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SEDIMENTOLOGY AND CYCLOSTRATIGRAPHY OF SLOPE AND BASIN DEPOSITS FROM

THE LIAS IN THE RICH HIGH-ATLAS (MOROCCO)

Sédimentologie et cyclostratigraphie des sédiments de pente et de bassin du Lias dans le Haut-

Atlas de Rich (Maroc)

by Alain IZART ¢, Nadifa LACHKAR ©*) and Pierre-Jean FAUVEL )

Abstract. — The Foum Zabel section of 1350 m thickness situated on the southern border of the High -Atlas basin and the
Guerss section of 700 m thickness positioned in the centre of the basin were studied. The paleoenv ironments at the Foum
Zabel section changed from an outer shelf position during the Sinemurian to a basinal slope location during the Carixian
and Domerian. In the Guerss section a transition was observed from an outer shelf environment during the early
Sinemurian to a basinal position during the late Sinemurian and probably also during the Carixian. In the Foumn Zabel
section the high frequency sequences (HFS) during the Carixian and Domerian consist of T-C or T-CG pairs of facics
associations named by their predominant components with T (calciturbidites), C (thin pelagic limestones) and CG (thick
pelagic limestones). In the Guerss section during the late Sinemurian the scquences are composed of AC -CG pairs of facies
associations with AC (claystones and thin pelagic limestones) and CG (thick pelagic limestones). The spectral analysis
(Walsh, Fourier) of the two sections exhibits Milankovitch periodicitics (20 to 40 ky) under the control of global
mechanisms. However the deposition of the HFS was certainly controlled by eustacy and local tectonics.

Résumé. — La coupe de Foum Zabel d’épaisseur 1350 m située sur la bordure méridionale du bassin du Haut-Atlas et la
coupe de Guerss d’épaisseur 700 m positionnée au centre du bassin ont été étudiées. Les paléoenvironnements de Foum
Zabel ont varié de la plate-forme externe pendant le Sinémurien a une pente de bassin pendant le Carixien et le Domérien.
Dans la coupe de Guerss une transition a été observée de la plate-forme externe pendant le Sinémurien inférieur a un
bassin pendant le Sinémurien supérieur et probablement aussi le Carixien. Dans la coupe de Foum Zabel les séquences a
haute fréquence (HFS) consistent pendant le Carixien et le Domérien en paires de faciés T-C ou T-CG nommées d’aprés
leur lithologie principale avec T (calciturbidites), C (calcaires pélagiques peu épais) et CG (calcaires pélagiques trés
épais). Dans la coupe de Guerss pendant le Sinémurien supérieur les séquences sont composées de paires de faciées AC-CG
avec AC (argilites et calcaires pélagiques peu épais) et CG (calcaires pélagiques trés épais). L'analyse spectrale (Walsh,
Fourier) des deux coupes montre des périodicités de type Milankovitch (20 d 40 ka) sous le contréle de mécanismes
globaux. Néanmoins, le dépét des séquences a haute fréquence fut certainement contrélé par l'eustatisme et la tectonique
locale.

I. — INTRODUCTION Bernasconi  (1983), Brechbiihler

interpretation of lithostratigraphy,

(1984)

improved
biostratigraphy

During the Lias, the Rich High-Atlas at present located in
the Eastern part of Morocco (fig. 1) could be subdivided into
(1) a northern carbonate platform which is presently situated
South of Midelt city, (2) a basinal slope dipping southwards,
(3) a basin at present forming the centre of High Atlas
extending over 20000 km” area in which the Guerss section of
700 m thickness is located, (4) a basinal slope dipping
northwards represcnted by the Foum Zabcl section of 1350 m
thickness and (5) a southern carbonate platform that now can
be found North of Errachidia city in the Ait Othmane section.
Only the southern part of the Rich High-Atlas is drawn in the
figure 1. This arca was already the subjcct of numerous
studies. Du Dresnay (1971, 1979) established the stratigraphy
and paleogeography of the High-Atlas. Stiider (1980),

tectonics of the central and eastern High-Atlas. Laville (1985)
presented a tectonic model to explain the formation of the
High-Atlas Basin by strike-slip faults. Halliwell (1985),
Warme (1988) and Crevello (1991) respectively presented a
synthesis on the sedimentology, tcctonic and eustatic
dynamics of the High-Atlas Basin and the scdimentary
sequences. Warme (1988) defined in the High-Atlas a
sequence 1 with a dry rift during late Triassic and earliest
Jurassic, a sequence 2 with a wet rift during Early and Middlec
Lias, a sequence 3 with an abrupt eustatic deepening during
the late Lias and then filling during Dogger, and finally an
alpine deformation during the Cenozoic. More recently
Lachkar et al. (1998) and Lachkar (2000) studicd the
sedimentology, the ammonite biostratigraphy and sequence

® Université Henri Poincaré, UMR 7566 G2R, BP 239, 54506 Vandoeuvre les Nancy, France, e-mail : izart.alain@wanadoo.fr
) Université de Bourgogne, Centre des Sciences de la Terre, 6 bd Gabriel, 21000 Dijon, France.
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Fig. 1. — Geological location of the studied sections in the Rich High-Atlas

A: Map of Morocco with location of B and C maps; B: Map of the
Foum Zabel section, G: Guerss section; C: Geological map o

High-Atlas Basin during the Lias modified from Du Dresnay (1971), F:
f the Rich High-Atlas area slightly modified from Laville (1985).

Fig. 1. — Situation géologique des coupes étudiées dans le Haut-Atlas de Rich
A: Carte du Maroc avec situation des cartes B et C; B: Carte du Bassin du Haut-Atlas pendant le Lias modifiée d'aprés Du Dresnay (1971), F:
coupe de Foum Zabel, G: coupe de Guerss; C: Carte géologique du secteur du Haut-Atlas de Rich modifiée d'aprés Laville (19835).

stratigraphy of this area. Carbonate platforms like the Jbel
Bou Dahar can still be observed on topographic highs in the
center and along the margins of the rift basin (B, fig. 1). The
Jbel Bou-Dahar area, located eastwards of the studied area
was investigated by Agard and Du Dresnay (1965) for the
stratigraphy and paleogeography, Kenter and Campbell
(1991) and Crevello (1991) for the sedimentology and
sequences, Blomeier and Reijmer (1999) for the facies and
their relation with the drowning event of the Toarcian and
Elmi et al. (1999) for the biostratigraphy. This paper provides
new data and interpretations on the facies, sequences and
cyclostratigraphy of the slope deposits of the Foum Zabel
section and the basinal sediments of the Guerss section.

II. —METHODOLOGY

The sections studied in this paper (fig. 2-6) are very
extensive and of low facies diversity. The bed thickness of the
Foum Zabel and Guerss sections were measured in the field,
the facies were determinated in the field and by microscopic
analysis in the laboratory. The ammonites were actively
searched to determinate the biozones (Lachkar et al. 1998;
Lachkar 2000). We then converted the stratigraphic length in
duration using the duration of each biozone (De Graciansky et
al., 1998). Following this we divided this time by the number
of sequences observed in the field in this biozone, which
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resulted in an average duration of each sequence that can be
compared to the calculations by spectral analysis. The section
parts used for statistical analysis were chosen according to the
biozones to avoid uncertainties in the duration. After the
duration of biozones defined by De Graciansky et al. (1998),
a sedimentation rate was defined for each analysis to convert
thickness into duration. The level and sample numbers arc
shown in figures 4 and 6 to indicate the boundaries of eacn
sequence.

As sequence stratigraphy interpretation is difficult for the
basin and slope deposits using the concepts of Van Wagoner
et al. (1988), a methodology was finalized : the proportions in
pelagic limestones, turbidites, storm deposits, debris flows
and claystones were calculated for each high frequency
sequences (HFS) visible in the field. The trends in facies
evolution along the lithostratigraphical column allow the
determination of fourth (FOS), third (TOS) and second (SOS)
order sequences sensu Vail e al. (1991). The figure 2 shows
the formations of the Foum Zabel and Guerss sections with
the proportions of facies in sequences.

Statistical tests were used for the calculation of
periodicities of sequences by spectral analysis : Walsh
(Beauchamp 1984) and Fourier (Davis 1973). The advantages
and disadvantages of the Walsh and Fourier methods were
extensively discussed by Sprenger and Ten Kate (1992, p.
203-230). The Walsh method consists of the sum of



(2) 0 2 )

1350 [
m Tol
LEGEND v Tol R
Toarcian PI8
I:I Pelagic Limestones
Turbidites Do2
I::] Storm Deposits B p7 | p
Debris Flows R
Claystones
AS
P
Pl6
GUERSS D
[+
) m Dol
€ MFS
700 r
m i
a
n
SB
m PIS
C
AS 2 P (X
s i
i ‘x P13
::\ a 1A Cal
m o MES P12
u
TuB PlI
1
a
1 .
SB Si5
S
i
n
c
m
u
1Al p si2 si4
i
2100 i Si3
100 n I Sil .
m 1B B Si0 si2
I R
IA Sil
_ Q
0 0 30 T00% 30 100% A
Facies Sequences of the Facies Sequences of the  Sequences of European Basins

Guerss section

Foum Zabel section (De Graciansky et al., 1998)

Fig. 2. — Facies and Sequence Analysis of the Guerss and Foum Zabel sections
(1) Sccond order sequences, (2) Third and Fourth order sequences and (3) High frequency sequences. AS: Windows for Spectral Analysis,
MFS: Maximum Flooding Surface, P: Progradation, R: Retrogradation, SB: Sequence Base and S1-2: High frequency sequences 1 and 2. The
correlation lines arc based on the ammonite biozonation after Lachkar (2000). I, II, Il and IV correspond to the formations.

Fig. 2. — Analyse faciologique et séquentielle des coupes de Guerss et Foum Zabel
(1) Séquences du second ordre, (2) Séquences du troisiéme et quatriéme ordre et (3) Séquences a haute fréquence. AS: Fenétre d’étude de
Danalyse spectrale, MFS: Surface d’inondation maximale, P: Progradation, R: Retrogradation, SB: Base de séquence et S1-2: Séquences ¢
haute fiéquence I et 2. Les lignes de corrélation sont basées sur la biozonation d’aprés Lachkar (2000). 1, 11, Il et 1V correspondent aux
Jformations.

orthonormal square wave functions, called Walsh functions,
that switch between the values +1 and -1. The Fourier
method transforms time-series signals into the sum of
harmonically related sinusoids with fixed frequencics, named
Fouricr harmonics. The main disadvantages of the two
methods are : (1) sinusoidal or non-sinusoidal waveforms can
distort the spectrum, and (2) the resolution is poor in the low
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frequency range. The main advantages for the Fourier method
are the accuracy of the estimation of spectral amplitudes, and
for the Walsh method the low sensitivity to abrupt changes in
amplitude in the time series. For our analysis, the following
values were chosen for the Foum Zabel scction : (0)
calciturbidite, (+1) pelagic limestone and (-1) for claystone
and for the Guerss section : (+1) pelagic limestone and (-1)
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Fig. 3. — Photo of a part of the Foum Zabel section between the 136 and 162 levels
Scale: 150 m from 136 to 162 levels.

Fig. 3. — Photographie d’une partie de la coupe de Foum Zabel entre les niveaux 136 et 162.
Echelle: 150 m entre les niveaux 136 et 162.

claystone. In our study, numerous steps of measurement were
chosen for comparison. Weedon (1991) and Sprenger and Ten
Kate (1992) recommend to take a step near the mean or mode
of measured beds thickness because the incorrect sampling
produces a time series containing artificial or spurious low
frequency variations. The mean is 0.55 m and 1.02 m for the
first and second analysis of Foum Zabel section and 0.172 m
for the Guerss section. The Foum Zabel analysis comprises
the Margaritatus biozone between the 143 and 171 h levels
(fig. 3 and 4). Two analyses werc complcted for Foum Zabel :
(1) on the thickness of claystones and pelagic limestones and
on a thickness brought down to one centimetre for the
calciturbidites that represent instantaneous events of
deposition and (2) without turbidites. We will also check if
the presence of turbidites can disturb the periodicities
recorded by pelagic deposits. In these two cases, a
homogeneous rate of sedimentation can be proposed for this
part of section where no major discontinuity was obscrved.
The thickness of the analysed section with turbidites is 320.46
m and without turbidites is 308.82 m, the duration of
Margaritatus biozone is 750 ky according to the new chart of
De Graciansky et al. (1998) and the thickness of the analysed
section corresponds to 58% of the thickness of this biozone
measured in the field. For this part of the Foum Zabel section,
one meter of sediment represents a duration of 1.357 ky for
the first analysis and 1.364 ky for the second. Another
analysis concentrated on a part of the Guerss section between
the 472 and 953 levels (fig. S and 6), dated of late Sinemurian
and more accurately the Oxynatum biozone and a part of the
Raricostatum biozone. The thickness of the studicd section is
86.2 m. The duration of these biozones is 2.31 My according
to the new chart of De Graciansky et al. (1998). For this part
of the Guerss section, one meter of sediment represents a
duration of 15 to 20 ky because an uncertainty conccrns the
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end of the Raricostatum biozone in this section (Lachkar ef al.
1998).

We also tried to distinguish signals in the geological
records from the background noise. The time series produced
by an independent random process produces a spectrum with
a nearly constant noise level named white noise. The majority
of spectra have noise levels which gradually increase towards
lower frequencies and higher periodicities named red noise.
Peaks denoting regular cyclicity can be determined using the
method of the robust noise estimation via a median-
smoothing procedure after Mann and Lees (1996). We do not
use the multi-taper method of spectral analysis described by
these authors, but directly Walsh and Fourier diagrams with a
window width of 40 periods. The 99% confidence level
determination was calculated using the Chi squared
probability distribution with 10 degrees of freedom. The
peaks above the 99% confidence level curve will be only
considered as peaks denoting a regular cyclicity.

I1I. — FACIES AND DEPOSITIONAL
ENVIRONMENTS

1) The Foum Zabel section

The facies and sedimentology of the Foum Zabel section
was described in detail by Halliwell (1985) and Lachkar
(2000). Formation I (fig. 2), corresponding to the Idikel
formation of Stiider (1980), is dated of early Sinemurian. It
consists of massive limestones with sponge bioherms in the
lower part, named member 1A, and bedded limestones either
micritic with sponge spicules, or bioclastic with hummocky
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Fig. 4. — Lithostratigraphic column of the Dol sequence of the Foum Zabel section
T: Association of facies with turbidites, C: Association of facies with thin bedded pelagic limestones, CG: Association of facies with thick
bedded limestones, g 27: sample number, 143: level number, S21T and S21C: T and C facies associations of the High Frequency Sequence
(HFS) 21.

Fig. 4. — Colonne lithostratigraphique de la sequence Dol de la coupe de Foum Zabel
T : Association de faciés avec turbidites, C: Association de faciés avec calcaires pélagiques en bancs de faible épaisseur, CG: Association de
Jaciés avec calcaires en bancs de grande épaisseur, g27: numéro d'échantillon, 143 : numéro de niveau, S21T et S21C: Associations de faciés
T et C de la séquence a haute fréquence (HFS) 21.

cross-stratification (HCS) in the upper part named member
IB. Formation II (fig. 2), corresponding to the Abcrdouz
formation of Stiider (1980), is dated late Sinemurian. It
consists of bedded limestones either micritic with sponge
spicules or bioclastic with HCS, marls and calcirudites. The
depositional environment of formations IB and II corresponds
to (1) the upper offshore above the storm wave base, where
limestones with HCS and calcirudites formed by storm or
tsunamis linked with earthquakes are dominant, or (2) the
lower offshore, where pelagic limestones prevail. Formation
III (fig. 2 to 4), corresponding to the Ouchbis formation of
Stiider (1980), is dated Carixian and Domerian. It exhibits
alternations of quartzose calcirudites, slumps, quartzose
calcarenites, calcilutites and claystones. The homogeneous
calcirudites and calcarenites are interpreted as debris flows
sensu Lowe (1982). The slumps formed by sliding of
calcarenites on the slope. The quartzose calcarenites exhibit
all the structures and clementary sequences of turbidites
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(Bouma, 1962): graded bedding (Ta), graded bedding and
parallel laminations (Tab), graded bedding, parallel, oblique
and parallel laminations (Tabcd), parallel, obliquc and
parallel laminations (Tbcd), oblique and parallel laminations
(Tcd), parallel laminations (Td). The components within the
calcirudites, slumps and calcarcnites are allochtonous to the
basin and are derived from the platform margin. The
components and matrix of calcilutites and claystones are
interpreted as autochtonous pelagic deposits. The HCS
limestones occur only up to the lower part of the formation I1I
(Ouchbis Formation). They are interpreted as storm deposits
in the edge of platform or tsunamites linked to earthquakes in
the slope. The debris flows occur more frequently in the
lower and upper part of the formation IIl. Calciturbidites
include bioclasts, ooids, pellets, oncoliths, intraclasts and
quartz. The bioclasts consist of twenty species of foraminifera
belonging to the Lituolidae family, including Haurania,
Everticyclammina, Nodosaria, Glomospira. Cyanobacteria
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Fig. 5. — Photo of the Guerss section. Scale: 480 m for the formations IIB and III.

Fig. 5. — Photographie de la coupe de Guerss. Echelle: 480 m pour les formations 1B et [1]

are represented by Rivularia, green calcareous algae include
Dasycladacea,  Thaumatoporella,  Siphonoclada  and
Caulerpa. The microproblematicum, cyanobacteria or
foraminifera, Tubiphytes is present. The texture of the
limestones varies from grainstones to wackestones. The
components of the individual turbidites are allochtonous to
the basin and originate within the inner platform and the edge
of the platform (Septfontaine, 1984, 1986). The components
of calcilutites contain quartz, pelagic bioclasts : radiolaria,
sponge spicules and some hyaline foraminifera (Nodosaria,
Lenticulina) and agglutinated foraminifera. Ammonites are
often found at the top of the beds. The texture of limestone is
mudstone or wackestone. After these facies, the depositional
environment of the Foum Zabel section during the Carixian
and Domerian is an apron on the southern slope of the High-
Atlas Basin. In carbonate turbidite systems, the fan geometry
as described for siliciclastic turbidite systems is very rare.
The sediments are supplied along the entire margin of shelf
and deposited in small coalescing fans forming an apron at
the slope/basin transition (Mullins and Cook 1986; Eberli
1991). The formation IV (fig. 2), corresponding to the
Tagoudite formation of Stiider (1980), is of early Toarcien
age. It exhibits quartzose turbidites, debris flows and marls.

2) The Guerss section

The Guerss section (fig. 2, 5 and 6) was described in
details by Lachkar et al. (1998). Formation I, corresponding
to the Idikel formation of Stiider (1980), is dated of early
Sinemurian. It is composed of thick bedded limestones either
biomicrites or biocalcarenites. Formation 11, corresponding to
the Aberdouz formation of Stiider (1980), is dated of late
Sinemurian. It shows alternations of thin and thick bedded
limestones (biomicrite) in the lower part named member I1A
and alternations of thin bedded limestones (biomicrite,
biocalcarenite) in the upper part named member IIB.
Formation III, corresponding to the upper part of the
Aberdouz formation exhibits alternations of thin bedded
limestones (biocalcarenites and biomicrites) and claystones
with increase of proportion of claystone upwards. These
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facies were deposited on the outer platform either in the upper
offshore during the deposition of the sediments of the
formation 1 or in the lower offshore just below the storm
wave base during the deposition of the formation II, or in the
basin during the deposition of the formation IIL
Biocalcarenites can be found as calciturbidites or storm
deposits. No Bouma sequences were found, but some graded
coquina beds. Bioclasts are either ubiquists (brachiopods),
nectonics (ammonites) or pelagics (sponge spicules) without
inputs from the inner carbonate platform. The Guerss section
located in the centre of the basin shows a progressive upward
increase in its paleobathymetry. These basinal facies are
deposited during the same period of time as the calciturbidites
and pelagic limestones described in the Foum Zabel section

(fig. 2).

IV.— THE HIGH FREQUENCY SEQUENCES

1) The Foum Zabel section

In the Foum Zabel section (fig. 2 to 4), only the
sequences of formations III et IV were described in detail, for
instance the fourth order sequence DOI is illustrated in
figures 3 and 4. Three facies associations (fig. 4) were
recognized in the field: (1) the T association with
predominant proportion of turbidites and claystones and weak
proportion of pelagic limestones, the C association with
predominant thin bedded limestones and claystones and weak
proportion of calciturbidites, the CG association with equal
proportion of thick bedded pelagic limestones, claystones and
calciturbidites. These facies associations stacked by pair form
facies sequences (fig. 4), either T-C (e.g.: Sequence S21) or
T-CG (e.g.: Sequence S24). These sequences have a
kilometric lateral extent and may correspond to
parasequences. As no other method exists at present, the
average duration of sequences can be calculated by dividing
the duration of each biozone (Graciansky et al. 1998) by the
number of sequences. Twenty sequences are known during
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Fig. 6. — Lithostratigraphic column of the Guerss section
S1 at right of the column corresponds to the HFS 1 and 1 at left of the column to the level number.

Fig. 6. — Colonne lithostratigraphique de la coupe de Guerss
S1 a droite de la colonne correspond a la séquence a haute fréquence 1 et 1 d gauche de la colonne au numéro du niveau.
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Fig. 7. — Spectral analysis of the Foum Zabel section between 143 and 171h levels
The numbers above the peaks correspond to the durations in ky. The median-smoothed background curve is drawn above the spectral analysis
curve, The dashed curve represents the 99% confidence limit.

Fig. 7. — Analyse spectrale de la coupe de Foum Zabel entre les niveaux 143 et 171h.
Les nombres situés au dessus des pics correspondent & la durée en ka. La courbe du bruit de fond correspondant a la médiane est surimposée a
la courbe spectrale. La courbe en pointillé représente la limite de confiance a 99%.

the Carixian with a 200 ky average duration, sixteen
sequences during the Domerian, with a 40 ky average
duration for the first eleven sequences, 175 ky for the four
following sequences and indeterminate duration for the last
one, corresponding to the Elisa biozone, and two sequences
during the early Toarcian. They are HFS of fifth and fourth
order sensu Vail et al. (1991).

2) The Guerss section

In the Guerss section (fig. 2, 5 and 6), all formations
exhibit meter to decameter scale thickening upward
sequences. The sequences of the formation I, composed of
thin and thick bedded limestones are meter thick. The
sequences of the member IIA, composed of claystones, thin
bedded micritic and bioclastic limestones and thick bedded
bioclastic limestones are decameter thick. The member 1IA

IRIS - LILLIAD - Université Lille 1

consists of seventeen sequences whose average duration is 20
ky. The sequences of the member IIB, composed of
claystones, thin bedded micritic and bioclastic limestones are
meter thick. The member IIB consists of sixty-one sequences
whose average duration is 13 ky. The sequences of the
formation III, composed of claystones, thin bedded micritic
limestones are about two or three meters thick. The formation
111 exhibits forty-one sequences whose average duration is 30
to 60 ky. The proportions of limestone and claystone allow us
to visualize the HFS and to stack them into either FOS or
TOS. Two facies associations (fig. 6) were recognized in the
field : (1) the AC facies association more rich in claystone
and thin bedded limestones and (2) the CG facies association
with thick bedded limestones. These facies associations
stacked by pair form facies sequences AC-CG (e.g.
sequence S17 in the member IIA and sequence S76 in the
member IIB).
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V. — DISCUSSION AFTER FACIES AND SPECTRAL
ANALYSIS

Which interpretation can we propose for these sequences
? They are caused by local mechanisms such as local
tectonics, or find their origin in allocyclic global mechanisms
like eustacy and climate.

1) Proofs after facies

Reijmer et al. (1991) and Schiager et al. (1994) propose
an eustatic control to explain the component distribution in
Triassic calciturbidites in the Austrian Alps and in recent
calciturbidites of the Bahamas. Calciturbidites include
different components during the emersion of the carbonate
platform during LST and during the flooding of the platform
during HST. These authors associated the LST with high
proportion of bioclasts from the open marine domain, quartz
and micrite and weak proportion of bioclasts from the inner
platform and border of platform. In the case of carbonate
platform, unlike detritic platform, the early lithification
prevents early submarine erosion of the platform and all input
of platform elements in the basin. These authors associate the
HST with high input from the inner platform and platform
rim and weak input from the basin, quartz and micrite. During
the HST, the platform looses these elements only if it is not
too flooded. In this case, the inner platform facies cannot be
deposited because they are replaced by outer platform facies.
Eberli (1991, fig. 7) showed that the turbidite frequency
versus relative position of sea levels depends of different
setting : (1) the carbonate platform with one peak of turbidites
during high sea level (HSL), (2) the carbonate rim with two
peaks of turbidites, one during low sea level (LSL) and
another during HSL and (3) the siliciclastic shelf with one
peak of turbidites during LSL. Everts and Reijmer (1995)
showed that the limestones of the Lower Cretaceous at the
margin-to-platform transition in the Vercors (SE France) are
coarse grained and rich in platform bioclasts during
progradation and aggradation and fine grained and rich in
basinal bioclasts during retrogradation with continuous
gradational change between them. Blomecier and Reijmer
(1999) studied the platform and slope of the Jbel Bou Dahar
area (Morocco) and correlated limestone debris flows with
LST and calciturbidites and marls with HST.

However, the facies and associations of facies could also
originate from local tectonics. Eberli (1988, 1991, fig. 8)
showed that in the early Jurassic rift basin in Swiss Alps there
arc thinning and fining upward sequences of different order,
from sccond order to high frequency, composed from base to
top of breccia, calciturbidites and alternations of pelagic
limestone and marl. Calciturbidites would occur in place
during tectonic activity along these faults and sedimentation
of pelagic limestones during the period of stillness when the
basin has the highest bathymetry. This hypothesis is not
conflicting with the eustatic hypothesis and the two factors
have certainly played a part in the High-Atlas Basin.

The following interpretation is proposed for the facies
associations. In the Moroccan Lias, the carbonate components
in calciturbidites are not different in the facies associations.
Components are mainly derived from the inner platform,
Only the input of quartz and micritc found in the
calciturbidites increases in the associations C and CG. Note
also that therc is an alternation of calciturbidites, pelagic
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limestones and claystones in the High-Atlas, whereas only
calciturbidites are described in the Trias of Alps. Lachkar
(2000) showed that the platform located South of the High
Atlas Basin was a carbonate ramp from Sinemurian to mid-
Carixian and a carbonate platform from late Carixian to
Toarcian. Calciturbidites were only found in this second
period of time.

In the Foum Zabel section, the T association occurrcd
during the LST without total emersion of the platform and
during TST, the C and CG associations during the MFS and
the HST. The amplitude of transgression is certainly higher
for CG than for C association, because thick pelagic
limestones have time to be deposited. The T-C and T-CG
HFS include LST or TST during the deposition of T
association and MFS, HST with mid-transgression during C
and high transgression during CG association. This increase
of proportion of limestones during progradation and
regression phase is also known in the outer platform (Pittet et
al. 2000). After Eberli (1991) the presence of calciturbidites
in all the facies associations shows that the platform south of
the High-Atlas certainly presented a carbonate rim that fed
the basin during LST, TST and HST and not only during
HST.

In the Guerss section, we associate the period with AC
facies association with the retrogradation and transgressive
part of the scquence and the period with CG facics
association with the progradation and regressive part of the
sequence as in the Foum Zabel section. Einsele and Ricken
(1991) proposed different mechanisms for the alternations of
limestone and marl : (1) the periodic fluctuation of pelagic
carbonate supply (productivity cycles) that can involve
thicker limestones than claystones and is controlled by
oceanic change, (2) the periodic fluctuation of supply with
terrigeneous sediments (dilution cycles) that can involve
thicker claystones and marls than limestoncs and is controlled
by climate change on continents, (3) the periodic dissolution
of carbonate (dissolution cycles) in deeper bathymetry
beneath the lysocline, (4) the calcarcous redox cycles and (5)
the diagenetic overprints. In the Guerss section, periods with
claystone in the AC facies association and periods with thick
pelagic limestones in the CG facies association were known,
the mechanisms 1 and 2 certainly control the sequences of the
High-Atlas Basin. Pittet and Strasser (1998a and b) and Pittet
et al. (2000) showed that carbonate mud import in the deep
shelf may be correlated to carbonate production in the
shallow platform that is dependent on the sea-level change
and proposed a model for carbonate productivity on the
platform and mud exportation to the deep shelf. The number
of sequences (five or two) and marl-limestone alternations
(cight or five) change with a long term sea level rise or a long
term fall. In the Guerss section (fig. 6), in a basin location,
average duration of sequences is variable and the number of
alternations is variable and higher than twenty. Therefore, the
Pittet ef al. (2000) model does not seem to be valid for the
basin.

2) Proofs after spectral analysis

Walsh and Fourier analyses were used to test the
hypothesis of controls by climate and eustacy. In table I, the
periodicities are calculated by spectral analysis and converted
in thickness (meter) and in duration (ky) using the step and
the rate of scdimentation. The main periodicitics of the Foum
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Fig. 8. — Spectral analysis of the Guerss section between the 472 and 953 levels
See legends in the figure 7. Only the periodicities calculated with the lower sedimentation rate (1 m=20 ky) are written on this figure.

Fig. 8. — Analyse spectrale de la coupe de Guerss entre les niveaux 472 et 953.
Voir les légendes sur la figure 7. Seules les périodicités calculées avec le taux de sédimentation le plus faible (1 m=20 ky) sont écrites sur cette

figure.

Zabel section (fig. 7, table 1) were ordered according to their
decreasing power. The proposed periodicities are all higher
than the median-smoothed background curve. The results of
the Walsh analysis do not exhibit the same periodicities in the
two variants, because the smaller the step and the more
accentuated the small periodicities in comparison with the
high periodicities. The analysis with the 0.62 m step, close to
the mean of thickness, allows to better estimate the
periodicities. In using the 99% confidence level, the common
results of Walsh and Fourier analyses are the 20 to 40 ky
periodicities. There is no difference between the Fourier
analysis with and without turbidites. The turbidites disturb
slightly the results because with the used steps, numerous thin
turbidites are not taken into account by the analysis. If we
compare the calculated analysis and field data (table I), the 20
to 40 ky periodicities are found in all the analyses and in the
field. They correspond to the Milankovitch periodicities
according to Berger and Loutre (1994) and De Boer and
Smith (1994) : the precession for 20 ky, the obliquity for 40
ky. The short eccentricity for 100 ky was not observed or
invalidated after the Chi squared test.

The main periodicities of the Guerss section (fig. 8, table
I) were ordered according to their decreasing power. The
proposed periodicities are all higher than the median-
smoothed background curve. The results of Walsh analysis do
not exhibit the same periodicities in the three variants,
because the analysis with the smallest steps allow us to
appreciate the shortest periodicities. The common results of
Walsh and Fourier analysis are 20 to 40 ky and 40 to 60 ky
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periodicities. If we compare the calculated analysis and field
data, the 20 ky periodicity is only present in the spectral
analysis and 30 to 40 ky periodicities in all the analyses. They
correspond to the Milankovitch periodicities : the precession
for 20 ky and the obliquity for 40 ky. The short eccentricity
(100 ky) was observed only for the Walsh analysis with the
higher sedimentation rate. These results that come from the
slope in the Foum Zabel section and the basin in the Guerss
section can be compared with the data of Carixian and
Domerian of the southern platform of the High Atlas in the
Jbel Bou Dahar section (fig. 1, table I, Crevello 1991).
Crevello  (1991) interpreted them as Milankovitch
periodicities : high eccentricity (378 ky), low eccentricity
(134-90 ky), obliquity (53 ky) and other uncertain attributions
(576 and 173 ky). In the three domains, platform, slope and
basin, Milankovitch periodicities were found, which suggests
a global astronomical control for the periodicities of
sequences. However, other periodicities are not explained
because the attribution of certain periodicities to tectonics is
still unrecognized. Note also that uncertainty remains on the
extension of ammonite biozones in the sections and on the
radiochronologic datations. The preservation of cyclicity was
tested by the wavelet analysis of sedimentary time series
(Prokoph and Agterberg 1999) : high accumulation rates as in
the Foum Zabel section (74 cm/ky) produces the preservation
of Milankovitch periodicities and low accumulation rate as in
the Guerss section (5 to 6.66 cm/ky) produces a fuzzy
preservation of periodicities. This observation maybe can be
explained by the weakness of the amplitude of some
periodicities and the rarity of the 100 ky periodicity.
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SECTIONS Main periodicitics classed according to their decreasing power C periodicities
FOUM ZABEL
Walsh analysis 1m=1.357 ky with turbidites
Step 0.62m 73 (45m, 61 ky), 209 (130m, 176 ky), 220 (136m. 184 ky)
and 49 (30m, 41 ky) 2010 40 ky
Step 0.31m 13 (4. 5.6 kv) and 24 (7m. 10 ky)
Fouricr analysis Im=1.357 ky, with turbidites
Step 0.62m 2.6 (1.61m, 2 ky). 6 (3.72m, 5ky), 65 (40.3m, 55 ky)
and 40 (24.8m. 34 kv)
Step 0.31m 2 (0.62m, 1 ky), 30 (9.3m, 12 ky). 40 (12.4m, 17 ky),
and 150 (46.5m. 63 ky)
Fouricr analysis 1m=1.364 kv, without turbiditcs
Step 0.62m 2(1.24m, 2 ky) and 31.8 (19.71m, 27 ky)
Step 0.31m 10.47 (3.24m, 4 ky) and 84.75 (26.27m. 36 ky)
Ficld analysis 1610 21m (21 to 28 ky). 34 to 40m (46 to 54 kv) and 60m (81 ky)
GUERSS
Walsh analysis 1m=15 10 20 kv
Step 0.03125m 62 (1.93m, 29 to 39 ky). 30 (0.93m, 14 to 19 ky)
and 98 (3m, 46 to 60 kv) 20t0 40 ky
Step 0.0625m 184 (11.5aw, 172 10 230 ky), 31 (1.94m. 29 to 39 ky) 40 to 60 ky
and 91 (5.6m. 85 t0 112 ky)
Step 0.125m 237 (29.6m. 444 to 592 ky) and 90 (11.3m, 170 to 226 ky)
Fourier analysis 1Im=15 10 20 ky
Step 0.0625m 7(0.4375m, 6 10 9 ky), 17 (1.06m, 16 to 21 ky),
33 (2.06m, 31 to 41 ky), 49 (3.06m, 46 10 61 ky)
and 54 (3.37m. 50 to 68 ky)
Field analysis 2 10 3m (30 to 60 kv)
JBEL BOU DAHAR
Walsh analysis 576 ky. 378 ky. 173 kv, 134 ky. 74 ky. 90 kv and 53 ky 74 and 53 ky

Table 1. — Results of spectral analysis in the Foum Zabel, Guerss and Jbel Bou Dahar scctions

Tab. I. — Résultats de 'analyse spectrale dans les coupes de Foum Zabel, Guerss et Jbel Bou Dahar

The Milankovitch periodicities control the eustacy and
climate with wet/dry periods. According to Cecil (1990),
under a tropical climate, a dry period will be favourable to
limestone and a wet period to claystone. As a tropical climate
dominated in the Morocco during the Jurassic, such events
are possible. These changes are described for the periodicities
of third order (Pittet et al. 2000) and also for the high
frequencies (Fischer 1993). Moreover Einsele and Ricken
(1991) showed that climatic and oceanic changes enhance the
orbital signals.

VI.— CONCLUSIONS

The Lias of the Rich High-Atlas (Morocco) was studied
on the southern border of the High-Atlas basin in the Foum
Zabel section and in the centre of the basin in the Guerss
section. In the Foum Zabel section, the environments of
deposition changed from the outer platform with pelagic
limestones, storm deposits and sponge bioherms during the
Sinemurian to the slope of the basin with alternations of
calciturbidites, pelagic limestones and claystones during the
Carixian and Domerian, and quartzose turbidites and marls
during the early Toarcian. In the Guerss section, the
environments of deposition changed from the outer platform
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with pelagic deposits during the early Sinemurian to the basin
with pelagic limestones and claystones during the late
Sinemurian and probably Carixian. The sequence analysis of
the two sections allow to distinguish HFS according to the
changes of proportion of facies. In the Foum Zabel section
during the Carixian and Domerian, the HFS are T-C or T-CG
with the associations of facies T with calciturbidites, C with
thin bedded limestones and CG with thick bedded limestones.
In the Guerss section during the early Sinemurian, the HFS
are AC-CG with the association of facies AC richer in
claystones and thin bedded pelagic limestones and CG with
thick bedded pelagic limestones. Walsh and Fourier analysis
were used to test the hypothesis of controls by climate and
eustacy. These spectral analysis of the Foum Zabel and
Guerss sections may exhibit Milankovitch periodicities : 20
ky (precession), 40 ky (obliquity) and rarely 100 ky (short
eccentricity). The control of HFS seems eustatic or climatic,
but local tectonics cannot be excluded.
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DESCRIPTION D’UN CRANE DE CROCODILIEN A LONG MUSEAU,
METRIORHYNCHUS, CALLOVIEN DU BOULONNAIS (N DE LA FRANCE)

Description of a skull of a longirostrine crocodilian,
Metriorhynchus, Callovian of Boulonnais (N of France)

par Pascal DEVILLE (*)

(Planches I et IT)

Résumé. — Lattribution & Metriorhynchus superciliosus (Blainville, 1853) d’un crine de crocodilien, provenant des
argiles calloviennes du Boulonnais (Le Waast), est confirmée; le fossile est décrit et illustré. La distribution géographique

du genre Metriorhynchus en Europe occidentale, est rappeiée.

Abstract. — The attribution to Metriorhynchus superciliosus (Blainville, 1853) of a crocodilian skull found in Callovian
clays in the Boulonnais (Le Waast) is confirmed. The fossil is described and illustrated. The geographical distribution of

the genus Metriorhynchus in western Europe, is remembered.

I. — INTRODUCTION

Un créne de crocodilien a été découvert par G. Tieghem,
dans les années 1950, dans la carriére du Waast situéc a une
quinzaine de kilométres a I’Est de Boulogne-sur-Mer (fig. 1),
dans les argiles calloviennes supérieures de Montaubert. Il
avait ¢t¢ brievement décrit par G. Dubar, en 1957, qui

Iattribuait & Metriorhynchus cf. superciliosus (Blainville,
1853).

La carriére avait livré, en outre, des restes de poissons, de
reptiles, des mollusques céphalopodes attribués par Dubar &
Cosmoceras duncani (Sow.), C. ornatum (Schloth.),
Belemnites puzosi d’Orb., des mollusques bivalves Gryphaea
dilatata (Sow.) et des restes de vers Serpula vertebralis.

L’appartenance de ce crdne a  Metriorhynchus
superciliosus a été confirmée par E. Buffetaut (com. écrite,
juillet 2003). Le but de cette note est de compléter la
description de ce spécimen et de le figurer. Il est conservé
dans les collections du Laboratoire de Paléontologie
stratigraphique de 1’Université Catholique de Lille, 13 rue de
Toul 4 Lille, sous le numéro GFCL 491.

II. — SYSTEMATIQUE

<

Ordre CROCODYLI4A GMELIN, 1788.
Sous-ordre MESOSUCHIA HUXLEY, 1875.

Famille METRIORHYNCHIDAE FITZINGER, 1843.
Genre METRIORHYNCHUS VON MEYER, 1830.

Espéce type : Metriorhynchus superciliosus (BLAINVILLE,
1853).

Matériel : Le spécimen incomplet se compose de 3 piéces. La
premiére, longue de 59 cm, comprend la méchoire supérieure avec le
toit crinien et I’arriére crine (la partie gauche du postorbitaire est
mangquante); sa partie ventrale est incompléte au niveau du palatin. La
seconde picce, longue de 37,5 cm, correspond & la méchoire
inférieure. Composée du dentaire et de la partie antéricure du splénial,
Pextrémité postérieure de la machoire est manquante & 1’exception des
deux articulaires. La troisiéme piéce correspond & 'atlas et au début
d’une vertébre cervicale. Le créne présente une fissuration importante
résultant vraisemblablement d’une déformation dorso-ventrale lors de
la fossilisation.

Dimensions : Longueur réelle du bord postérieur du condyle occipital
au niveau de la narine externe dont l'extrémité antérieure est

BIISEE ....uovurerrrcrenirinssrensesssessssssssssessast st s e 59 ¢cm
Longueur estimée du bord postérieur du condyle occipital a
Pextrémité du prémaxillaire. ....ocoverecrsireiscmnninnennssennnnens 62 cm
Longueur du bord postérieur du toit crinien a [’extrémité du spécimen
(au niveau de la deuxiéme dent prémaxillaire) ..............c.o.... 57 cm
Longueur des nasauX.........ccoceveveininerninininnnne 22,5 cm
Distance des nasaux aux prémaxillaires ............occevvrvrvvernenns 6,5 cm
Longueur des frontaux en avant des fosses temporales ......... .10 cm
Largeur minimum de I’espace interorbitaire.............c.ocverunne 7,5 cm

Largeur entre les angles externes des préfrontaux ..
Largeur entre les angles externes des carrés.......

Largeur de la région des prémaxillaires.... .
Hauteur de la région des prémaxillaires ..........cocovvvienieirnnene 2,7 cm

(*) Laboratoire de Paléontologie et Stratigraphie. Faculté Libre des Sciences. 13 rue de Toul. 59046 Lille cedex. UMR 8014 du CNRS.
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Fig. 1. - Situation du gisement

Fig 1. — Localisation of outcrop

Description anatomique

La forme du crine est caractérisée par un museau étroit et
allongé. Il est longirostre, en raison de 1’élongation des
maxillaires et des nasaux. En vue dorsale les bords latéraux
des prémaxillaires et les maxillaires sont presque paralléles
jusqu'a la douziéme dent du maxillaire. Puis le crane s’élargit
a partir des nasaux jusqu’aux angles externes des préfrontaux.
En arriére de ceux-ci on observe un brusque rétrécissement au
niveau de la région interorbitaire qui donne au crine 1’aspect
caractéristique des Metriorhynchidae. Les jugaux et les
lacrymaux sont manquants ainsi que le postorbitaire gauche.
L’arriére crine est complet.

1) Caractéristiques des os du crine

® Prémaxillaires

Les extrémités antérieures des prémaxillaires sont brisées
au niveau de la narine externe (pl. I, fig. 2). La base de I’épine
sagittale (formée par les prémaxillaires et séparant la narine
externe en deux) est visible. Les lignes de suture maxillaire-
prémaxillaire sont visibles sur les bords du museau, elles
convergent vers la ligne médiane du crane (on elles sont
difficilement observables) en formant un angle ouvert vers
I’avant. Au niveau de la suture, on observe un rétrécissement
sur les bords latéraux des prémaxillaires, ou venait se placer
probablement une dent mandibulaire.

Chez les Metriothynchidae, les prémaxillaires portent
trois alvéoles dentaires, le plus faible antérieurement et les
plus forts postérieurement, le dernier alvéole dentaire est
conservé dans le cas présent. En vue ventrale (P1. I, fig. 1), on
peux observer la ligne de suture maxillaire-prémaxillaire qui
forme un angle ouvert vers ’arrié¢re crane. Le foramen incisif
normalement situé au niveau de la seconde dent n’est pas
visible.

® Maxillaires

Les maxillaires sont unis sur la ligne médiane du crine
entre les prémaxillaires et les nasaux. Les lignes de suture
maxillaire-nasal divergent de la ligne médiane en direction
latérale et caudale en formant un angle ouvert vers 1’arriére.
En vue ventrale les maxillaires se rejoignent pour former un
méplat limité par les deux sillons longitudinaux
caractéristiques du genre Metriorhynchus d’aprés Brunet
(1969). On peut y dénombrer 16 alvéoles dentaires, mais 1’on
peut estimer leur nombre a 25 par demi-machoire.
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® Nasaux

L’extrémité antérieure des nasaux a une forme pointue et
se situe au niveau de la onziéme dent maxillaire. Les nasaux
se prolongent en s’élargissant vers l'arriére, pour atteindre
leur largeur maximale au niveau du contact avec les
préfrontaux. En vue dorsale, les nasaux sont fortement
bombés au niveau de la partie postérieure et on peut constater
la présence d’'une dépression le long de la ligne médio-
dorsale.

Les lacrymaux sont manquants sur notre spécimen.

® Préfrontaux

De grande taille, ils forment les «visiéres »
caractéristiques des Metriorhynchidae en surplombant les
parties antérieures des orbites. La morphologie des
préfrontaux rappelle la forme c représentée par Mercier
(1933, fig. 4). En vue dorsale on peut observer une
ornementation constituée de petites cupules allongées ainsi
que des sillons courts (PL. II, fig 4)

® Frontal

11 fait corps avec les fosses temporales supérieures et se
prolonge en direction caudale pour s’unir avec le pariétal
formant ainsi une créte sagittale. Cette derniére sépare les
fosses temporales supérieures droite et gauche. La suture
pariétale-frontale se situe dans la moitié antérieure de la créte
sagittale. Le frontal rejoint de chaque c6té les postorbitaires
pour délimiter les bords antéro-latéraux des fosses temporales
supérieures.

® Postorbitaires

Seule la partie dorsale du postorbitaire droit est
conservée. Les postorbitaires constituent les bords latéraux
des fosses temporales supérieures en faisant la jonction entre
le frontal et les squamosaux. Le pilier postorbitaire séparant
Porbite de la fosse temporale inférieure est absent.

® Squamosaux

Ils constituent les bords postérieurs des fosses temporales
supérieures en faisant la jonction entre le pariétal et les
postorbitaires.

® Pariétal

En forme de T, il est étroit et long dans sa partie
antérieure. Il sépare les fosses temporales supérieures en
constituant la majeure partic de la barre osseuse. Il est
latéralement recouvert par les squamosaux au niveau de sa
partie postérieure. Il est peu omementé (PL. I, fig. 2).

® Carré

Il entre en relation avec de nombreux os de la boite
cranienne. Les sutures avec les os voisins sont difficilement
observables (P1. 11, fig. 5).

® Mandibule

Le fragment est constitué du dentaire et d’une partie du
splénial, la suture entre ces deux os est bien marquée (PI. II,
fig. 2). Le dentaire porte 20 alvéoles dentaires et bien que la
partie postérieure du splénial soit manquante, les articulaires
ont été conservés (P1. 11, fig. 2-3)
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Fig. 2. ~ Distribution géographique du genre Metriorhynchus von
Meyer 1830 en Europe occidentale

Fig.2. — Geographic distribution of the genus Metriorhynchus von
Meyer 1830 in western Europe

1 - Pas.de-Calais. (Le Waast), Callovien, Dubar (1957), Sauvage in
Dubar (1957). 2 - Seine-Maritime. (Cap la Héve), Kimméridgien,
Eudes-Deslongchamps J.A. (1866), Eudes-Deslongchamps E. (1869-
1870), Phillips (1871), Lennier (1887), Buffetaut (1979). 3 -
Calvados. (Bavent, Beuzeval, Dives-sur-Mer, Mesnil de Bavent,
Sannerville, Vaches Noires, Villers-sur-Mer), Oxfordien-Callovien,
Cuvier (1812, 1824), Eudes-Deslongchamps E. (1869-1870), Bigot
(1957), Wenz (1968), Buffetaut (1979). 4 - Sarthe, Callovien,
Buffetaut (1979). 5 - Vienne. (Chateau-Gaillard, Migné-les-
Lourdines, Poitiers), Callovien, Wenz (1968), Brunet (1969). 6 -
Deux-Sévres. (Niort), Oxfordien, Eudes-Deslongchamps E. (1869-
1870). 7 - Charente-Maritime. (Ile dc Ré), Oxfordien, Buffetaut
(1977). 8 - Ardéche. (La Voutle-sur-Rhone), Callovien, Kuhn-
Schynder (1960). 9 - Sabne-et-Loire. (Tournus), Oxfordien, Eudes-
Deslongchamps E. (1869-1870). 10 - Céte d’Or. (Chitillon-sur-
Seine, Etrochey), Oxfordien, Eudes-Deslongchamps E. (1869-1870),
Buffetaut & Thierry (1977). 11 - Meuse. (Braquis), Callovien, Wenz
(1968). 12 - Oxfordshire. (Oxford, Shotover Hill), Oxfordien-
Kimmeridgien, Eudes-Deslongchamps E. (1869-1870), Woodward
(1885). 13 — Cambridgeshire (Peterborough, Dogsthorpe, Ely),
Callovien-Kimmeridgien, Lydekker (1890), Leeds (1908), Watson
(1911), Andrews (1913), Andrews (1915), Wenz (1968), Adams-
Tresman (1987). 14 — Wiltshire (Westbury), Kimmeridgien, Grange
& Benton (1996).

La votte palatine a été précisée précédemment pour les
prémaxillaires et les maxillaires, la partie postérieure du
museau est manquante et elle ne peut étre décrite plus
précisément.

2) Les ouvertures criniennes

® La narine externe

Conservée partiellement, elle est impaire et dorsale. On
observe une dépression du prémaxillaire entourant la narine
externe. La base de I’épine sagittale est présente.

® Orbites

Les orbites sont grandes et orientées vers les cotés. On
peut distinguer la créte saillante formée par le préfrontal au
dessus de I’angle antéro-supérieur de l’orbite, qui donne
I’ « oeillére » caractéristique des Metriorhynchidae (Pl. II,
fig. 4). Les piliers encadrant les orbites étant absents, on ne
peut préciser davantage le contour des orbites.

® Fosses temporales supérieures

D’une taille supérieure a celle des orbites, les fosses
temporales supérieures ont une forme trapézoidale avec des
angles arrondis. Le diamétre longitudinal semble plus grand
que le diamétre transversal, mais cela peut étre du & la
déformation résultant de 1’écrasement du spécimen.

® Les fosses temporales inférieures

Elles ne sont pas complétement conservées sur le
spécimen. Elles sont délimitées pour le bord antéro-supérieur
par le postorbitaire, pour le bord postéro-supérieur par le
carré, le quadratojugal et le squamosal et pour le bord
inférieur pour le jugal qui n’est pas conservées sur le matériel.

Distribution géographique du genre Metriorhynchus von
Meyer 1830 en Europe occidentale

Cette distribution (fig. 2) est basée sur I’attribution au
genre Metriorhynchus des exemplaires cités dans la littérature
en prenant en compte les remarques de Buffetaut (1982) sur
la distribution des Metriorhynchidae.
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PLANCHE |

Fig. 1. — vue ventrale de la michoire supérieure.
Fig. 2. — vue dorsale de la méchoire supérieure.

Abréviations : ad, alvéole dentaire ; Bocc, basioccipital ;
BSph, basisphénoide ; Co, condyle occipital ; Foce,
exoccipital ; fa (j, facette articulaire du
quadratojugal ; Fr, frontal ; fis, fosse temporale
supérieure ; /. int, foramen intertympanique médian ;
LSph, latérosphénoide ; Mx, maxilliare ; Na, nasaux
; Or, orbite ; Pa, pariétal ; PMx, prémaxillaire ; Por,
postorbitaire ; PFr, préfrontal ; Qu, carré ; S. mx,
sillon longitudinal du maxillaire ; Sq, squamosal.
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Fig. 1. — ventral view of the upper jaw.
Fig. 2. — dorsal view of the upper jaw.

Abbreviations: ad, tooth alveolus ; Bocc, basioccipital BSph,
basisphenoid ; Co, occipital condyle ; Eocc,
exoccipital ; fa Qj, articular facet of the
quadratojugal ; Fr, frontal ; fis, supratemporal
Sfenestra ; f. int, median intertympanic foramen ;
LSph, laterosphenoid ; MX, maxilla ; Na, nasal ;
Or, orbit ; Pa, parietal ; PMx, premaxilla ; Por,
postorbital ; PFr, prefrontal ; Qu, quadrate ; S. mx,
longitudinal furrow of the maxilla ; Sq, squamosal.
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PLANCHE II

Fig. 1. — vue latérale de I’arriére-crine.

Fig. 2. — vue dorsale de la mandibule,

Fig. 3. — vue dorsale de 1’articulation mandibulaire.
Fig. 4. — détail de la région frontale.

Fig. 5. — face occipitale de I’arriére-crine.

Abréviations : ad, alvéole dentaire ; art, articulaire ; Bocc,

Fig. 1. - lateral view of the posterior part of the skull.
Fig. 2. — dorsal view of the mandible.

Fig. 3. — dorsal view of the jaw articulation.

Fig. 4. - detail of the frontal region.

Fig. 5. — occipital face of the skull.

Abbreviations: ad, tooth alveolus ; art, articular :

»

Bocc,

basioccipital ; Co, condyle occipital ; df, dentaire ;
Eocc, exoccipital ; fa (j, facette articulaire du
quadratojugal ; FR, frontal ; £ int, foramen
intertympanique médian ; Pa, pariétal ; PFr,
préfrontal ; pr.paroce, processus paroccipital ; Qu,

basioccipital ; Co, occipital condyle; di, dentary ;
Eocc, exoccipital ; fa Qj, articular facet of the
quadratojugal ; FR, frontal ; f int, median
intertympanic foramen; Pa, parietal ; PFr,
prefrontal ; prparoce, paroccipital process ; QOu,

carré ; sp, splénial ; Sg, squamosal.
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quadrate ; sp, splenial ; g, squamosal
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INFLUENCE OF MARINE ORGANIC-MATTER DIAGENESIS ON MAGNETIC
SUSCEPTIBILITY OF SEDIMENTARY ROCKS: THE SULPHIDE PATHWAY

by Nicolas TRIBOVILLARD (*), Olivier AVERBUCH (*) and Armelle RIBOULLEAU (*)

Abstract. — A growing number of studies use magnetic parameters for paleoenvironmental reconstructions. In this paper
the influence of organic-matter (OM) early diagenesis on magnetic susceptibility (MS) is investigated using palynofacies
examination, major-element geochemistry and MS measurements, and comparing two Late Jurassic formations of
Boulonnais (northern France) that were deposited in similar sedimentological setting but show marked discrepancies in
their organic content: one formation is rich in orange coloured sulphurized amorphous OM (AOM), the other contains only
brown coloured non-sulphurized AOM. Depending on reactive-iron availability, early diagencsis induced the formation of
either dominating brown-coloured AOM + iron sulphides, or orange AOM + very little iron sulphides. When iron was not
limiting, MS is correlated to the amount of brown AOM, but when iron was strongly limiting MS is linked to the clay-
mineral content of the sediments. Thus, OM study must be carried out prior to MS interpretation for paleoenvironmental

reconstruction using environmental magnetism.

I. — INTRODUCTION

Magnetic parameters can be proxies for tectonic and

climatic influences upon sedimentation processes (the so
called environmental magnetism; e.g., Thompson and
Oldfield, 1986; Crick et al., 1997; Oldfield, 1999; Maher and
Thompson, 1999; Walden, 1999; Sagnotti et al., 2001), but
they can only be used reliably for paleoenvironmental
reconstructions once possible diagenetic overprinting is
identified (e.g., Rochette et al, 1992; Roberts et al., 1999;
Machel, 1995; Tarling and Turner, 1999; Robinson et al,
1995, 2000). Early diagenesis, induced by bacterially-
mediated organic matter (OM) decay, has been shown to
-influence magnetic susceptibility (MS), through reductive
dissolution of magnetite-type minerals and ferrimagnetic iron-
sulphide development (Machel, 1995; Hesse and Stolz, 1999;
Roberts ef al., 1999; Robinson et al., 2000; Robinson, 2001).
It has been shown recently that early diagenesis of marine-
origin OM can induce the formation of contrasting type of
amorphous OM (AOM) sometimes accompanied by iron-
sulphide precipitation that could influence the magnetic
susceptibility (Tribovillard et al., 2002).

In this paper, we investigate further the influence of OM
diagenesis on MS, by comparing two Late Jurassic formations
of Boulonnais (northern France) that were deposited in similar
sedimentological settings but show marked discrepancies as
far as their organic content is concerned. Notably, the role of
reactive iron involved in AOM diagenetic formation is

assessed. This study is based on palynofacies examination,
major-element geochemistry and MS measurements.

II. — GEOLOGICAL FRAMEWORK

The mudstones and shales of the Argiles de Chatillon
(Autissiodorensis + Gigas-Elegans ammonite zones), and the
transition between the Argiles de la Créche and Argiles de
Wimereux formations (the so-called Bancs Jumeaux
Formation, Wheatleyensis + Pectinatus ammonite zones, see
below) represent a low-energy shelf facies deposited below
wave base, but with some tidal and storm influence expressed
as thin shelly limestone interbeds (Proust et al, 1995;
Deconinck et al., 1996; Wignall, 1991; Wignall and Newton,
2001; Williams ef al., 2001). Similar to the more distal time-
equivalent shales and mudstones exposed on the Dorset (UK)
coast, these sediments are also organic-rich in part
(Tribovillard et al., 2001, in press). Detailed descriptions of
the lithofacies and stratigraphy can be found in Proust (1994),
Proust et al. (1995), Herbin et al. (1995) and Deconinck et al.
(1996). Recent sequence stratigraphical studies of the
Boulonnais formation (Wignall, 1991; Proust et al, 1993,
1995; Proust, 1994; Herbin et al., 1995; Wignall and Newton,
2001; Williams et al, 2001) allow the organic facies
variations to be related to changes in relative sea level; this
demonstrates that the organic-richest intervals are consistently
associated with high or rising relative sea levels.

(*) Université Lille 1 & CNRS UMR 8110 & FR1818, Processus & Bilans en Milieux Sédimentaires, batiment SNS5, F-59655 Villeneuve d'Ascq
cedex (France). Corresponding author: Nicolas. Tribovillard@univ-lille1.fr — Fax. +33 320 43 49 10
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The Argiles de Chétillon Formation is well exposed at the
Pointe de la Créche, between Wimereux and Boulogne
(fig.1). It includes the most organic-matter rich (upper
Autissiodorensis ~ lower Elegans) part of the Argiles de
Chatillon Formation, where total organic carbon (TOC)
contents reach up to 7% and the kerogen is enriched in
orange amorphous organic matter. As detailed descriptions of
the lithofacies have been given previously in Proust (1994),
Proust et al. (1995) and Deconinck et al. (1996), only a
summary is given here. The Argiles de Chatillon Fm. consists
of claystone and marlstone accumulations with two intervals
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of laminated paper shales (fig.1) and a laterally variable
number of occasional intercalated limestone beds. The
marlstones show a gradual enrichment in silt in the upper part
of the formation. Storm beds are numerous, notably at the
Kimmeridgian-Tithonian (Autissiodorensis-Elegans  zone)
boundary. Within the Argiles de Chéitillon Fm,, the clay
mineral assemblage is very homogencous, being made of
dominating illite (>50 %), kaolinite (ca. 30 %), smectite +
illite/smectite mixed layers (<20 %), plus <10 % chlorite
(Proust et al, 1995; Deconinck et al, 1996). At the
uppermost part of the formation, the assemblage evolves
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Fig. 2. — Palynofacies observations: stratigraphic distribution of the relative percentages of the various types of organic matter for the studied
two formations. AOM: amorphous organic matter.

towards dominating smectite + illite/smectite mixed layers
(>70 %).

The Bancs Jumeaux Formation is located at the boundary
between the Argiles de la Créche Formation and the Argiles
de Wimereux Formation. This interval is sometimes referred
to as the La Rochette Nodule Beds or the Bancs Jumeaux
Formation (Proust et al., 1995; Williams et al., 2001). It is
bound at its base and top by two sharp erosional surfaces
overlain by accumulations of phosphatic fossils and nodules,
and quartz pebbles. These lower and upper P-rich levels are
named P1 and P2, respectively. The top of the Argiles de la
Créche Formation (i.e., the P1 horizon) is dated as belonging
to the Wheatleyensis zone, and the base of the Argiles de
Wimereux Formation (P2 horizon) to the Pallasioides zone
(Geyssant et al., 1993; Herbin et al., 1995). The Pectinatus
zone has been recently documented in the upper part of the
Bancs Jumecaux Formation (Williams et al, 2001). At
Wimereux, the Bancs Jumeaux Formation consists of shales
with three intercalated micritic mudstones containing
occasional reworked thin pelecypod shell horizons). Only two
of these beds are present at the Cap de la Créche (fig. 1); the
localised occurrence of the middle bed suggests a diagenetic
origin (Bialkowski, 1998 unpublished data). The Bancs
Jumeaux Formation has been interpreted as a transgressive
systems tract (Proust et al,, 1995; Deconinck et al, 1996;
Williams et al, 2001). The Bancs Jumeaux Formation is
placed within the general evolution observed between the
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uppermost Argiles de la Créche Formation and lowermost
Argiles de Wimereux Formation, with an increase in the illite
+ kaolinite abundance (from 30 to 50%, and 15 to 30%,
respectively) at the expense of illite-smectite mixed-layers +
smectite (from 50 to 15%; Proust et al., 1995).

[II. — PREVIOUS RESULTS

1) Organic-matter data of the Argiles de Chiatillon
Formation

As described by Tribovillard ef al. (2001), the total and
marine organic matter contents of the sediments of the
Argiles de Chétillon Formation are dominated by amorphous
organic matter (AOM; Tyson, 1995), which is itself
dominated by two main varieties based on their colour (fig. 2;
see description and microphotographs in Tribovillard et al,
2001, 2002). Orange AOM exhibits distinct (and in some
cases, almost angular) edges, and has a gel-like texture.
Brown AOM has a more heterogeneous “flock” texture, less
distinct “fuzzy” outlines, and tends to be less lustrous; in
untreated kerogen slides it exhibits a more granular texture
and the presence of pyrite crystallites and framboids. It is also
associated with lower fluorescence intensities. In previous
studies on the Kimmeridge Clay, orange AOM has been
found to be nanoscopically amorphous, while brown AOM
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shows an ultralamina ultrastructure which is thought to
represent selectively preserved cell walls of microplankton
(Boussafir et al, 1994, 1995 a & b); Gelin et al, 1995,
1999). The ratio of the two types of AOM changes with the
TOC of the sediments, the proportion of orange AOM
increases rapidly as TOC increases from 2 to 7% (Bialkowski
et al., 2000; Tribovillard et al., 2001).

According to Boussafir et al. (1994, 1995, a & D),
Bialkowski et al. (2000) and Tribovillard et al. (2001), the
orange AOM is interpreted as resulting from natural
vulcanisation or sulphurisation (reaction with sulphides and
polysulphides), whereas brown AOM is interpreted to result
from selective preservation of resistant biopolymers (selective
oxidation of metabolisable constituents; Largeas et al., 1990,
Derenne et al., 1991). Natural sulphurization is an early
diagenetic process leading to sulphurisation of the aliphatic
OM (Sinninghe Damsté et al., 1989; Tegelaar et al., 1989),
the inter- or intramolecular incorporation of reduced
inorganic sulphur species into low-molecular-weight
functionalised lipids resulting in the formation of resistant
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high molecular weight abiogenic “geopolymers” (de Leeuw
and Sinninghe Damsté, 1990).

2) Magnetic parameters of the Argiles de Chitillon
Formation

Using parameters such as magnetic susceptibility (MS),
sIRM, s ratio and major-element abundance, it was shown
that the clastic fraction of the sediments of the Argiles de
Chatillon, and above all the clay minerals are by far thc main
magnetic-susceptibility carrier phase. In addition, the
magnetic signal is neither influenced by variations in the
grain size nor in the diamagnetic quartz content (Tribovillard
et al., 2002).

The samples of the Argiles de Chatillon Formation with
the highest brown AOM content also show the highest MS
and this relationship is related with the iron sulphide content
of the samples. No relation exists between the orange AOM
abundance and the MS signal (Tribovillard et al., 2002).



IV.— METHODS

For all samples, the carbonate content was measured
using a Bernard calcimeter. The Rock Eval pyrolysis
parameters were determined with a Rock Eval apparatus: total
organic carbon content (TOC, in wt.%), Tmax (°C), and
Hydrogen Index (HI, in mg hydrocarbon per g TOC; see
Espitalié et al., 1986, Espitalié, 1993). Half of the Argiles de
Chaétillon samples and all the Bancs Jumeaux samples were
analysed with a LECO C-S 125 device in order to determine
the total sulphur content (TS, in wt.%). Major-element
analyses were carried out by ICP by the spectrochemical
laboratory of the Centre de Recherches en Pétrographie et
Géochimie  of  Vandeceuvre-les-Nancy  (geochemistry
laboratory of the French Centre National de la Recherche
Scientifique). The samples were prepared by fusion with
LiBO, and HNO; dissolution. The analytical accuracy and
precision were both found to be better than 1% (mean 0.5%)
for major elements. This was checked using international
reference materials and by analysing replicate samples,
respectively.

Palynofacies preparations used standard non-oxidative
palynological processing techniques. Two slides were
produced for each sample: total untreated kerogen mounts
using the residues of just HCl and HF digestion, and treated
kerogen mounts prepared after further treatment with KOH,
HNOj3; and ZnBrp in order to remove humic substances,
sulphides and any other undissolved mineral matter. For each
sample, 500 organic particles were counted in transmitted
white light.

Low-field magnetic susceptibility was measured on the
dried samples, using a Kappabridge KLY 2 apparatus (three
measures per sample).

V.—RESULTS

1) Organic-matter data

a) Palynofacies data of the Bancs Jumeaux Formation

In accord with the fact that the Bancs Jumeaux formation
has TOC values not exceeding 2% (Table 1), the organic and
amorphous content is largely dominated by brown AOM (fig.
2). The palynofacies also contain minor amounts of gelified
and black opaque terrestrial debris, together with algal debris
and algae. The opaque phytoclasts are generally dominant
over the brown phytoclasts. There is no correlation between
the ratio of plankton/sporomorphs and the ratio of
AOM/phytoclasts, that is between the marine/terrestrial ratios
in the palynomorph and total kerogen fractions. There is no
significant difference in the character of the phytoclast
assemblages between the studied two formations, probably
because both represent relatively distal facies.

b) Rock Eval data

The Rock Eval data for the studied two formations are
compared in Table 1. See details about the Argiles de
Chétillon Formation in Tribovillard et al. (2001).
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TOC HI Tmax (°C)
(wt.%) (mg HC per g TOC)
Argiles de 1-8 80-556 411-453
Chétillon Fm. (mean 423)
Bancs 1-2 150 - 360 420-430
Jumeaux Fm.

Table 1. — Range values for the Rock Eval parameters of the Argiles
de Chatillon and Bancs Jumeaux formations

2) Geochemistry

a) Major elements

The geochemical composition of the studied two
formations is compared in fig. 3 for selected elements. The
overall carbonate content of the Bancs Jumeaux is higher than
that of the Argiles de Chétillon, producing an inverse
variation in Al content. Except for the sandstone level at the
very base of the Argiles de Chétillon Formation, the Ti/Al
ratio is homogeneous for both formations, suggesting a
constant source of terrigenous supply. The Si/Al and K/Al
ratios are also rather uniform and similar within the clay-
dominated intervals of both formations. The Fe/Al curves
show that the sediments of both formations have the same
relative iron content.

b) Sulphur content

The total sulphur content was found to be higher in the
Argiles de Chétillon Formation than in the Bancs Jumeaux
Formation. The non-silicate bound fraction of iron (Fepe.
sywas deduced using the formula: Fe yon.51 = Feya - 0.22 x Al
(Hild & Brumsack, 1998), allowing an estimation of the
fraction of iron present as pyrite, and consequently the
fraction of sulphur that is associated with pyrite (Syy). The
organic sulphur (S,,) content was determined by difference:
Sorg = Stotal - Spyr-

For the Argiles de Chitillon Formation, Tribovillard ez al.
(2001) have shown that the organic S ranges up to 2% (whole
rock) and the high ratios of Sy, to TOC indicate that the
paper shale lithofacies contains Type II-S kerogen sensu Orr
(1986), ie., atomic S/C ratios >0.04. There is a clear
correlation between the organic sulphur content and the
orange AOM abundance for samples with TOC >2%. The S,
values also show a very strong correlation with the percentage
orange AOM of the total marine AOM (* = 0.93, n = 18; G,
fig. 4). Samples without orange AOM do not contain any
organic S using the methods employed. Finally, there is a
clear correlation between the total sulphur content and the
abundance of oranget+brown AOM (F, fig. 4).

For the Bancs Jumeaux Formation, the weight ratio of
pyrite Fe to total S is above 0.87 (pyrite stoichiometric
value). In other words, the atomic ratio of pyrite Fe/S is
above 0.5. This implies that there is a theoretical lack of
sulphur relative to sulphide iron, and thus it may be deduced
that organic S must be absent from the Bancs Jumeaux

- Formation, as suggested by the absence of orange AOM. The
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Fig. 4. — Magnetic susceptibility (MS), brown amorphous organic matter (AOM) abundance (expressed as % brown AOM x TOC/100) and
sulphur content relationship for the Argiles de Chatillon Formation. A: MS and brown AOM covariations with depth; B: MS and pyrite-S
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Fig. 5. — Magnetic susceptibility (MS), brown amorphous organic matter (AOM) abundance (expressed as % brown AOM x TOC/100) and
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relation between the abundance of brown AOM and total S  Chétillon samples than for the Bancs Jumeaux ones (R? =
content exists but is not well defined (D, fig. 5). 0.93 and 0.66, respectively).

A relation may be observed between MS and the weight

3) Magnetic susceptibility percentage of brown AOM (expressed as %Brown AOM x
TOC / 100; B, fig. 6, A & D, fig. 4, A & D, fig. 5). The

A correlation is drawn between the MS and the Al  covariations of both parameters are clearer in the case of the
content, representing the terrigenous fraction of the sediment ~ Bancs Jumeaux (A, D, fig. 5) than that of the Argiles de
(A, fig. 6). The correlation is better for the Argiles de- Chatillon (A & D, fig. 4). The same is true for the relation
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between MS vs. S abundance (B & E, fig. 4, B & E, fig. 5),
and brown AOM vs. S abundance (C & D, fig. 4, C & D, fig.
5). So the three parameters MS, S abundance and brown
AOM abundance seem to be linked, especially in the case of
the Bancs Jumeaux Formation. The diagram brown AOM vs.
Al content (not shown) indicates a poor correlation for both
formations (R? = 0.24 and 0.55 for the Argiles de Chatillon
and Bancs Jumeaux, respectively). So, brown AOM
abundance does not depend on the proportion of the
terrigenous fraction of the sediments, in contrast to MS.
Consequently, the covariations observed for MS and brown
AOM abundance are not induced by the fluctuations of the
land-derived fraction and the cause for this link between the
OM parameters, S abundance and MS may be looked for.

VI. —INTERPRETATION

The clay fraction of the sediments was shown to be the
main carrier phase for MS in the case of the Argiles de
Chitillon Formation (Tribovillard et al., 2002). This is shown
by the positive corrclation between Al (proxy for
aluminosilicates) and MS. This correlation is poorer in the
case of the Bancs Jumeaux Formation, indicating an
additional influence on the magnetic susceptibility signal in
that case.

As reported above, the three parameters MS, brown AOM
and S abundances appcar to be linked, especially in the case
of the Bancs Jumeaux. Organic matter alone has no influence
on MS but brown AOM is known to be the result of selective
preservation processes (see above). This means that this type
of AOM is the refractory part, resistant to total bacterial
degradation of an initially more abundant OM that has
partially disappeared. In other words, the presence of
abundant brown AOM implies the previous massive
destruction of marine OM (Lallier-Verges et al., 1993, 1997).
The main mechanism of marine OM degradation below the
water-sediment interface is usually bacterially-mediated
sulphate-reduction reaction (Lallier-Vergés et al, 1993,
1997). The by-product of such reactions is sulphide ions
(HS™/H,S) that may generate in turn the precipitation of iron
sulphides within the sediments when reactive iron is
available; (Raiswell and Canficld, 1998; Canficld, 1994;
Coleman and Raiswell, 1995). Thus, the accumulation of
brown AOM must have been accompanied by sulphate-
reduction reactions that led to the precipitation of iron
sulphides (explaining the covariations of brown AOM and S,
proxy for iron sulphides). These iron sulphides have in turn
the observed influence on the MS of the rocks producing
covariations of S vs. MS. Thus, the covariations of MS vs.
brown AOM is then explained.

Despite the fact that both formations were deposited in
similar paleoenvironments, they differ significantly in their
organic facies: the organic-rich shales of the Argiles de
Chatillon (>2% TOC) are progressively enriched in orange
AOM and organic sulphur, while the more "normal” shales of
the Bancs Jumeaux, with TOC values of 2 or less, have only
brown AOM and no organic sulphur. The presence of orange
AOM is a salient feature of the Argiles de Chatillon Fm., but
no relation between its abundance and the MS signal is
observed (Tribovillard et al, 2002). As reported above,
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magnetic susceptibility (MS) crossplot (B) for both formations.

orange AOM results from sulphurisation, i.e., the
incorporation of reduced species of sulphur, released by
sulphate reduction. In that case, sulphide ions can react with
OM (lipids, maybe carbohydratcs) because they are not
entirely trapped as iron sulphide (Curtis, 1987a & b; Zaback
and Pratt, 1992; Tribovillard et al., 1994; Van Kaam-Peters et
al, 1998). The limiting factor preventing iron-sulphide
precipitation and allowing sulphur incorporation to OM is
reactive-iron availability. Reactive iron is usually present in
the depositional environment as oxyhydroxide or mineral-
grain coatings, or organic-metal complexes (Raiswell and
Canfield, 1998; Canfield et al., 1992; Canfield, 1994). Iron
shortage may be absolute or relative, that is, caused either by
the relatively lower land-derived products, e.g., in the case of
carbonate sedimentation or of reduced sedimentation rates
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(transgressive systems tracts and maximum flooding
surfaces), or by its relative scarcity regarding overwhelming
sulphide-ion amounts, released by intense OM bacterial
degradation (sulphate reduction), e.g., in the case of high
productivity in surface waters (Tribovillard et al, 1994,
Mongenot et al., 1996; Raiswell and Canfield, 1998). In other
words, in the orange AOM-rich levels of the Argiles de
Chatillon Formation, the intense sulphate-reduction reactions
(triggered by abundant marine OM) did not lead to the
formation of iron-rich minerals influencing the MS signal,
and this is the reason why no relation can be observed
between orange AOM abundance and MS.

These observations are illustrating the crucial role of iron
in the OM early diagenesis. When reactive iron is present and
OM moderately abundant (low to medium productivity and/or
dilution by inorganic fraction and/or marked organic decay
prior to burial), early diagenesis may generate the formation
of brown AOM accompanied by iron sulphide precipitation.
However, when OM is abundant to very abundant (strong
production, low dilution, appropriate burial conditions),
reactive iron may become progressively limiting, sulphide
ions may react with organic molecules. Thus, orange AOM
may form and iron shortage prevents or hampers iron
sulphide precipitation.

This schematic modecl is well illustrated by the
contrasting studied formations. The analyses of the samples
from the Argiles de Chétillon and Bancs Jumeaux show
similar Fe/Al values for both formations. However, OM is
much more abundant in the Argiles de Chétillon than in the
Bancs Jumeaux. Thus, the reactive-iron consumption,
induced by OM degradation, must have been very strong in
the case of the former formation, and reactive iron became

<

limiting. Consequently, iron sulphides did not form
proportionally to OM abundance. In contrast, reactive iron
was not limiting in the case of the Bancs Jumeaux and iron
sulphides could form proportionally to brown AOM
abundance. This explains why better correlations are
observed between brown AOM content, MS and S content
(proxying for iron sulphides) in the case of the Bancs
Jumeaux rather than in that of the Argiles de Chétillon.
Conversely, as iron sulphide formation in proportion to
brown AOM abundance was hindered in the Argiles de
Chatillon, the MS signal is more influenced by the clay
mineral content (better correlation between Al content and
MS in the case of the Argiles de Chétillon than in that of the
Bancs Jumeaux).

VII. — CONCLUSION

In the studicd two formations, the MS signal of the
sedimentary rocks has been governed by two factors: the
abundance of the land-derived clay minerals, and the variable
occurrence of iron sulphides (fig. 7). In the present case, this
second factor is directed by the type of diagenetic mechanism
affecting marine OM. Both factors may act with contrasting
importance. When the sulphate-reduction reactions led to the
formation of brown AOM, this phenomenon was
accompanied by iron-sulphide formation, which influenced
the MS signal. When reactive iron was not limiting, the iron
sulphides could form in proportion to brown AOM
abundance (Bancs Jumeaux). When iron is partially limiting,
such proportionality is less marked (samples of the Argiles de
Chatillon dominated by brown AOM). As the sulphate-
reduction reactions ended with the formation of orange AOM,
the sulphide ions were dominantly incorporated to the organic
molecules and did not form major iron-sulphide phases.
Hence no additional effect was brought to the MS signal
(samples of the Argiles de Chétillon with dominating orange
AOM).

The results presented here are not restricted to the studied
formations and may be extended to any other geological
formation that contained OM by the time of the sediment
deposition.

This study highlights the possible influence of OM
diagenesis (involving reactive iron availability) on the
magnetic properties of sedimentary rocks, even when the
TOC is not particularly high. Magnetic susceptibility is
increasingly used in paleoenvironmental reconstruction (the
so-called environmental magnetism), but this paper shows
that the study of the organic contents of sedimentary rocks
may be a prerequisite to deciphering the information carried
by magnetic susceptibility.
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LE RESEAU HYDROGRAPHIQUE ET LES TERRASSES FLUVIATILES QUATERNAIRES DU
BASSIN DES DOUKKALA (MESETA MAROCAINE OCCIDENTALE):
GEOMORPHOLOGIE, SEDIMENTOLOGIE ET TECTONIQUE.

The hydrographic network and quaternary benches of the basin of Doukkala
(Meseta Western Morrocan): geomorphology, sedimentology and tectonics.

par Mohamed. OUADIA ) et M. ABERKAN "

Résumé. — L'étude géomorphologique et sédimentologique que nous avons entreprise sur le réseau hydrographique et les
formations fluviatiles quaternaires des Doukkala a montré, 1) que le caractére actuel, "pseudoendoréique”, de la plaine des
Doukkala ne 'était pas au début de l'individualisation du réseau hydrographique quaternaire dans cette zone, 2) que cet
endoréisme n'est pas dii seulement a l'effet d'obstacle que jouent les dunes du Sahel, mais plutot & son évolution suite &
l'influence de plusieurs paramétres (géomorphologique, géologique, tectonique et climatique).

Abstract. — The geomorphological and sedimentological study that we undertook on the hydrographic network and the
quaternary fluvial formations of Doukkala showed: 1) that the present character, " almost endoreic ”, of the plain of the
Doukkala was not him in the beginning of the individualization of the quaternary hydrographic fluvial in this zone, 2) and
which this endoreism is not due only to the effect of obstacle which the dunes of the Sahel play, but rather with its evolution
Jfollowing the influence of several parameters (geomorphological, geological, tectonic and climatic).

I. —INTRODUCTION

Selon Gigout (1951) et Choubert (1955), I'arrét du
fonctionnement du réseau hydrographique en aval de la plaine
des Doukkala est dii principalement au facteur
géomorphologique. Il s'agit pour ces auteurs de l'obstacle
qu'ont pu jouer les dunes consolidées du Sahel. Toutefois,
Ferré et Ruhard (1975) ont pu montrer que le facteur principal
qui empéche les eaux des crues des oueds des Doukkala
d'arriver jusqu'a I'Océan atlantique est le facteur climatique,
étant donné que I'évaporation reprend 99 % dans la plaine des
Doukkala et 94 % dans le Sahel des eaux sauvages.

Outre le facteur géomorphologique, notre étude
multidisciplinaire nous permet de mettre en évidence que
I’arrét du fonctionnement du réseau hydrographique, en
particulier en aval de la plaine des Doukkala, est controlé par
d’autres paramétres (géologique, tectonique et climatique).
Ceux-ci ont une action sur lI'évolution de ce réseau et les
terrasses fluviatiles quaternaires des Doukkala.

En outre, les terrasses fluviatiles de ces oueds, alimentées
essentiellement de terrains métamorphiques (quartzites et
schistes) du massif des Réhamna et de phosphates du plateau
du Gantour, ne sont pas étudiées par Saaidi E. K. (1979) qui
s’est intéressé uniquement aux terrasses fluviatiles de I'Oum
Rbia.

II. — SITUATION GEOGRAPHIQUE ET ASPECT
GEOMORPHOLOGIQUE DES DOUKKALA

Le pays des Doukkala, faisant partie de la Méséta coticre
marocaine s'étend entre la vallée de I'Oued Oum Rbia au Nord
et le massif des Réhamna au Sud Est. 11 peut étre partagé en
deux parties inégales: le Sahel ou pays de dunes consolidées
plio-quaternaires, qui longe la cbte, et les Doukkala sensu
stricto (vaste zone aplanie, affectée de faibles reliefs et formée
de dépdts continentaux quaternaires (colluvions, terrasses
fluviatiles et limons). Cette zone est incisée par des vallées et
des thalwegs quaternaires (fig. 1) dont certains fonctionnent
encore et d'autres, en particulier en aval de la plaine, sont
pratiquement fossilisés. Au centre de la plaine, sont étalées
des terrasses fluviatiles quaternaires anciennes relativement
développées. La topographie des Doukkala est assez
contrastée. En amont, dans le massif des Réhamna, la pente du
lit des oueds (6 %) est relativement forte, & son piedmont.
Lorsquion arrive au niveau de la plaine, la pente chute
rapidement (environ 1 %). Par contre, vers la cbte, la pente du
lit augmente légérement 4 cause de la présence des reliefs
dunaires du Sahel. Les Doukkala sont aussi caractérisés par
l'abondance des dayas ou "lacs temporaires" et des dolines et
d’avens résultant d'un soutirage karstique intense. Cette
derniére est favorisée par la nature lithologique du substratum
(calcaire) et par la difficulté d'écoulement des eaux de surface
(vitesse d’écoulement faible en relation avec une pente faible
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Fig. 1. — Situation géographique de la zone étudiée avec le réseau hydrographique
Oueds: 1: Merzeg, 2: Hawara, 3: Tiouright, 4: Oum Rbia, 5: M’Tal, 6: Grandou, 7: Bouchane, 8: Faregh,

Fig. 1. — Geographical situation of the studied zone with the hydrographic network

et présence d'un écran & I'écoulement que forment les duncs
de Sahel : (fig. 2)) ce qui provoque une stagnation des eaux et
ensuite une infiltration des eaux (n’ayant pas pu subir
I’évaporation) et une dissolution assez poussée du substratum
calcaire.

III. — RESEAU HYDROGRAPHIQUE

1) Réseau hydrographique actuel

Tous ces oueds sont temporaires dont deux principaux
(fig. 1): I'Oued Faregh et I'Dued Bouchane et d’autres moins
importants: 1'Oued Aouja, I'Oued Souani, 1'Oued M'Tal,
'Oued Grandou (Ouadia et Aberkan, 1999) et 1'Oued Fel-Fel.
Le dessin des vallées est complexe. Il existe de nombreux
thalwegs morts, constituant une suite de dépressions plus ou
moins fermées et sans exutoire vers 1’océan atlantique. En
amont du bassin, ces oueds n'ont pas de débit d'étiage et
I'écoulement ne s'effectue que sous forme de crues bréves et
violentes. Ils sont complétement a sec pendant la saison séche
et capables, aprés les pluies, d'accumuler une grande quantité
d'alluvions sur leurs lits majeurs. Un seul oued posséde un
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exutoire: I'Oucd Faregh qui se jette dans I'Oum Rbia. Les
autres oueds se perdent dans la plaine, qui constitue un bassin
presque fermé “pseudo-endoréique”. L'Oued Bouchane
répartit ses eaux entre les dayas Fertouaou et Ourar. En
avancant dans la plaine: les pentes diminuent, les vallées .
deviennent moins encaissées, les débordements et les -
diffluences se multiplient. Les éléments qui conditionnent
I'écoulement sont, outre l'intensité¢ de la pluie (Ferré et
Ruhard, 1975), les dayas ou mares temporaires qui occupent
les points bas de la topographie et les dolines ou avens
susceptibles d'absorber une partie du débit de surface. Les
eaux provoquent, faute de possibilités naturelles d'écoulement
direct vers 1’océan atlantique lors des crues, une stagnation
caractéristique en surface dans des dayas ou lacs temporaires.
Les eaux de 'Oued Fel-Fel menacent El Jadida, en cas de
crues exceptionnelles (cas de la crue du 20 et 21 janvier 1996
qui a causé des dégits énormes 4 cause des précipitations
ayant atteint 233 mm en 48 heures).

2) Réseau hydrographique quaternaire

Ce réseau hydrographique, Iui aussi, est complexe dans le
détail (fig. 1) avec de nombreuses diffluences et confluences.
11 est déduit a partir de la répartition des vallées et des bras



.

Fig. 2. — Photo d’un exemple de cordon dunaire du Sahel (obstacle aux écoulements superficiels vers 1’Océan atlantique) ; (a) : Flanc Est du
cordon

Fig. 2. — Photograph of an example of cord dunaire of the Sahel (obstacle to the surface flows towards the atlantic ocean) ; (a) Estern side of
the cord.

morts ainsi que des terrasses fluviatiles quaternaires. Il ne
présentait que deux exutoires: L'Oued Faregh qui se jette
actuellement a Oued Oum Rbia et 'Oued Fel-Fel ou "riviére
d'El Jadida" qui devait couler avant l'établissement d'un
systéme d'épandage de crues sur I'Oued Bouchane. Sa vallée
est entaillée dans les cordons dunaires du Sahel. Quant au
terrains affleurant dans son bassin versant, ils sont dominés
essentiellement, par les quartzites et les schistes du massif des
Réhamna.

IV. — LES TERRASSES FLUVIATILES

Elles sont, relativement, développées au centre de la
plaine ot on distingue trois terrasses fluviatiles quaternaires
qui s'atténuent vers l'aval ol les thalwegs sont morcelés et
toujours a sec, de la plus ancienne a la plus récente on a: T3,
T2 et T1 et une terrasse subactuelle (T0). (leurs altitudes a
M’Tal, par exemple, sont respectivement : 210 m, 207 m, 206
m et 205 m).

1) Lithostratigraphie

® T3 - C'est la terrasse la plus développée. Elle est formée
en bas de conglomérat (3 m) peu consolidé et ensuite de
limons argileux au sommet (1,5 m). Les galets sont
légérement orientés. Au sommet, on a une stratification
horizontale et la présence de quelques coquilles de
Gastéropodes pulmonés parfois entiéres. Au milieu, se trouve
un niveau sableux plus ou moins riche en argiles grisatres (30
cm) et en sables lavés qui peut représenter un niveau
paléolacustre 4 Oued Bouchane, au dessus duquel se trouvent
deux autres niveaux rouges bruns a bruns foncés du fait de
I’influence des oxydes de Fe et de Mn. A Oued Grandou, on
note la présence des ossements a la base de T3. Cependant;
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les colluvions sous-jacents a cette terrasse (Oued M'Tal) ont
livré aussi des ossements de mammiféres (dents, os
longs...etc.).

e T2 - Elle est relativement moins développée que la
terrasse T3. Sa puissance peut atteindre 3 m, elle est
conglomératique 4 la base et limono-argileuse au sommet. Le
conglomérat de la base n'est pas trés consolidé. On note une
tendance & une diminution de la taille des galets de la base
vers le sommet. Dans la partie sommitale, on remarque la
présence de quelques coquilles de Gastéropodes (pulmonés
terrestres, entiéres ou brisées). Cette terrasse montre une
stratification oblique et entrecroisée et renferme des
ossements, des céramiques et des outils (surtout sur éclats) en
silex.

e TI - Elle est moins développée que T3 et T2. Sa
puissance peut atteindre 1 m. Elle est formée & la base de
conglomérat moins consolidé et au sommet de sédiments
limono-argileux. Les galets sont de taille relativement
supérieure a celle des galets de la terrasse T3 et T2. Cette
terrasse présente des ossements, des céramiques et des outils
en silex.

En conclusion, on peut retenir que la terrasse T3 est plus
développée que les autres. La texture, relativement moins
grossiére, de ses dépdts, la présence de traces d’oxyde de Fe
et de Mn et d’ossements de mammiféres la différencient des
autres terrasses et reflétent sa mise en place au cours des
conditions climatiques relativement humides.

2) Sédimentologie

Les méthodes utilisées pour 1’étude sédimentologique du
dépots des terrasses fluviatiles sont celles de Tricart et al.
(1955), Vatan (1967), Parfenoff et al. (1970) et Berthois
(1975).
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a) Morphométrie et pétrographie des galets

De point de vue morphométrique, la valeur de l'indice
d'aplatissement des galets est en gros au tour de 2. Les valeurs
les plus élevées sont celles des terrasses de I'Oued Bouchane.
Quant a leur indice d'émoussé (fig. 3), il varie au tour de 150,
ses valeurs relativement les plus faibles enregistrées sont
celles des terrasses de 1'Oued Bouchane. Quant a la faible
variation de la valeur de cet indice de la terrasse T3 a la
terrasse TO, elle peut refléter la proximité des provinces
émettrices et par conséquent la courte distance parcourue par
le matériel alluvial. Concernant le cortége pétrographique des
galets, il montre une dominance des roches métamorphiques
dont le pourcentage dépasse pour tous les oueds 50 %. Elles
sont suivies du quartz, des grés, des calcaires et en fin du
silex. On note que le silex, quoi que son pourcentage est
faible (6 % en moyenne), caractérise les terrasses fluviatiles
de I'Oued Bouchane.

b) Taux des carbonates, granulométrie, morphoscopie et
minéraux lourds de la fraction sablo-limoneuse

Le taux des carbonates est relativement faible (fig. 4). Il
oscille au tour de 5 %. On remarque une tendance a une
diminution de celui-ci de T3 a TO (a l'exception de TO de
1'Oued Faregh). De point de vue granulométrique, la médiane
varie au tour de 200 pm. C'est dans la terrasse T3 que ses
valcurs les plus faibles sont enregistrées. Ceci est valable
presque pour tous les oueds. Le sorting index (S0) oscille au
tour de 1,25. Contrairement a la médiane, c'est au niveau de la
TO o sont enregistrées ses valeurs les plus faibles.
Concernant l'étude morphoscopique, les grains de quartz les
plus dominants sont les émoussés luisants (55 % en
moyenne), suivis (selon les oueds) des ronds mats ou des non
usés. Le pourcentage des grains de quartz ronds mats tend a
augmenter des terrasses des oueds du Sud (Bouchane et
Grandou) aux terrasses des oueds du Nord (M'Tal et Faregh).
On remarque aussi que de la terrasse T3 a la terrasse TO, le
pourcentage des grains de quartz ronds mats tend & augmenter
(& Texception de I'Oued Faregh). Le cortége des minéraux
lourds (fig. 5) est dominé surtout par les minéraux
métamorphiques (dépassant dans la plupart des cas 40 %:
micas suivis de I'andalousite et de la staurotide). En dcuxiéme
position, on a la staurotide et le grenat 2 Oued Bouchane,
l'andalousite 4 Oued Grandou et & Oued M'Tal et le grenat a
Oued Faregh. La teneur pondérale varie au tour de 30 %, elle
montre, en général, une tendance a une diminution de T3 a
TO. Les terrasses de 1'Oucd Faregh se distinguent des autres
par leur faible valeur de la TP. L'indice de maturité varie au
tour de 0,05. Ses valeurs tendent généralement & une
diminution dc T3 a TO.

c) Interprétation

La taille des galets et des sédiments sablo-limoneux
(médiane forte) et la valeur faible de l'indice d'émoussé des
galets et du sorting index de la fraction sablo-limoneuse
témoignent d'un sédiment peu classé; tandis que le passage
brutal des niveaux a conglomérat a des niveaux sablo-
limoneux et la présence d'une stratification horizontale pour
la terrasse T3 et oblique pour la terrasse T2 révélent une
irrégularit¢ du régime des oueds et la tendance &
I’accentuation de I’intensité de la dynamique (de T3 4 T0). La
prédominance des galets et des minéraux métamorphiques
(micas, andalousite et staurotide) pour tous les oueds prouve
qu'une grande partie des matériaux des terrasses fluviatiles
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des oueds des Doukkala provient du massif des Réhamna.
Cependant, le grés, le calcaire et le quartz résultent des
terrains formant la couverture de ce massif dans sa bordure.
Par contre, le silex qui caractérise les terrasses de I'Oued
Bouchane résulte des terrains phosphatés du plateau du
Gantour. Ce qui permet de distinguer en gros deux bassins
versants: le massif des Réhamna et le plateau du Gantour. La
stabilité du cortége pétrographique des galets et du cortége
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des minéraux lourds de la terrasse T3 a la terrasse TO prouve
que les provinces émettrices n'ont pas changé depuis la mise
en place de la terrasse fluviatile quaternaire (T3).

La terrasse T3 (contrairement i la terrasses T2 et T1) est
déposée sous des conditions paléoclimatiques relativement
humides, ce que témoigne la présence des niveaux riches en
oxydes de Fe et de Mn reflétant des battements de la nappe
phréatique. En outre, la tendance a 'augmentation, de T3 a
T0, du pourcentage des grains de quartz ronds mats prouve
une tendance a des conditions paléoclimatiques relativement
séches (Ouadia et Aberkan 1999).

La présence des outils en silex et des céramiques
témoignent que I’Homme préhistorique a fréquenté la région
au moins a partir de la mise en place de la terrasse T3.

V.— TECTONIQUE

Concernant la tectonique, nous allons essayer de
chercher, dans ce paragraphe, la présence ou non d’une
relation entre elle et la difficulté des écoulements superficiels
pour atteindre 1’Océan atlantique ?

En effet, le fait que, d’une part, I’épaisseur des formations
superficielles couvrant la plaine des Doukkala (colluvions et
limons quaternaires) est importante (dépassant, par endroit, et
plus particuliérement au centre de la plaine 200m) et que,
d’autres part, leur épaisseur est maximale au centre de la
plaine et tend & devenir relativement faible vers la périphérie
de celle-ci peut expliquer, certainement, I’impact de la
subsidence, qu’a subi au cours du Quaternaire et, que
continue a subir actuellement cette plaine (Ouadia 1998) (une
étude détaillée des forages et des sondages effectués, avec
d’autres que nous allons effectuer trés prochainement, dans
cette zone est en cours). Cependant, faute d’absence de failles
enregistrées dans ces formations peu consolidées (terrasses
fluviatiles et colluvions quaternaires), nous nous sommes
trouvés obligé d’en chercher des traces et des arguments en
aval de cette plaine. C’est donc dans I’aval de la plaine des
Doukkala, que quciques traces de I’activité néotectonique
sont enregistrées, essentiellement, par des failles normales de
directions dominantes N25 et N140 (Aboumaria 1993 et
Ouadia 1998). Elle peut étre témoignée, en outre, au Nord de
la plaine des Doukkala (vallée de 1’Oum Rbia) par
I’étagement des terrasses fluviatiles plio-quaternaires. De ceci
on peut donc retenir que D’épaisseur importante des
formations de la plaine des Doukkala ne peut étre que le
résultat d’une subsidence. Cette derniére favorise la tendance
de la plaine 4 une dépression rendant I’écoulement difficile
vers I’océan atlantique.

VI. — DISCUSSION

Dec point de vue géomorphologique, La présence d'un
niveau paléolacustre a la base de T3 de I'Oued Bouchane
témoignant d'une stagnation des eaux de cet oued au moment
de la mise en place de cette terrasse refléte des conditions
analogues a ce qui se passe actuellement (fréquence des lacs
temporaires : exemple daya Fertouaou, daya Aourar et daya
Fahs).
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L’absence des dépdts alluviaux quaternaires vers l'aval de
la plaine des Doukkala et la fossilisation du réseau
hydrographique dans cette zone fait du bassin des Doukkala
un bassin endoréique au moins a partir du Soltanien (Wiirm
europeen). Cette situation est probablement due a la difficulté
d'écoulement des caux due:

- au développement des dunes limitant I'écoulement vers
l'aval,

- a I'affaissement de la plaine causé par la tectonique,

- a la morphologie de la plaine qui est sous forme de
cuvette,

- a une infiltration assez importante au niveau de la plaine
favorisée par la porosité des limons couvrant celle-ci,

- a I’effet d’une karstification intense et d’une évaporation
sous l'effet de conditions climatiques arides.,

- & Jl’absence, probable, de dépot due 2
enfouissement.

leur

Sur le plan sédimentologique, les valeurs assez fortes de
la médiane et de I’indice de classement (sorting index) pour la
fraction sablo-limoneuse ainsi que le degré d'émoussé assez
faible des galets et des grains de quartz montrent que les
sédiments des terrasses fluviatiles des oueds des Doukkala
sont relativement grossiers, peu classés et déposés grice a une
dynamique fluviatile brutale. La présence d'une stratification
horizontale pour la terrasse T3 et oblique pour la terrasses T2
témoigne d'une tendance a une variation du régime des oueds
et d'une irrégularité de la dynamique fluviatile. La
prédominance des galets et des minéraux métamorphiques
(micas, andalousite et staurotide) pour tous les oueds montre
que le massif des Réhamna participe en grandc partie a
l'alimentation des terrasses fluviatiles des oueds des
Doukkala. Cependant, le silex caractérisant les terrasses de
1'Oued Bouchane provient des terrains phosphatés du plateau
du Gantour. Quant aux grés, aux calcaires et au quartz, ils
proviennent des terrains de la bordure du massif des
Réhamna. Ce qui laisse penser a la présence de deux bassins
versants: le plateau du Gantour et le massif des Réhamna. La
stabilité du cortége pétrographique des galets et du cortége
des minéraux lourds de la terrasse T3 & la terrasse TO prouve
que les provinces émettrices n'ont pas changé au cours du
Quaternaire récent (Ouadia et Aberkan, 1996).

La mise en place de la terrasse T3 est contemporaine a
une phase paléoclimatique relativement humide, ce que
témoigne la présence des niveaux riches en oxydes de Fe et
en Mn reflétant des battements de la nappe phréatique et la
présence des fossiles de mammiféres (Gazella Curvini. B.
Arimigenius et Equus L.: tolérant des savanes et par
conséquent des conditions climatiques peu arides). Ces
conditions relativement humides ne persistent pas au cours de
la mise en place de la terrasse T2 et T1 du fait que ces
niveaux a oxydes de Fe et de Mn ne s'observent plus et qu'on
a remarqué une tendance a l'augmentation, de T3 & TO, du
pourcentage des grains de quartz ronds mats. Ces demiers
sont aussi relativement abondants dans les terrasses de 1'Oued
M'Tal par rapport & celles de 1'Oued Bouchane ce qui
s'expliquerait par la proximité de I'Oued M'Tal aux dunes du
Sahel et la reprise de celles-ci par ce dernier.

L’écoulement des eaux des oueds est influencé par
plusieurs paramétres. En effet, la subsidence de la plaine des
Doukkala accompagnée par une activité néotectonique que
nous avons pu mettre en évidence (Aboumaria 1993 et
Ouadia 1998) en aval de la plaine des Doukkala en est un. Il
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ne faut pas négliger la part de la karstification et d’obstacle

que jouent les cordons dunaires littoraux en limitant 1’accés

de ces eaux a I’Océan Atlantique.

VII. — CONCLUSION

De I'étude du réseau hydrographique et sédimentologique
(entamé pour la premiére fois) des terrasses fluviatiles
quaternaires des Doukkala et leur évolution ressort qu'on peut
distinguer deux bassins versants: le bassin versant de Gantour
(pour 1'Oued Bouchane) et le bassin versant du massif des
Réhamna (pour tous les oueds). Les trois terrasses fluviatiles
(T2, T1 et TO) de la plaine des Doukkala sont déposées grice
a une dynamique brutale. Le régime des oueds est peu
régulier. Les provinces émettrices sont proches et par
conséquent la distance parcourue par les sédiments est faible.
Ces provinces émettrices n'ont pas changé depuis le dépdt de

la terrasse la plus ancienne (T3) (au cours du Pléistocéne
supérieur). Les dunes du Sahel ont influencé les terrasses des
oueds M'Tal et Farcgh.

L'abondance des dayas actuels dans la région n'est pas
surprenant étant donné qu'on a repéré la présence d’un niveau
paléolacustre a la base de T3 de 1'Oued Bouchane. Au cours
du dépot de la terrasse T3, les conditions paléoclimatiques
étaient probablement relativement humides. Celles-ci tendent,
apres, a une sécheresse.

Concernant la fossilisation du réseau hydrographique en
aval pour tous les oueds (& I'exception de l'oued Farcgh), nous
constatons qu'elle est due a leffet de facteur
géomorphologique, géologique, tectonique et climatique et
non pas seulement, comme il a été signalé par Gigout (1951),
a l'effet d'obstacle qu'ont pu jouer les duncs du Sahel. Ce qui
fait du bassin des Doukkala (& I’exception de I’oued Faregh)
un bassin endoréique au moins a partir du Soltanien
(équivalent du Wiirm européen).
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