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ARTICLE INFO ABSTRACT

Keywords: The annular Richat Structure, in Mauritania, is among the most striking geological features on Earth visible from
Richat space. Nicknamed “the Eye of Africa”, its intriguing concentric shaping has drawn attention for several decades.
Eye of Africa Formerly hypothesized as an astrobleme, it is now consensually recognized as a complex igneous intrusion,
Mauritania . . . . . . . . .

Gabbros involving two ring-like gabbroic bodies, a central breccia and carbonatite dykes. However, the coexistence of

until now undated tholeiitic gabbros and 99 Ma carbonatites akin to alkaline magmatism remained enigmatic.

We provide the first plagioclase “°Ar/3°Ar age determination and new geochemical data on the gabbroic
bodies. Although no robust age was obtained, numerical modelling of our results suggests that the gabbros were
intruded between 230 and 200 Ma. This age bracket is compatible with the ~200 Ma Central Atlantic Magmatic
Province (CAMP). Moreover, the compositions of these tholeiitic gabbros match the two chemical groups of the
CAMP the best represented in northwest Africa. Therefore, we argue that the Richat gabbros correspond to two
CAMP sills intruded conformably into the Late Proterozoic/Lower Paleozoic sedimentary sequences of the
Taoudenni basin. About 100 My later, the gabbros and their country rocks were locally uplifted by an alkaline
intrusion (expressed now on surface by the carbonatites), resulting in a circular doming, 40 km in diameter. The
subsequent erosion led to the actual flattened concentric structure. Therefore, the Richat Structure represents a
two-stage igneous-history, separated by a time lapse of ~100 My, resulting in two CAMP gabbroic sills
mimicking ring-like bodies.

“OAr/%%Ar age
Central Atlantic Magmatic Province

1. Introduction 2. Geological and structural setting

The circular Richat Structure is one of the most famous geological
features on Earth so far photographed from space since the first orbital
satellites were launched in the fifties. Located in the sedimentary basin
of Taoudenni in Mauritania, it corresponds to an eroded dome, 40 km in
diameter, involving many concentric ring-like structures, giving it its
name “the Eye of Africa”. Beyond its stunning visual aspect, its origin
has long been discussed and is still a matter of debates. Although the
hypothesis of a meteorite impact crater has long been ruled out in favour
of a magmatic origin (Dietz et al., 1969), the chronology of the forma-
tion of this structure and the age of some igneous formations are still
largely unknown. In this study, we provide new chronological and
geochemical data about the gabbros, the most prominent igneous for-
mation of the Richat Structure.

* Corresponding authors.
E-mail address: Gilles.Chazot@univ-brest.fr (G. Chazot).

https://doi.org/10.1016/j.lithos.2024.107698

The ring-like Richat Structure is made of several concentric crests of
late Proterozoic/Lower Paleozoic hard sandstone and quartzitic sand-
stone layers intercalated with softer mudstones (Fig. 1). Two flat-
bottomed depressions with significant salt deposits (sebkra) are pre-
sent in the centre and south of the structure. The centre of the depression
is occupied by a breccia 3 km in diameter and up to 40 m thick. It is
composed of polymictic fragments (sandstones, stromatolithic lime-
stones) embayed in a quartz/feldspar-rich matrix. The breccia is highly
silicified. Analcimolites, rocks made of >75% of analcime, are present in
the SW and NE parts of the central depression and form crests up to 3.5
m thick above the sebkra surface. They are principally made of anal-
cime, calcite, iron oxides and zeolites, in addition to angular quartz
grains. Gabbroic rocks are also present as two of the most central ring
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structures. The ca. 70 m-wide outer ring (Tin Jouker) is located 7-8 km
from the centre, while the 30 m-wide inner one (Guelb Richat) is only 3
km from the centre. The Richat intrusive complex also comprises a
swarm of >60 carbonatite dykes, from 0.30 to 1.5 m-thick and mostly
orientated in the range N10-30°E, that cut at high angle the regional
ring structure (Woolley et al., 1984). Most of them occurred in the
southern half of the structure. They are systematically highly weathered
and contain many xenoliths of sedimentary country-rocks (Sedigh et al.,
2024). Two carbonatite necks were also recognized in the central part of
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the depression (Poupeau et al., 1996). Kimberlitic rocks described from
a trench made by Ashton Mining in the northern part of the Richat
Structure (Matton and Jébrak, 2014) are no longer exposed at the sur-
face. Their presence at shallow depth has been recently confirmed by
magnetic records (Abdeina et al., 2021). The circular Richat Structure is
cut by a network of variously-oriented faults, striking predominantly at
N10°E, N90°E and N160°E, and displaying for most of them an exten-
sional component (Fig. 1).

Due to its spectacular appearance, especially from space, the origin
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Fig. 1. Geological map of the Richat structure. The sample numbers refer to the gabbros analysed in this study. Insert: sketch map of Africa showing the location of
the Richat structure in Mauritania (modified from O’Connor et al., 2004). The trace of the cross-section in Fig. 10 is drawn. The upper left inset shows a satellite

image of the Richat Structure (Image from Google Earth).



E.H. Abdeina et al.

of the Richat Structure has long been investigated and disputed. The
meteorite impact model formerly proposed by Cailleux et al. (1964) was
later discarded and substituted by igneous models which imply a
shallow central intrusion that caused the up-doming of the sedimentary
country-rocks and a network of sill/dyke bodies that possibly fed a
volcanic activity at the surface (Abdeina et al., 2021; Dietz et al., 1969;
Matton et al., 2005; Matton and Jébrak, 2014; O’Connor et al., 2004;
Trompette, 1968).

Hovever, there are still unresolved issues about the nature, re-
lationships and origin of some Richat igneous and sedimentary com-
ponents whose recognition is hindered by the pervasive hydrothermal
alteration processes experienced by the whole area. Two disputable is-
sues concern the two gabbroic intrusions. They have been considered by
some authors as sills, based on their apparently concordant relationships
with the sedimentary country rocks (O’Connor et al., 2004; Trompette,
1968), whereas others favour ring-dyke structures, based on their cir-
cular geometry (Abdeina et al., 2021; Matton and Jébrak, 2014).
However, the sand cover precludes unambiguous contact observations.
The atypical spatial association of gabbros of tholeiitic affinity (Matton
and Jébrak, 2014; Trompette, 1968) with carbonatites (Woolley et al.,
1984), and kimberlites (Matton and Jébrak, 2014) usually related to
alkaline magmas remains also unsolved. Matton and Jébrak (2014)
tentatively explained this unusual association by the coeval rise of
tholeiitic magmas from the subcontinental lithospheric mantle and
alkaline magmas from the asthenosphere. However, radioisotopic dating
of the gabbroic rocks was missing to definitely check the validity of this
hypothesis.

Futhermore, the central breccia has been attributed to a karst
collapse post-dating a hydrothermally induced dissolution of limestone
layers (Matton et al., 2005). Yet, the relationships between this breccia
and the igneous events is still unclear.

More controversial are the nature and origin of the central analci-
molites. While it is consensually accepted that they seem to be the
product of a strong hydrothermal alteration, whether they derive from
rhyolites (Bidaut and Durandau, 1962; Bardossy et al., 1963; Fudali,
1973; Matton and Jébrak, 2014) or from lacustrine sediments (Tromp-
ette, 1968; Boussaroque, 1975; O’Connor et al., 2004) is still a matter of
debates.

3. Previous geochronology with inference on emplacement
history

The first absolute chronological data obtained on the Richat igneous
rocks by Poupeau et al. (1996) from fission tracks analyses of apatites in
carbonatitic rocks (one neck and two dykes) gave an integrated age of 99
+ 5 Ma for their emplacement. Note that these authors discarded a
fission track age of apatite at 85 + 5 Ma previously obtained by the same
team on a carbonatite dyke (Netto et al., 1992), because of suspected
irradiation problems.

Moreover, an unpublished age of ca. 99 Ma was obtained by Asthon
Mining Inc. on the northern kimberlitic plug (quoted in Matton and
Jébrak, 2014). This age is coeval to the carbonatite age, but information
on the dating method is not available so it remains to be validated.

Matton et al. (2005) obtained an age of 98.2 + 2.6 Ma using
40Ar/3°Ar on K-feldspars extracted from grey sediments associated with
the central breccia. This age was consistent with the fission track ages
yielded by the carbonatites (Poupeau et al., 1996). Consequently, they
interpreted the whole Richat Structure as resulting from a doming
process induced at depth by a ca. 100 Ma-old alkaline complex, coeval
with an important hydrothermal process which in turn produced kar-
stification and breccias in the centre of the structure.

Notwithstanding the limited geochronological data, Matton and
Jébrak (2014) proposed an emplacement model for the Richat complex
implying a large tholeiitic magma chamber that fed (undated) gabbroic
ring dykes shortly before the arrival of deep alkaline magmas forming
the carbonatitic dykes and the kimberlite plug. At a third stage, felsic
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silicate melts derived from the underlying magma chamber would form
the presumed central rhyolites (i.e. now analcimolites). According to
these authors, all these events were thought to occur in <10 My at
around 100 Ma.

The aim of this paper is to provide the first “°Ar/3°Ar data on the
gabbroic ring-like bodies and to investigate their geochemistry in order
to better constrain the Richat igneous history and to solve the enigma of
supposedly coexisting tholeiitic and carbonatitic magmas.

4. Analytical methods

Major and trace elements: Whole-rock major elements on gabbros
were measured on the Horiba-Jobin-Yvon-Ultima 2 ICP-AES at the
IUEM (European Institute for Marine Studies, Pole de Spectrométrie
Océan, Brest, France). The detailed description of the analytical pro-
cedure is given in Cotten et al. (1995). Major elements were determined
from an H3BOg solution, boron being used as internal standard for ICP-
AES analysis. For major elements, relative standard deviation is 1% for
SiO5 and 2% for the other major elements.

Trace element concentrations were measured with a Thermo
Element2 HR-ICP-MS in Brest (France), after a repeated HF-HClO4
digestion, and HNOg3 dilution (see Li and Lee, 2006 for details). The
repeated analysis of the international standard BCR2 demonstrated an
external reproducibility better than 5-10% depending on the element
and concentration. All the data are presented in Table 1.

“0Ar/3°Ar geochronology: Plagioclase crystals were separated from
the 150-215 pm fraction using a Frantz isodynamic magnetic separator
and were hand-picked grain-by-grain under the binocular stereomicro-
scope. Plagioclase crystals were further leached using diluted HF (2 N)
for 5 min and thoroughly rinsed in distilled water and loaded in two
separated discs, along with unrelated samples. The plagioclase sample
was irradiated for 40 h alongside Fish Canyon standards (Jourdan and
Renne, 2007), for which an age of 28.294 Ma (+ 0.13%) was used
(Renne et al., 2011). The discs were Cd-shielded (to minimize undesir-
able nuclear interference reactions) and irradiated in the Oregon State
university nuclear reactor (USA) in central position. The mean J-values
computed from standard grains within the small pits are given in Sup-
plementary Material (Sup. Mat. 1, 2). Mass discrimination was moni-
tored regularly through the analysis using an automated air pipette and
relative to an air ratio of 298.56 + 0.31 (Lee et al., 2006) and values are
provided in Supplementary Material. The correction factors for inter-
fering isotopes were (39Ar/37Ar) Ca = 6.95 x 10 ~* (+ 1.3%),
%A1/ Ar) Ca = 2.65 x 10 ~* (& 0.84%) and (*°Ar/**Ar) K = 7.30 x 10
—4 (£ 12.4%; Renne et al., 2013). The 4OAr/39Ar analyses were per-
formed at the Western Australian Argon Isotope Facility at Curtin Uni-
versity. Plagioclase crystal populations were step-heated using a
continuous 100 W PhotonMachine© CO; (IR, 10.6 um) laser fired on the
crystals during 60 s. Each of the standard crystals was fused in a single
step.

The gas was purified in an extra low-volume stainless steel extraction
line of 240 cc and using one SAES AP10 and one GP50 getter. Ar isotopes
were measured in static mode using a low volume (600 cc) ARGUS VI
mass spectrometer from Thermofisher© set with a permanent resolution
of ~200. Measurements were carried out in multi-collection mode using
four faradays to measure mass 40 to 37 and an ultra-low-background
compact discrete dynode ion counter to measure mass 36. We
measured the relative abundance of each mass simultaneously using 10
cycles of peak-hopping and 33 s of integration time for each mass. De-
tectors were calibrated to each other electronically and using Air shot
beam signals. The raw data were processed using the ArArCALC soft-
ware (Koppers, 2002) and the ages have been calculated using the decay
constants recommended by Renne et al. (2011). Blanks were monitored
every 3 to 4 steps. All parameters and relative abundance values are
provided in Supplementary Material and have been corrected for blank,
mass discrimination and radioactive decay. Individual errors in Sup-
plementary Material are given at the 1c level.
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Table 1
Major and trace elements for gabbros.
SR- SR- SR- SR- SR- SR-035 SR-
021 022 023 025 034 037
. Outer
Inner ring .
ring
Major elements
(wt%)
SiOy 51.49 51.51 50.61 51.45 50.13 50.57 51.41
TiOy 0.93 0.94 0.81 0.96 0.90 0.98 1.02
Al,O3 14.99 15.32 16.29 15.28 14.64 15.92 16.10
FeyOs7 10.13 10.14 9.99 10.43 10.55 10.38 10.33
MnO 0.16 0.16 0.15 0.17 0.21 0.19 0.17
MgO 7.68 7.24 4.84 7.26 7.58 6.55 6.42
CaO 10.81 10.69 10.36 10.56 8.97 11.02 10.98
Na,O 212 2.18 2.68 2.20 2.99 2.28 2.33
K0 0.73 0.81 1.87 0.81 1.22 0.65 0.56
P,05 0.14 0.15 0.21 0.15 0.09 0.10 0.13
LOI 0.76 0.89 2.38 0.58 2.40 1.51 0.85
Total 99.93 100.04 100.19 99.85 99.70 100.15 100.32
Trace elements
(ppm)

Be 0.79 0.82 0.70 0.72
\Y% 258 266 271 268
Cr 513 364 80.0 80.0
Mn 1361 1387 1566 1445
Co 47.3 46.5 44.3 43.6
Ni 101 91 83 80
Cu 91 929 113 109
Zn 73 78 133 103
Ga 18.53 19.09 20.57 20.40
Rb 23.92 27.12 19.49 17.92
Sr 228 229 197 210
Y 19.43 20.64 19.56 20.72
Zr 88.5 89.8 78.2 88.2
Nb 10.1 10.3 4.9 6.1
Mo 0.79 0.85 1.12 0.96
Ba 541 362 188 195
La 12.43 13.47 9.17 9.97
Ce 25.78 28.38 20.26 22.17
Pr 3.31 3.60 2.76 3.03
Nd 13.94 15.14 12.34 13.60
Sm 3.16 3.40 3.05 3.31
Eu 1.11 1.16 1.13 1.16
Gd 3.52 3.83 3.46 3.77
Tb 0.59 0.62 0.59 0.64
Dy 3.50 3.73 3.52 3.79
Ho 0.72 0.77 0.72 0.77
Er 1.99 212 1.97 211
Tm 0.30 0.32 0.30 0.32
Yb 1.99 2.10 1.91 2.05
Lu 0.29 0.31 0.28 0.29
Hf 2.74 2.90 2.53 2.72
Ta 0.89 0.95 0.48 0.49
w 0.31 0.34 0.32 0.29
Pb 3.36 3.54 22.24 19.81
Th 2.45 2.54 1.92 1.86
1) 0.54 0.57 0.33 0.38

Our criteria for the determination of plateau are as follows: plateaus
must include at least 70% of °Ar. The plateau should be distributed over
a minimum of 3 consecutive steps agreeing at 95% confidence level and
satisfying a probability of fit (P) of at least 0.05.

5. Petrographic and geochemical data

Three samples from the outer gabbro and four samples from the inner
gabbro were collected (Fig. 1). They display rather similar doleritic
(subophitic) textures (Fig. 2). Their paragenesis is dominated by ca. 50%
of plagioclase (labradorite - bytownite, in the range Ang; 79 Abgy 37
Org.7-1.2, associated with ca. 25% of clinopyroxene (both augite-
diopside and pigeonite (Enge.s4 Wa1_47FS10-36, Engs.s57 Wo.13Fs35 44,
respectively) and ca. 10% of orthopyroxene (Ens4.79 W4.5Fs17_41). 5-7%
of large anhedral Fe—Ti oxides are present. Graphic intergrowths of
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quartz and feldspar (micropegmatite) occur in small interstitial pockets.
Minor amounts of secondary amphibole and biotite are observed, but no
zircon has been observed in these samples. These mineral characteris-
tics, in particular the presence of pigeonite and the chemical composi-
tion of the augitic clinopyroxenes according to the Ti vs Ca + Na
diagram of Leterrier et al. (1982), are typical of continental tholeiites.

Major element compositions are very homogeneous (Table 1), with
SiO5 ranging from 50.1 to 51.5 wt%. The gabbros are moderately
differentiated (MgO from 7.68 to 4.84 wt%). Their TiO3 and P,Os con-
tents, ranging from 0.81 to 1.02 wt% and from 0.09 to 0.21 wt%,
respectively, classify them as low-Ti continental tholeiites (Fig. 3). They
are enriched in light rare earth elements (LREE) relative to middle REE
(MREE) and heavy REE (HREE) (Fig. 4a). They are also enriched in large
ion lithophile elements (LILE), with a positive Pb anomaly (Fig. 4b).
These characteristics are similar to those described by Matton and
Jébrak (2014). More in detail, the outer and inner gabbros share the
same MREE to HREE patterns, but the inner gabbros display a stronger
LREE and LILE enrichment, with a marked Ba positive anomaly, whereas
the outer gabbros exhibit a stronger Pb positive anomaly and a distinct
Nb—Ta negative anomaly.

6. Geochronological data

Two samples were selected for “°Ar/3°Ar age determination, based
on the lowest LOI value, namely SR037 (LOI = 0.85 wt%) from the outer
gabbro and SR025 (LOI = 0.58 wt%) from the inner gabbro (Fig. 1).
None of the two samples yielded an accurate age and the data are not
easily interpretable either. The SR037 argon release spectrum shows a
tilde-shape structure with the low-temperature extraction steps hover-
ing around ~200 Ma while the higher temperature extraction steps
smilingly converge toward ages of 225-230 Ma (Fig. 5a). The shape of
the age spectra is roughly mirrored by the K/Ca plot with the youngest
and older steps being associated with high and low K/Ca ratios,
respectively. Such a tilde-shape is usually attributed to sericite alteration
after plagioclase (Jiang et al., 2021; Verati and Jourdan, 2014). The
inverse isochron plot fails to produce an isochron but the data trend does
not suggest the presence of excess Ar. SR025 yielded a very unstructured
age spectrum with step ages ranging from ca. 220 Ma to >500 Ma
(Fig. 5b). The K/Ca plot shows a tilde-shape spectrum suggesting
alteration by sericite. The inverse isochron reveals a dominant trend
toward a “°Ar/3®Ar trapped ratio > 3000 clearly indicating the presence
of excess Ar.

7. Discussion
7.1. Age of the Richat gabbros

Although neither an accurate nor a precise isotopic age of the
tholeiitic intrusions can be obtained, plagioclase *°Ar/3°Ar data from
sample SRO37 still contains useful geochronological information. To
interpret the data, we propose two scenarios involving alteration and
excess ‘°Ar* along with a third scenario which involves both processes.

Scenario 1: providing no excess *°Ar* is present, the tilde-shape of
the K/Ca ratio spectrum suggests that the sample has been slightly
altered as can be seen in the thin section images of Fig. 2. According to
sericite/plagioclase mixing experiment and alteration numerical
modelling (Jiang et al., 2021; Verati and Jourdan, 2014), this indicates
in turn that the youngest steps having their apparent ages decreased to
ca. 200 Ma, are closer to the age of the alteration event, while the older
steps converge toward an apparent age of >225 Ma, which in this case,
would represent a minimum age for the intrusions. To test this hy-
pothesis, we carried out numerical simulations to model a mixture of
plagioclase affected by thermal diffusive loss and younger sericite with
two distinct domain sizes, using the ArArDiff algorithm (Jourdan et al.,
2017; Jourdan and Eroglu, 2017). We followed the approach and pa-
rameters used in Jiang et al. (2021) and modelled resulting age and K/
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Fig. 2. Photomicrographs showing the inner (SR025, A and B) and outer (SR037, C and D) gabbros in plane-polarized light (A and C) and crossed-polarized light (B

and D).
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Fig. 3. TiO, versus FeO/MgO diagram showing the Richat outer and inner gabbros compared to the Central Atlantic Magmatic Province (CAMP) gabbros from Hank
and Kaarta (Boscaini et al., 2022), Tindouf (Hachemaoui et al., 2022) and from Moroccan Anti-Atlas (Marzoli et al., 2019). Richat gabbros in purple are from Matton
(2008). The low-Ti and high-Ti fields are from Albarede (1992). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

Ca “°Ar/3°Ar spectra here using an intrusion age of 230 Ma and a hy-
drothermal alteration age of 100 Ma, the latter corresponding to the age
of the alkaline magmatism within the Richat Structure (Poupeau et al.,
1996). All the characteristics of our model are given in in Table S1. Our
model successfully reproduces the age spectrum derived from the data
(Fig. 6a). Our model works to some extent, also for the K/Ca spectrum
although we note that it is somewhat less successful in reproducing the
exact shape of the K/Ca spectrum (Fig. S1). This suggests that our model

is plausible but might be oversimplified to reproduce the complex size
distributions of sericite affecting the K/Ca ratio in plagioclase.
Scenario 2: an alternative hypothesis is that any trace of alteration
has been successfully eliminated during the hand-picking process, as this
is often the case with relatively fresh plagioclase (Jiang et al., 2021), and
that the oldest steps are associated with a small amount of excess *CAr*
degassed at high-temperature steps (Scibiorski et al., 2021). We use
ArArDiff to illustrate this possibility and where only 0.01% of excess Ar
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(with an arbitrary “age” of 2 Ga) is hosted in minute clinopyroxene in-
clusions (cf. Table S1 for parameters). Once again, we successfully
reproduce the shape of the age spectrum (Fig. 6b). This hypothesis
would therefore suggest that the age of the intrusion is around ~200 Ma,
such as the widely reported Central Atlantic Magmatic Province (CAMP;
Fig. 7) (Boscaini et al., 2022; Davies et al., 2017; Verati et al., 2005).
Such a scenario would explain the anomalous older steps with individual
error ages of ~245 Ma and the presence of excess “°Ar* in this sample
would be in agreement with the large amount of excess *“’Ar* identified
in the neighbouring sample SR025. The issue in this case is that excess
Ar* in minute amount of clinopyroxene does not modify the K/Ca ratio
to any visible extent and thus cannot account for the tilde-shape K/Ca
plot (Fig. S1).

Scenario 3: a third possibility is a combination of both of these sce-
narios where excess Ar and alteration are mixed. In this case, the
alteration phase is best approximated with an event slightly younger
than the emplacement of the magma (i.e. magma-induced hydrothermal
fluids affected the rocks immediately to up to a few million years after
crystallization). Here we demonstrated the plausibility of this scenario
by using crystallization ages of 201.5 Ma coupled with alteration ages of

200 and 100 Ma corresponding to syn-intrusion hydrothermal alteration
(e.g. Jourdan et al., 2009) and hydrothermal alteration associated with
the Richat alkaline magmatism, respectively. (Fig. 6¢, d, respectively).
We also used the same characteristics for excess “°Ar* as in scenario 2,
and only one domain of sericite (cf. Table S1). The numerical models
associated with this scenario work well to reproduce the small error-
plateau encountered with the low-temperature extraction steps but,
like for scenario 1, are only approximately reproducing the K/Ca spec-
trum (Fig. S1) although the best model-data fit so far for the Ca/K plot is
perhaps obtained for scenario 3b, with both a crystallization and alter-
ation age of ~200 Ma.

The numbers used in all our numerical models are approximate and
meant to be illustrative only. As such, we don’t have any mean to
differentiate between the three scenarios, although scenarios 1 and 3
seem the most likely due to the shape of the K/Ca plot. Finally, we note
that SR025 age spectrum is too complex to be interpreted safely due to
large amount of excess *“°Ar*, but we note that the lowest temperature
extraction steps are the least affected by excess Ar and similarly
converge toward ca. 220 Ma. Whichever of three hypotheses is retained,
numerical modelling and plagioclase “°Ar/3?Ar systematics suggest that
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the tholeiitic gabbro was intruded sometimes between ca. 230 and 200

Ma.

In summary, the igneous Richat Structure was previously considered
as formed during a single event, lasting a few My around 100 Ma, based
only on the few available ages obtained on the carbonatitic dykes
(Poupeau et al., 1996), on the kimberlite plug (in Matton and Jébrak,
2014) and on the sediments in the central breccia (Matton et al., 2005).

Our new results instead show that the Richat Structure formed during
two distinct igneous episodes separated by a time-interval of ca. 100 My.
This finding allows us to shed light on two outstanding issues dealing
with: i) the significance of coexisting tholeiitic and carbonatitic/alkaline
magmas and ii) the structural significance of the juxtaposed circular
(ring-like) gabbroic intrusions and the network of N10-30°E carbo-
natitic dykes crosscutting the whole structure.
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7.2. The eye of Africa: an open window on the Central Atlantic Magmatic
Province (CAMP)

Our numerical models suggest a crystallization age between ca. 230
and 201 and warrants further exploration of the possibility that Richat
gabbroic rocks are associated with CAMP magmatism whose peak ac-
tivity is at 201 Ma (Marzoli et al., 2018). Chemical similarities between
both events were suggested first by Trompette (1968) who compared the
Richat gabbros with dolerites from western Mali (now known as
belonging to CAMP, Boscaini et al., 2022). More recently, Matton and
Jébrak (2014) mentioned similarities between the Richat gabbros and
CAMP tholeiites from Mali and Guinea, but they did not consider that
they might be coeval.

To develop this further, we compared the new chemical analyses
performed on seven gabbroic samples from the inner and outer rings of

the Richat complex (Table 1) with nearby CAMP intrusives (Fig. 7) from
Moroccan Anti-Atlas (Marzoli et al., 2019), Kaarta basin in western Mali
(Boscaini et al., 2022), and Hank basin in northern Mauritania (Boscaini
et al.,, 2022). As shown in Fig. 3, the Richat gabbroic rocks have major
element compositions similar to those of the low-TiO group of CAMP
intrusives. Trace element compositions are also very similar to those of
the CAMP with (i) same rare earth element patterns slightly enriched in
LREE (Fig. 4a) and (ii) similar positive Pb anomalies and low concen-
trations of Nb and Ta for the outer gabbro (Fig. 4b). In detail, the slight
difference in LREE enrichment that distinguishes the outer and inner
gabbros matches similar differences between two CAMP groups as
defined by Marzoli et al. (2018). Specifically, the Richat outer gabbros
can be assigned to the Prevalent group of CAMP, as with the dolerites
from Hank sills, whereas the inner gabbros are more akin to the
Tiourjdal CAMP group, as with the rocks from the Kaarta sill (Fig. 8).
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These chemical similarities, reinforced by the possibility that the
gabbroic rocks from the outer ring could be indeed ~201 Ma-old,
accordingly with the peak activity of CAMP (Marzoli et al., 2018), raise
the intriguing possibility that the earliest Richat magmas were emplaced
in the geodynamical context of the Central Atlantic Magmatic Province.
In this respect, the localization of the Richat complex is worthy of
attention, considering waveform tomography models that image the
deep architecture of the lithosphere beneath West Africa (Boscaini et al.,
2022; Celli et al., 2020). The Richat gabbros are seen to lie around the
edge of the thick lithospheric root of the West African Craton, in
accordance with other CAMP outcrops in Taoudenni (Verati et al.,
2005), Hodh (Davies et al., 2017) Hank and Kaarta areas (see Fig. 7 of
Boscaini et al., 2022). Such boundary zones between a thick cratonic
keel and a relatively thinner lithosphere likely favoured preferential
asthenospheric mantle upwelling and partial melting generating CAMP
magmas. That agrees with other igneous settings, such as the Eastern
branch of the East African rift in Northern Tanzania (Koptev et al., 2016;
Le Gall et al., 2021). Hence, our *°Ar/3°Ar and geochemical data, along
with our observations on the geodynamic configuration, all together
support the idea that the first igneous event preserved in the Richat
Structure indeed belongs to the CAMP system.

7.3. Implications of two distinct igneous events over 100 My for the
Richat history

Our results resolve one main issue regarding the Richat complex, i.e.
coexisting tholeiites and carbonatites which are clearly shown to be of
different age and therefore unrelated. This implies a two-stage igneous
history, separated by ca. 100 Ma (Fig. 9). However, there are still some
issues pending on which the age of the concentric structure (the so-
called Eye of Africa) depends: i) were the gabbros emplaced as ring-
dykes or sills? ii) when did the doming responsible for the concentric
structure occur?

Even if the existence of two ring dykes associated with an underlying
central intrusion has been shown recently to be compatible with
geophysical modelling (Abdeina et al., 2021), this scenario is contra-
dicted by several lines of evidence. i) Field observations (in spite of poor
exposures) point to concordant relationships between the gabbros and
the sedimentary country rocks, a feature that would favour the sill hy-
pothesis (O’Connor et al., 2004; Trompette, 1968). ii) Assuming that the
gabbros are CAMP-related rocks (see above), it is noteworthy that ring-

dyke structures (and associated doming) have never been documented
so far in the CAMP system. Instead, CAMP concordant sill intrusions are
ubiquitous, as exemplified in the Hank basin (Boscaini et al., 2022), ca.
500 km NE of the Richat area (Fig. 7). Accordingly, the Richat gabbros
are here regarded as CAMP-related sills, which intruded into horizontal
or gently dipping sedimentary country rocks in late Triassic.

Since sills injection into sediments does not necessarily produce any
circular structure, the latter is thus assumed to postdate the end Triassic
sill event and to be related to a younger (ca. 100 Ma-old) igneous event,
coeval to karst collapse, central breccia and formation of analcimolites.
At that time, a central alkaline intrusion was emplaced, possibly related
to the Peri-Atlantic Alkaline Pulse event as defined by Matton and
Jebrak (2009). It triggered a localized uprise and doming process
responsible for the nowadays observed ring-like gabbros and concentric
structure of their sedimentary country rocks, due to subsequent
erosional effects.

The development of domal structures in sedimentary piles intruded
by igneous plug-like bodies has long been documented by numerical
modelling (Roman-Berdiel et al., 1995) and natural examples observed
in various tectonic settings, such as the CAMP system (Tindouf basin, e.
g. Hachemaoui et al., 2022), or the East African rift system in SE Afar
(Djibouti, e.g. Le Gall et al., 2010) and in North Kenya, e.g. Le Gall et al.,
2005). In the present case, the Richat dome is further dissected by a
network of variously oriented faults which post-date the central breccia.
This brittle strain is assumed to have accompanied elastic bending of the
overburden, in response to the upward driving force of the magma at a
late stage of the Cretaceous intrusive event. It is noteworthy that the
submeridian fault network nearly parallels the N10-30°E carbonatitic
dyke pattern, Cretaceous in age. Assuming the synmagmatic origin of
part of the fault network in the Richat area thus suggests that the
emplacement of the Cretaceous intrusion occurred at a relatively
shallow level, largely above the crustal brittle/ductile transition.

The composition of this still buried intrusion is unknown but its
geophysical signature is compatible with a mafic magma (Abdeina et al.,
2021). As an alternative to our previous interpretation, it might be un-
related to the gabbros if we consider the latter as CAMP sills. Instead,
this Cretaceous intrusion would be connected with both the carbonatitic
dyke swarm and the northern kimberlite plug, all dated at around 99 Ma
(Fig. 1). Moreover, the subsurface arrival of alkaline magma triggered an
intense hydrothermal activity, particularly at the center of the Richat
complex (a localized effect that the CAMP tholeiitic magmas were
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unable to produce), provoking a karst dissolution and collapse of the
overlying carbonate sediments along with the formation of a central
breccia in which newly formed K-feldspars were dated at 98.2 + 2.6 Ma
(Matton et al., 2005). These hydrothermal fluids also generated the
analcimolites observed NE and SW of the central zone (Fig. 1). Whether
these analcimolites derived from sediments (O’Connor et al., 2004;
Trompette, 1968) or rhyolites supposed to represent the volcanic
expression of the alkaline intrusion (Bardossy et al., 1963; Matton and
Jébrak, 2014) is beyond the scope of this paper. The hydrothermal fluids
released from the Cretaceous intrusion have also left their imprint on
some of the gabbros (in addition to previous CAMP-related alteration),
as revealed by the presence of secondary nepheline, analcime and can-
crinite (O’Connor et al., 2004; Trompette, 1968), i.e. minerals diag-
nostic of an alkaline affinity. However, such secondary minerals have
not been observed in the gabbros selected for the present study.
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8. Conclusions

This work presents the first “°Ar/3°Ar age determination and new
geochemical data on the two gabbroic ring-like bodies of the Richat
complex, the so-called Eye of Africa. These results shed new light on the
remaining outstanding issue of coexisting tholeiitic and carbonatitic
(alkaline) magmas and allow to reconsider the geological evolution of
the Richat intrusion. Our main conclusions are the following:

o “°Ar/3°Ar data are compatible with two possible scenarios suggest-
ing approximate formation ages of either ~230 Ma or ~ 200 Ma for
the intrusion of the two gabbroic bodies. The second scenario, if
correct, is in agreement with the intrusion belonging to the 201 Ma
Central Atlantic Magmatic Province (CAMP).
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The two gabbros share similar tholeiitic major and trace element
compositions with the two main geochemical groups of CAMP
magmas in northwest Africa.

The gabbros were therefore intruded as CAMP sills concordant with
the Late Proterozoic/Lower Paleozoic sedimentary cover of the
Taoudenni basin. They lie around the edge of the thick lithospheric
root of the West African Craton as other CAMP sills/dykes complexes
in Mauritania (Hank and Hodh) and Mali (Taoudenni and Kaarta).
Ca. 100 My later, the intrusion of a carbonatitic/alkaline magma
triggered a doming of the gabbros and their country rocks, followed
by a subsequent erosion resulting in the actual annular structure of
the Richat complex.

The Richat Structure is therefore the result of two independent
(separated by ca.100 My) tholeiitic and alkaline igneous events
(Fig. 9). The former represents the end Triassic CAMP large igneous
province, whereas the latter presumably belongs to the Cretaceous
Peri-Atlantic Alkaline Pulse (PAAP).

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.1ithos.2024.107698.
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