methods

A third map, based on a previously published
structural map (Chennaoui Aoudjehane et al. 2016),
includes structural observations of faults and joints
along with the SC sample locations (Fig. 4). The
structural measurements were spatially interpolated
using the natural neighbor interpolation technique. This
method produces a continuous map of dip angles and
dip azimuths (see, Kenkmann et al. [2017] for more
detail about the technique).

We also applied the technique of concentric
deviation to these observations, which quantifies the
deviations of observed strike from concentric strike for
a given center. It consists in the conversion of structural
data into polar coordinates (distance to center, azimuth)
followed by the analysis of the asymmetry of structural
data in this coordinate system (Poelchau and
Kenkmann 2008). The technique reveals, for instance,
the structural asymmetries of impact craters (Poelchau
and Kenkmann 2008). In our case, this technique is
used in order to estimate the likelihood of the location
of the center of the impact structure, based on the
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Fig. 4. Fault and joint system, and sample locations, plotted on a topographic map of the Agoudal impact structure (Central
High Atlas, Imilchil district-Morocco) superimposed on a WorldView-2 Satellite image. Samples taken for magnetic properties
and cosmogenic measurements are named from AGA to AGM (AG stands for Agoudal). AGA, AGE, AGK, and AGM
samples taken 5 km SE of the studied area are not shown on the map. “OS,” “MR,” and “MH” refer to vertical to “overturned
strata,” “Main River,” and “Main Hill,” respectively. (Color figure can be viewed at wileyonlinelibrary.com.)

available dip and azimuth data of the strata. Axial
symmetry should be highest when the center of the
polar coordinate system corresponds to the center of the
impact structure.

We have converted 350 measurements of strike and
dip directions of the strata along with latitude and
longitude values taken over the central disturbed area of
~1500 x 1500 m from a geographic reference system
into polar coordinates. The accuracy of GPS
measurements is about 1 m. Eight potential centers,
distributed over the mapped area, and including
positions near the main SC area or near the river, were
tested with the concentric deviation method. The
latitudes and longitudes of the measurement points and
the presumed chosen crater center were given as inputs.
In some cases, plots display scattering. To get a better
overview of possible average deviations, plots require

smoothing. The “overlapping bins” method is the
preferred method of smoothing. All data within a
defined sector are averaged. A bin size of 30° is used by
default and the position of this bin is varied in steps of
10°. All values within a 30° range from 345° to 15° are
collected, starting directly at azimuth = 0°. The
arithmetical average is calculated and displayed for 0°.
The next value is calculated for all data between 355°
and 25°, for a step size of 10°, and displayed at 10°,
then from 5° to 35° for 20°, etc., yielding 36 points of
average concentric deviation. A strike that is tangential
to a hypothetical circle around the crater center is
defined as “concentric” and has a concentric deviation
value of 0°. A strike that is rotated clockwise relative to
the tangent to the hypothetical circle has a positive
concentric deviation value, while a counterclockwise
rotation is noted with a negative value. Strike is
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displayed with an exaggeration factor of 2x, which is
the minimal value that enhances the visualization of the
nonconcentric behavior.

Electromagnetic Data Acquisition

A Geonics EM 34-3 ground conductivity meter and
a 20-m coil separation were used for all electromagnetic
measurements. The reader is referred to Jones et al.
(1992) for a detailed description of the method of
acquisition of ground subsurface conductivity and
instrument characteristics. The typical exploration
depths are 15 and 30 m in the horizontal and vertical
dipole configuration, respectively (McNeill 1980).
Another profile was measured using a 10-m coil
separation to observe the shallower conductivity
distribution. For each point, coordinate measurements
were taken by a GPS device.

Magnetic Measurements

Magnetic Field Mapping

The ground magnetic field data were collected along
several profiles using a Geometrics cesium vapor
magnetometer (G-858). Considering human walking
speed and topography, combined to a 1-min sampling
rate, the mean spatial separation between two
consecutive measurements is about 10-15 m. The line
spacing is about 100 m. The area of acquisition of
1 km? is centered around the SCs. The data were
corrected for diurnal, and more generally, for external
field variations, using the combination of our own
measurements and data from surrounding
INTERMAGNET observatories (Thébault et al. 2015).
These fixed data also gave us a regional reference value
for the Earth’s magnetic field (due to the core dynamo
and the crustal rock magnetization), which is close to
the IGRF (International Geomagnetic Reference Field)
predicted field value for the survey period (May 2014)
and location. This value was subtracted from the data
previously corrected for external field variations to
resolve the anomaly. Then, an interpolated grid of the
magnetic anomaly values was built using a nearest-
neighbor method (Thébault et al. 2015) and projected
upward to a single altitude of 2600 m. Lastly, a
standard reduction-to-the-pole (RTP) procedure was
applied to center the anomalies above magnetized
sources (Blakely 1995).

Magnetic Properties of Rock Samples

We sampled 88 core samples (2.2 cm long and
2.5 cm diameter) at 12 sites, from different lithologies
and from inside and outside the disturbed zone, using a
gas-powered drill. They were named from AGA to
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AGM. AGE, AGM, AGK, and AGA samples were
taken 5 km SE of the studied area (not shown on the
maps) to make sure that these samples were not affected
by the impact (Fig. 4). The majority of the cores were
drilled in Bajocian limestone sites; other cores consist of
breccias and of Quaternary alluvium. Magnetic
susceptibility (K) was measured using a MFKI
Kappabridge and natural remnant magnetization
(NRM) using a 2G DC Squid magnetometer. These
parameters were used to estimate in situ total
magnetization using a total present-day field (PDF) of
41 uT (which is the average value of magnetic field
intensity in the Agoudal area at the time of acquisition).
Magnetic mineralogy was also evaluated using hysteresis
measurements with a Micromag VSM (one Tesla
maximum field).

Cosmogenic Nuclides

Two limestone samples were collected at the surface,
one near the main SC outcrop (AGG) (Fig. 4), and one
outside of the disturbed zone, 5 km SE of the studied
area (AGE). Samples were crushed, sieved, and Cl was
chemically extracted as AgCl. Cl and **Cl concentrations
were then determined by isotope dilution accelerator
mass spectrometry from the measured *°Cl/*’Cl and
3C1/*3Cl ratio. These measurements were performed at
the French national Aix-Marseille Université facility
Accélérateur pour les Sciences de la  Terre,
Environnement, Risques (Centre Européen de Recherche
et d’Enseignement des Géosciences de I’Environnement,
Aix-en-Provence). The **Cl and Cl concentrations were
normalized to a °Cl standard prepared by Nishiizumi
et al. (2017), which is KNSTD1600 with a given *°Cl/*Cl
value of (2.11 + 0.06) x 10~'% (Fifield et al. 1990;
Sharma et al. 1990). The decay constant of
2.303 £ 0.016 x 107° yr~' used corresponds to a **Cl
half-life (¢,,) of 3.014 x 10° yr. Analytical uncertainties
include counting statistics, machine stability, and blank
correction. As the age of the formation of the Atlas
orogeny is older than 0.5 Ma, the two samples can be
interpreted as being at a steady state in terms of
cosmogenic nuclide production, and the °Cl
concentration can then be quantitatively interpreted as a

denudation rate (Biermann and  Steig  1996;
Schimmelpfennig et al. 2009).
RESULTS
Geomorphology and Lithology
The central area of the crater structure is

dominated by Jurassic (Aalenian-Lower Bajocian age)
marly limestone (Figs. 2a and 2b). This formation is
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Fig. 5. Field photos of coarse-grained breccia (brl) and fine-grained breccia (br2) breccia deposits; (a) brl, (b) brl filling the
fractures of the highly fractured limestone formation in the shatter cone area, (c¢) brl with large pieces of shatter cones (SCs are
marked with arrows), and (d) br2 interpreted as a cemented scree slope. Pen for scale is 10 cm long. (Color figure can be viewed

at wileyonlinelibrary.com.)

folded and fractured. Some fractures are filled by
calcite; others are filled by fault gouge. Offset between
faults walls are observed. The dip direction of the faults
planes is mostly of N20°. Limestone formations are
intercalated with brittle marl layers of variable thickness
(up to 6 m). The dark color of marl is due to the
weathering and a high content of organic matter. At the
northeastern part of the impact site (Fig. 4), and in
particular down the cliff, black scree slopes are
abundant. They mostly fill the thalwegs at the bottom
of the cliff. Quaternary alluvial deposits of the
Rharbian (0.006 Ma; for more details about this
formation, see Beaudet et al. 1967) cover the majority
of the Jurassic formations. They are located especially
in the southern part of the studied area, on the top of
the “Main Hill” with the main outcrops of SCs.
Reddish silts of Sultanian age (0.01-0.1 Ma; Beaudet
et al. 1967) are relatively thick, especially in the
thalwegs. The valleys are filled with rounded pebbles
and Dbioclastic limestone fragments of sedimentary
origin.

Shatter cones occur in a dark gray marl to marly
limestone of the Agoudim Formation of Aalenian to

Lower Bajocian age (Studer and du Dresnay 1980), also
described as the Agoudim 1 Formation “Ag 1”7 (Fig. 3)
(Charriere et al. 2011). They are well developed, with
curved surfaces of various orientations and diverging
striations and meet all the criteria listed by Baratoux
and Reimold (2016). New outcrops of marly limestone
with SCs were discovered during the 2018 field
campaign with respect to the earlier map of SC
occurrences (Chennaoui Aoudjehane et al. 2016). The
outcrops with SCs, including these new findings, define
an area of occurrence of 700 x 400 m. Floating SCs are
scattered over an area of ~900 x 700 m.

Three populations of breccias were observed and
mapped (Fig. 5), “brl,” “br2,” and “brl-2.” They were
exclusively observed near the area of SC occurrences
and near the vertical to overturned strata locations.

The “brl” breccia is a calcareous coarse-grained
consolidated breccia, with two populations of carbonate
material: the breccia matrix between the marl/shale
fragments and carbonate clasts (Figs. 5a and 5b). In
some cases, this breccia fills the fractured limestone
formations (Fig. 5b) and includes SC fragments in other
locations (Fig. 5¢). The matrix is abundant (more than
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50% in volume) and has a light beige color. Clasts are
angular and poorly sorted. The breccia deposit has a
thickness of 0.2-0.3 m. A total of four thin sections of
“br1” from four samples collected at the same location
were studied under the optical microscope. Almost all
clasts have a micritic texture without fossils. The matrix
is a clean sparry calcite.

The “br2” breccia is a fine-grained breccia and
represents a pinkish calcareous duricrust with angular
fragments of marly Jurassic limestone (Fig. 5d).
Cathodoluminescence analysis of several Agoudal
breccia samples has shown one generation of clasts
(Chennaoui Aoudjehane et al. 2016). The thickness of
the deposit ranges from 0.3 to 0.5 m. These fragments
are well sorted and appear to show a preferred
orientation parallel to the slope. This breccia is

interpreted as a cemented scree slope. Similar
noncemented scree slopes are observed in the disturbed
area with fragments of similar dimensions.

The “brl-2” is a poorly sorted medium-grained
marly Jurassic limestone breccia. The particle size
ranges from 0.01 to 0.1 m. It represents an
intermediate facies between “brl” and “br2.” This
breccia deposit has an average thickness between 0.3
and 0.5 m. It contains more matrix than “brl,” but
less than “br2.” The matrix is more altered and more
whitish than in “brl” and “br2” breccias, probably
due to a prolonged alteration by stagnant water
under the red silts on a fairly flat topography. The
three populations of breccia are exclusively observed
near the area of SC occurrences and the vertical to
overturned strata location.
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Analysis of Structural Measurements

The spatial distribution of faults and joints is given
in Fig. 4. The disturbed area with SC outcrops,
breccias, and the vertical to overturned strata is
surrounded by subtabular formations. The subtabular
formations surrounding the disturbed area along the
NE-SW profile are fractured and mostly intercalated by
marls of up to 50 cm with a strike parallel to the most
common trend in the Atlas, N70°. The subtabular
formations consist of the thickest limestone units within
the Bajocian series, reaching up to 20 m thickness. The

fractured limestone formations are mostly affected by
faults and joints related to the Atlas orogenic
shortening with no obvious structural features that
could be related to the impact event (Ibouh 1995;
Chennaoui Aoudjehane et al. 2016). The fractures are
filled with narrow to centimeter-sized calcite veins.
Faults striking along N-S and E-W directions are
steeply dipping. They are most likely related to the
High Atlas regional tectonics.

The map of dip angles, covering the central
area of 2.25 km? (Fig. 6), shows a disturbed area
with a diameter of 0.12 km? (in red), with two
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stereogram of bedding planes (lines) and surface poles (dots). This series of plots shows how bedding orientation is different
from the High Atlas trend. This local disturbance is most likely due to the impact event. Bottom: orientation data of faults and
joints (fracturing in general) (n = 85). d) Density distribution of fracture surface poles. ¢) Rose diagram of the strike of the fault
and fracture planes with the most common tectonic fracture directions related to the Atlas orogenic shortening, N-S and E-W,
marked in red. f) Stereogram showing the orientation of fault and fracture planes (lines) and the poles of these planes (dots). The
bottom series of plots shows that the fracturing in the studied area is similar to the fracturing recognized in the High Atlas. All
measurements were taken over the mapped area of 6 km? including the area with SC outcrops. (Color figure can be viewed at

wileyonlinelibrary.com.)

domains with enhanced dipping (vertical to
overturned strata), which correspond to the SC
outcrops. The vertical and overturned strata show
either a WNW-ESE or a NE-SW trend (Chennaoui
Aoudjehane et al. 2016). It should be mentioned
that another vertical layer, with a N-S direction,
was observed at the “Main Hill” (MH, Fig. 4). The
“Main Hill,” with SC outcrops, is surrounded by
subhorizontal beds with the most common trend in
the Atlas, N70°. Our data show that the vertical to
overturned layers are not related to the Atlas

deformation. Dip azimuths ranging from 50° to
230°, appearing in red on the dip azimuth map of
the strata (Fig. 7), seem to be correlated with the
SC area. The chaotic mixture of limestone, marl,
and red soil with locally tabular or irregular breccia

deposits precludes clear distinction of structural
features or stratification at the “Main Hill”
(Chennaoui Aoudjehane et al. 2016). Note that

interpolation results in the agricultural fields “AF”
being unreliable since no measurement of strike or
dip was done in this area (absence of outcrops).
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factor of exaggeration. The polar plots corresponding to the deviation from concentric strike bedding for the seven other input
points are given in Material S1. (Color figure can be viewed at wileyonlinelibrary.com.)

Orientation data of bedding planes are shown in
Figs. 8a—c, while the orientation data of faults and

measurements of the bedding planes of the central zone,
where SCs in situ and vertical to overturned strata are

joints related to the regional High Atlas fracture
systems, including the Tertiary Alpine shortening
(Frizon de Lamotte et al. 2008; Michard et al. 2011),
and the deformation systems related to the impact
cratering event shown in Figs. 8d—f. The orientations of
fault and fracture planes within the Agoudal area are
similar to the fracturing observed in the High Atlas and
particularly in the Imilchil transect, with two major sets
of fracturing: a N-S set and a ~N80-90 set (Ibouh 1995;
El Moudjahid et al. 2016). At the “Main Hill,” the
stereographic projection in Fig. 8a shows mainly strata
dipping steeply toward the east to south.

The concentric deviation method was applied for
eight test points. The points were selected within the
disturbed zone and within the observed maximum
spatial extent of in situ SCs. For each point, we have
considered the entire set of collected strike

reported. The lowest degree of deviation from pure
concentric strike is found if the center is placed in the
“Main Hill” (noted “MH” in Figs. 9a and 9b) at
31°59'13.73"N, 5°30'55.14"W (point 6) (Figs. 9a and
9b). The other selected points (presented in Material S1
in supporting information) show a significantly higher
degree of deviation from pure concentric strike
compared to point 6.

Geological Map and Cross Sections

Our lithological and structural observations are
reported here on the first geological and morphological
map of the Agoudal impact structure, at a scale of
1:30,000 (Fig. 10a). A more detailed map is given over
the central area at a scale of 1:15,000 (Fig. 10b). Six
cross sections of the Agoudal impact site are presented
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Fig. 10. a) Geological map of the Agoudal impact site, covering an area of 6 km? with the polygon of the central area
represented in (b). b) Geological map of the central area. The disturbed region has an area of about 2.25 km?. It includes shatter
cones, vertical to overturned strata (in dark blue color), and breccias, with the localization of six schematic cross sections. ¢) Six
cross sections in WSW-ENE direction (A-A’; B-B’; C-C’), SSW-NEE direction (D-D’ and E-E’), and NNW-SSE direction (F—
F’). Note that Agoudim marls and marly limestones are not represented at the river location, as there is no clue of their trending
under the river bed. (Color figure can be viewed at wileyonlinelibrary.com.)

in Fig. 10c. Their locations are shown on the close-up
view on Fig. 10b. They are oriented in different
directions: WSW-ENE (A-A’, B-B’, and C-C’), SSW-
NNE (D-D’ and E-F'), and NNW-SSE (F-F'). A-A’

intersects the southern part of the area which is
tectonically deformed by the Atlas orogenic shortening
but does not show any disturbance related to the
impact, and also does not show SCs in floats or in
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Fig. 11. Conductivity map of the Agoudal impact structure superimposed on the topographic image. See color scale for
conductivity values. Values less than 1 mS/m are shown in black and values in excess of 6 mS/m are shown in purple. Five cross
sections of the apparent conductivity in ENE-WSW direction (A-A’ and B-B’) and in the NW-SE (C-C’; D-D’ and E-E') are
presented in Fig. 12. “OS,” “MR,” and “MH” abbreviations refer to the vertical to overturned strata, the “Main River,” and the
“Main Hill,” respectively. (Color figure can be viewed at wileyonlinelibrary.com.)

outcrops. The cross sections B-B’ and C-C’ are drawn
across the central area (“Main Hill”), which is
associated with local structural disturbances, the three
types of breccias, the main outcrops of SCs, and the
vertical to overturned strata, as well as the vertical
strata discovered recently at the “Main Hill.” D-D’
highlights the disturbance of the central area. It includes
the SC outcrops, the breccias, and the vertical to
overturned strata, as well as the fault system related to
the impact event. E-E’ shows the three types of
breccias, especially “brl” (unclear origin), and the
succession of the Quaternary terrains (red = silts,
alluviums, and colluviums). The transition from the
subtabular area to the disturbed area is also reflected in
the cross section E-E’. The cross section F-F’ shows a
tabular domain within the disturbed area and the
transition from Jurassic formations to the fine-grained
breccias and eventually the Quaternary red silts of the
Sultanian formation.

Conductivity Mapping and Profiles

In Fig. 11, an apparent conductivity map at 15 m
depth is superimposed on the topographic image of the

studied area. Although the “Main River” is generally
dry (“wadi”), some water wells for irrigation, located
nearby, indicate permanent groundwater reservoirs
under the riverbed.

The five cross sections of apparent conductivity
(Fig. 12), and the 3-D representation (Fig. 13), show
that the river floor and wvalleys are relatively
conductive (>5mSm~', red and purple colors)
whereas the terrace is relatively resistive (<5 mS m~',
yellow to blue colors). Since the conductivity is
sensitive to the water content, this distribution can be
explained by the existence of groundwater under the
riverbed and wvalley. In the 3-D representation,
resistive blocks (blue colored, <2 mS m~') may be
noted at a depth shallower than 15 m (elevation
ranging from 2380-2410 m) in the center of the
terrace (see blue areas in A-A’, C-C’, and D-D’).
The resistive areas are not necessarily correlated with
elevation, but correlate well with the areas of
occurrences of breccias and SCs. These resistive
blocks may be part of a circular anomaly of 350 m in
diameter of resistive material. However, it is not
possible to conclude on the circular nature of the
anomaly given the erosion at the NW and SE sectors.
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Fig. 12. Five cross sections of the apparent conductivity in WSW-ENE direction (A-A’ and B-B’) and NW-SE direction (C-C’;
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Fig. 15. Agoudal magnetic mineralogy evaluated using hysteresis parameters measured from Agoudal samples AGC, AGD,
AGG, and AGL (red squares) and the theoretical curves of Dunlop (2002). Abbreviations: Mrs = saturation remanence;
Ms = saturation magnetization; Hc = coercivity; Her = coercivity of remanence; SD = single-domain; MD = multidomain; and
SP = pseudo-single domain. (Color figure can be viewed at wileyonlinelibrary.com.)

Magnetic Field Mapping

The RTP magnetic field anomaly map (Fig. 14)
shows a general negative signal (—10 nT) in the central
and southern part of the studied area, while a positive
anomaly is found in the eastern and western parts of
the magnetic map. The negative anomaly area occurs at
the top of the central hill (MH) where the main SC
outcrops and breccias are located, but also south from
this “MH.” The positive anomaly signal (+10 nT)
coincides with areas where the layers are subtabular.
These subtabular layers are dominated by colluviums of
the Rharbian period as well as red silts of the Sultanian.
The applied analytical signal (AS) technique (Blakely
1995) unveils the location of the magnetized sources
which cause the RTP low magnetic anomaly (Material
S2 in supporting information). A positive AS area
clearly corresponds to the “Main Hill.” Therefore, our
magnetic data support a possible association between
the “geologically disturbed” area in Agoudal (mainly
SC area and “MH”) and the magnetic low which
extends toward the south.

Rock Magnetism
Magnetic susceptibility measurements were carried

out to support the interpretation of the magnetic
anomalies. The dark limestone shows a rather

homogeneous value at 1.5 + 0.6 x 107> SI. Hysteresis
measurements on +4 samples (AGC, AGD, AGG, and
AGL) show that paramagnetic clays account for only
25 4+ 3 x 107° SI. Based on hysteresis parameters (M,/
Mg =0.16, H./H. =5 with H.. =38 mT, see Fig. 1),
ferromagnetic contribution appears to be carried by
magnetite, with domain state from superparamagnetic
to pseudo-single domain. Assuming pure magnetite, the
measured M (13.5 + 3.3 mAm” kg~") corresponds to
150 ppm of magnetite.

However, in two SC-bearing sites (AGC and AGQG)
(Fig. 4), the limestone appears white to yellowish,
suggesting secondary oxidation of pyrite. In the
limestone as well as in the breccia samples, this
oxidation leads to a much lower susceptibility of
220 + 80 x 107 SI on average, which is interpreted as
the breakdown of magnetite.

Natural remnant magnetization intensity varies in
gray limestone outcrops between 10 and 83 mA m .
Its direction before demagnetization appears close to
PDF, allowing to estimate total in situ magnetization by
simple scalar addition of NRM and K multiplied by the
PDF intensity. The Koenigsberger ratio of remnant
over induced magnetization is on average 0.7 + 0.4.
Total average magnetization is 84 + 40 mA m~'. In the
two oxidized limestone outcrops as well as in the
breccia, NRM intensity is lower (5.5 + 0.8 mA m™ ")

leading to a total magnetization of 11 + 5 mA m ..
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Therefore, the process of surface fragmentation and
oxidation, enhanced at depth in the SC bearing
fractured zone, may lead to a negative magnetic
anomaly associated with a magnetization decrease of
73 £+ 45mA m~'. Such a layer is indeed able to
generate a magnetic anomaly low of the order of
—10 nT (Fig. 14). The magnetic anomaly is too poorly
defined to estimate a layer thickness.

Cosmogenic Nuclides
The sample concentrations inside the area with SCs

and at a distance of 5 km from this area were found to be
of 4.67 and 9.76 10° atoms °°Cl g~!, respectively.

This translates into denudation rates of
430 and 220 m Ma~'  (with a  10% uncertainty),
respectively (see Schimmelpfennig et al. 2009). These

reported erosion rates are 10 times higher than average
rates observed for the carbonate plateau around the
Mediterranean Sea (from 17 to 19m Ma™' in
the Mediterranean semiarid zones to 21-25 m Ma~' in
the hyperarid zone; Ryb et al. 2014). Moreover, this
erosion rate is higher than the erosion rate of 80 m Ma '
inferred from apatite fission-track thermochronology for
the Neogene, or similar denudation rates of 80 m Ma '
(0.08 mm yr—') estimated for the Anti-Atlas region (Ruiz
et al. 2011).

DISCUSSION
Discussion of the Geological and Structural Data

Although no circular structure is observed on
remote sensing data or inferred from structural or
geological observations around the SC locations, the
combined geological, structural, and geophysical data
reveal a disturbed area. Considering that the
surrounding bedding layers are subhorizontal and are
characterized by the most common strike trends in the
Atlas (N70°; Ibouh 2004), the vertical and overturned
strata represent an anomaly with respect to the tectonic
history. They are therefore interpreted as target rocks
that were tilted during the excavation or collapse phase
of the impact cratering event. Furthermore, both sides
of the anticlinal ridges (Figs. 2a and 2b) surrounding
Agoudal show an average dip of 25-45° toward the
north or south (Ibouh and Chafiki 2017). The
occurrence of vertical bedding at a synclinal zone
between two ridges, which is found at the Agoudal site,
is anomalous. The fine fracturing noticed in the vertical
layers appears to be exclusively related to the disturbed
area and not related to the major Atlas-age folds. It is
of note that the best candidate for the location of the
center of the crater, based on the deviation from
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concentric strike, is located in the “Main Hill.” This is
concordant with the structurally most disturbed area
and the occurrence of SC outcrops.

The breccia “brl,” which is distinct from the
consolidated scree slopes “br2” and “brl-2,” is only
present in the disturbed zone. It also includes fragments
of SCs. The earlier hypothesis that this breccia is an
impact product (Lorenz et al. 2015) is not confirmed by
the present study, but is not ruled out either. The “brl”
breccia could be a lithic monomict impact-related
breccia, taking into consideration that lithic monomict
breccias do not systematically show shock metamorphic
overprint or impact melt rock (Stoffler and Grieve
2007). Moreover, monomict brecciation  occurs
frequently at impact craters (Stoffler and Grieve 2007).
Considering that SC fragments contained in “brl” are
scattered and oriented in different directions, the event
responsible for SC formation 1is older than the
emplacement of the breccia deposit.

Discussion of Geophysical Signatures

The interpretation of the geophysical signatures of
largely eroded impact structures and inferences on the size
of the structure may be challenging. In the extreme case
of the small and old (455 Ma) meteorite impact crater of
Kérdla (4 km diameter, Estonia), the geophysical
properties of rock samples that are situated at large
depths with respect to the eroded crater floor are similar
to those of unshocked target rocks (Plado et al. 1996).
Indeed, the effects of shock on geophysical properties are
best seen in the rocks of the crater floor (impact breccias),
not in those at larger depths. The central uplift of the
Kardla impact structure, as shown by drill core data, has
no observable geophysical signal (Plado et al. 1996).

At Agoudal, the magnetic low coincides well with
the disturbed main hill (MH), where the main SC
outcrops and breccias are located, as well as south of
the MH. This might be due to the impact event that has
reduced the target rock magnetization. The positive
anomaly signal (+10 nT) coincides with areas where the
layers are subtabular. A larger survey may be necessary
to confirm the origins of the magnetic patterns.
However, in the case of the electric conductivity, a
resistive anomaly is correlated with the SC occurrence
area and the vertical to overturned layers trending
N150-N160, which are not related to the major Atlas
deformation. High conductivity is observed at the
“Main Hill” (MH, Fig. 11) where many SC outcrops
and thick breccia deposits are located as well as in the
valleys and in the NNW area. The resistive areas and
the conductive material in the subsurface of the “Main
River” are therefore hypothesized to be part of the
impact structure.
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In general, the main change in the electrical
properties of the target rocks due to the impact is an
increase in conductivity due to the fracturing of the
rock increasing porosity and, more importantly
permeability, allowing a current to be carried by ions in
pore fluids (Hawke 2004). Low resistivity, associated
with fracturing of crystalline target rocks and
postimpact crater fill, was identified at the Saarijarvi
impact structure (Pesonen et al. 1998). The electrical
mapping at Saarijarvi has shown half of a possible
circular feature, while the area where the other half
could be observed is covered by a lake (Pesonen et al.
1998). A positive anomaly of electric conductivity was
also identified at the Karikkoselka impact structure
(Pesonen et al. 1998). In both examples, the
conductivity is due to the fracturing within the
substructure of the crater which might also be the case
at the Agoudal impact site.

Discussion of Denudation Rates

The rapid erosion determined by *°Cl
measurements, which is in the 220-430 m Ma ™! range,
is consistent with the high altitude and rough

topography favoring erosion by meteoric water, snow
melting floods, and cryoclastic processes associated with
successions of freeze—thaw cycles. Considering that SCs
occur within an area of 1/2-1/6 of the impact crater’s
original diameter (Baratoux and Reimold 2016), the SC
outcrop area of 700 x 400 m in the Agoudal impact
structure supports an original crater diameter of 1.4—
4.2 km. This diameter should be associated with an
original topographical relief of ~140 to 420 m (1/10 of
the crater diameter; Melosh 1989), Using the new
estimates of Agoudal erosion rates of 220430 m Ma ',
the morphologic expression would be completely eroded
within 0.3-1.9 Ma. Moreover, we observed the presence
of long dead cedar stump on the top of the main SC
hill, indicating that a forest was once present above the
crater. Anthropogenic destruction of this forest in the
last millennia may account for accelerated erosion and
soil disappearance. In fact, remnants of yellowish thick
soil or scree mantle are visible on both sides of the
valley. Such formations are lacking in the crater area.
Higher erosion or incision rates needed to erase a 1-
km crater in about 100,000 yr (the age of Agoudal iron
meteorite) would not be consistent with the widespread
preservation of reasonably freshly preserved iron
fragments of the meteorite of Agoudal. These
considerations further refute a coeval impact event
associated with the SCs and the Agoudal meteorite fall.
A fall onto a previously formed impact crater appears
surprising. However, such coincidental events have been
reported elsewhere (Aouelloul structure, according to
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Fudali and Cressy 1976; Rio Cuarto, according to
Levine et al. 2007) and are not impossible from a
statistical point of view (see the discussion by
Chennaoui Aoudjehane et al. 2016).

Stratigraphy and Chronology of Events at the Agoudal
Impact Site

The stratigraphy of the Mesozoic—Cenozoic series of
the Central High Atlas is summarized in Figs. 2 and 3,
and is reflected in the cross sections of Fig. 10c. The
chronology of events that took place in the Agoudal site
is presented in Fig. 16. They may be described as
follows:
1. Deposition of Mesozoic sedimentary sequence.
2. A major discontinuity corresponding to a huge time

gap (55 Ma, Paleocene—Eocene boundary, to
0.8 Ma, Middle Pleistocene) and an important
erosion.

3. The major Atlas orogeny in the Upper Eocene and
Neogene (between 37 and 10 Ma).

4. The impact event: formation of an impact crater
with a diameter of 1.4-4.2 km, formation of SCs,
and vertical to overturned strata (1.9-0.3 Ma).

5. Postimpact erosion, removing hundreds of meters of
Bajocian sediments and exposing the Agoudal SCs.

6. Formation and consolidation of breccias. The
formation and consolidation of coarse-grained
calcareous breccia deposits “brl” (>10 cm) occurred
in the central disturbed area, filling fractures and
including scattered SCs fragments. If this breccia
was impact related, it formed within a few seconds
after the impact event in the crater basement. The
formation and consolidation of fine-grained breccia
“br2” deposits (fragment size <1 cm) occurred in
the southern part of the disturbed area (Fig. 10b).
The medium-grained breccia “brl1-2” is localized in
the western area (profiles E-E’ and F-F’; Fig. 10c).
The “br2” and “brl-2” types of breccia, beneath the
Sultanian red silts, are attributed to the Amirian—
Tensiftian ages of the Moroccan Quaternary epoch
(Middle Pleistocene, between 0.781 and 0.126 Ma).
The “br2” breccia is found deposited on top of the
“brl1” breccia. Hence, “brl” is older than ‘br2,” and
“brl-2” is an intermediate breccia to “brl” and
“br2.” The three types of breccias seem to be
related. They are considered as Quaternary
sedimentary cemented colluvium. The different
brecciation events and consolidation of breccias
deposits might have occurred in a short period of
time.

7. Erosion period corresponding to an important
sedimentary gap with a radical climate change
between hyperhumid periods with generalized runoff
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Fig. 16. Chronology of events at the Agoudal impact site. (Color figure can be viewed at wileyonlinelibrary.com.)

on the slopes, and a subsequent period with a
tropical climate allowing the formation of red
oxides (Early Pleistocene, between 2.5 and 0.7 Ma).

8. Formation of red silt deposits, reaching several
meters thickness, during the Sultanian (Upper
Pleistocene, between 0.1 and 0.01 Ma).

9. Fall of the Agoudal iron meteorite
(0.105 4+ 0.040 Ma; Hutzler et al. 2014; Hutzler
2015).

10. Erosion period corresponding to an important
sedimentary gap marking the end of the oxidizing
tropical period and the beginning of the current
temperate period (Rharbian, 0.006 Ma; Beaudet
et al. 1967).

11. Nonconsolidated colluvial deposits connected with
the alluvium of the bottom of the thalwegs
(0.006 Ma to present).

Comparison of Agoudal Impact Structure with Santa Fe
Impact Structure and Steinheim Crater

The Santa Fe impact structure, ~8 km northeast of
the city of Santa Fe, New Mexico, USA, was confirmed
by the occurrence of meter-sized SCs in
Paleoproterozoic crystalline rocks exposed over an area
of 5 km? (Fackelman et al. 2008). There are notable
similarities between Santa Fe and the site of Agoudal.
As with Agoudal, the Santa Fe impact structure does
not show any circular expression in the topography of
satellite imagery (Montalvo et al. 2018).

Santa Fe was identified following the fortuitous
observation of SCs by Thornton H. McElvain during
field work in 2005 (Fackelman et al. 2008). These
meter-sized SCs are well developed, facilitating their
discovery, contrary to the centimeter-sized well-
developed SCs of Agoudal. As for Agoudal, SC
occurrences are assumed to represent the remnants of

the central uplift of an eroded crater. Several SCs were
also found in float rocks, suggesting a large area of
occurrences. The diameter of 6-13 km (Fackelman
et al. 2008) is based on the extent of SC occurrences.
At least three different types of breccias have been
reported at Santa Fe (Wright et al. 2010; Wright and
Cavosie 2017) and their origin is unclear, as in the
case of Agoudal. The breccias are interpreted as the
remnants of impact and/or fault breccias by Wright
and Cavosie (2017). In contrast to the impact-related
vertical to overturned strata in Agoudal, no evidence
for impact-related tectonic deformation has been
reported at the macroscopic scale. Moreover, reported
tectonic deformation after the impact event at Santa
Fe and the complex tectonic context do not facilitate
the identification of impact-related deformation
(Montalvo et al. 2018). The age of the Santa Fe
impact structure is not known, although the lack of
circular features, the absence of geophysical signatures,
and the evidence of postimpact tectonic deformation
do suggest that the impact is ancient. This situation is
considered to be similar to the case of the Agoudal
impact structure, where the structural features,
including vertical to overturned strata, the area of SCs,
and the breccia occurrences may be the relict of a
central uplift of a deeply eroded complex impact
structure.

The distribution of SCs at Agoudal and their
relation to the impact structure may also be analyzed
based on the comparison with the Steinheim impact
structure, which has comparable dimension (3.8 km in
diameter), but is less eroded despite an age of
15.1 &+ 0.1 Ma. SCs are developed in Jurassic limestones
at both impact structures, and are exclusively associated
with the central uplift in the case of Steinheim. The size
of SCs from both structures is similar. This observation
supports the hypothesis that the SCs at Agoudal are
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associated with the central uplift of the structure, even
if its topographic expression has been erased.

CONCLUSIONS

The discovery of the first impact structure in
Morocco was made by the fortuitous observation of
well-preserved SCs during a meteorite search campaign.
Their distribution within the disturbed area, as well as
the location of vertical and the overturned strata along
with breccias, is documented in the first geological map
of the Agoudal impact structure at the scale of 1:30,000.
The general map covers an area of 6 km? and shows the
relationships between the nondisturbed subtabular
Jurassic marl and limestone formations with a central
disturbed area. The central area of 225 km? is
documented in a detailed map at a scale of 1:15,000.
The map of dip angles of the central area with SC
outcrops shows a disturbed zone of 0.15 km? with two
domains of enhanced dipping corresponding to the
vertical and overturned strata observed in the field. A
dip azimuth map shows that these perturbations
correlate with the SC area. The fracturing and
stratification within this area are also disturbed. The
center of original impact crater was determined using
the concentric deviation technique and is located in the
“Main Hill” (31°5913.73"N, 5°30'55.14"W). Further-
more, the location of electromagnetic anomalies and
negative magnetic anomalies also correlate with the
location of SCs and breccias. One of the three breccias
types (brl) might be impact related, though no direct
evidence was found (impact melt rock) to make a
definitive conclusion. The Agoudal breccia requires
further detailed petrological studies and geochemical
analysis, especially considering that breccia samples
from the main outcrop were reported to contain partly
oxidized fragments from the iron meteorite and relics of
weathered impact melt rocks by Lorenz et al. (2015).
Schmieder et al. (2015) has also reported traces of the
Agoudal iron meteorite on the surface of SCs from the
Agoudal impact site.

We conclude that Agoudal SC occurrences are
associated with a single impact structure. The
topographic expression of this structure is now eroded.
The traces of this impact event include SCs and
geophysical anomalies related to the impact event.
Despite high-resolution geological and geophysical
mapping, it remains difficult to constrain the exact size
and the complex or simple nature of the impact
structure. In the case of a simple crater, the vertical to
overturned strata could correspond to a remnant of a
crater rim, but SCs are not expected in the crater rim of
a simple crater. For a complex crater, the structural
features and area of SC and breccia occurrences may be
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the relict of a central uplift, and the “Main Hill”
location would represent the center of the remnant of a
deeply eroded impact structure. As SCs are not
unambiguously reported for structures smaller than
1 km in diameter (Baratoux and Reimold 2016) and
from the fact that they generally occur within an area
corresponding to 1/6-1/2 of the estimated original
diameter of the impact crater, and considering the
newly calculated erosion rates in Agoudal (220-
430 m Ma '), the original impact crater of Agoudal has
more likely a diameter of 1.4-4.2 km and an age of 0.3—
1.9 Ma. These new results are in concordance with the
estimated size of 1-3 km and a minimum age of 1 Ma
based on the Anti-Atlas erosion rates (80 m Ma'; Ruiz
et al. 2011), proposed by Chennaoui Aoudjehane et al.
(2016).

Since the presence of SCs in the rim area of a
simple crater is unlikely, we favor the interpretation
that the area of SC occurrence may be the relict of a
central uplift where the rest of the crater has been
eroded. This assertion 1is also supported by the
comparison with the Steinheim impact structure, and is
similar to the interpretation made of the SC occurrences
at the Santa Fe impact structure. The current estimates
of erosion rates of 430-220 m Ma ™' inside the impact
site and 5 km SE of the disturbed area, respectively,
allow removing hundreds of meters per million years.
These erosion rates are sufficient to completely wipe out
any crater extending from 1.4 to 4.2 km in diameter
within a calculated period time of 0.3-1.9 Ma. Given
the relative chronology of deposits, we confirm that the
impact event and the Agoudal meteorite fall are two
chronologically distinct events (Chennaoui Aoudjehane
et al. 2016). A Dbetter understanding of the SC
formation mechanism and factors controlling their
morphological parameters is critical to elucidate the size
of largely eroded impact structures (Baratoux and
Reimold 2016). Deeply eroded impact structures may
become the most common situation in future
discoveries.
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SUPPORTING INFORMATION

Additional supporting information may be found
in the online version of this article:

Material S1. a) Polar plots corresponding to the
deviation from concentric strike bedding for eight
selected points (point 1: 31°59'm 12.67"N and 5°30”
58.66 W; point 2: 31° 59'18.22"N and 5°30'55.45"W;
point 3: 31° 59'16.07"N and 5°30'56.86"W; point 4:
31°59'05.20"N and 5°59.41"W; point 5: 31°59'15.11"N
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Wright S. P., Tegtmeier E. L., and Newsom H. E. 2010.
Diversity of breccias associated with the Santa Fe impact
structure (abstract #1286). 41st annual Lunar and
Planetary Science Conference. CD-ROM.

and 5°30'53.41"W; point 6: 31°59’13.73"N and 5°
30'55.14"W; point 7: 31°59’07.75"N and 5°31'12.2"W;
point 8: 31°59'13.60"N and 5°31'07.41"W). The
position of the eight selected points, presumed to
represent possible centers of the Agoudal impact
structure, is presented on the satellite image in
Fig. 9a.

Material S2. Map of the analytical signal (AS) over
the study area, derived from the RTP magnetic field
anomaly map (Fig. 14).




