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Abstract: Rock magnetic (magnetic susceptibility and hysteresis parameters) and geochemical
analyses (major and trace elements) were carried out on whole rock samples of two Frasnian—
Famennian boundary sections, Anajdam and Bou-Ounebdou in the Central Morocco (Western
Meseta). During the Frasnian, the decreasing trend of the magnetic susceptibility signal, mainly
carried by low-coercivity magnetite grains, indicates a gradual reduction of detrital influx. This
decrease in detrital input parallels a Frasnian long-term sea-level rise. In the Late Frasnian Kell-
wasser Horizons, that are classically considered to represent highstand deposits, the magnetic
signal exhibits the lowest intensities in connection with maximum diamagnetic contribution of
the carbonate fraction. With respect to geochemical data, the two black carbonate-rich Kellwasser
Horizons are characterized by noticeable positive anomalies of bottom-water dysoxic proxies and
of marine primary productivity markers. Our data thus suggest that in Central Morocco, the Late
Frasnian marine environments were marked by a relatively important biogenic productivity
favouring the onset of oxygen-depleted conditions during periods of maximum transgression on

the continental platforms.

The Frasnian—Famennian (F-F) boundary (Late
Devonian, 374.5 Ma ago; Gradstein er al. 2004);
was a major period of biodiversity loss and environ-
mental changes. This boundary corresponds to one
of the five biggest biological mass extinctions of
the Phanerozoic, in which many species of marine
organisms died out (e.g. corals, stromatoporoids,
trilobites, conodonts, cephalopods) (Sepkoski
1982, 1986; Copper 1986; Sandberg et al. 1988;
Schindler 1990; Becker & House 1994; McGhee
1996; Walliser 1996; Hallam & Wignall 1999;
House 2002; Ma & Bai 2002; Racki er al. 2002).
This period has been also suggested to be the time
of signiﬁcant climatic variations, attested by
the 30 signature of marine conodonts apatite
(Joachimski & Buggisch 2002; Joachimski er al.
2004) and the evolution of the miospore diversity
on continents (Streel et al. 2000). Such climatic
effects are likely to have induced global sea-level

fluctuations that, combined with the changes in
the erosional processes on land, potentially resulted
in varying the intensity of the basinal detrital supply
(e.g. Ellwood et al. 2000).

On the other hand, the Upper Frasnian interval is
generally associated with the deposition of one or
two organic-rich units in outer shelf and epiconti-
nental basin settings, i.e. the Kellwasser (KW)
Horizons (e.g. Buggisch & Clausen 1972; Sandberg
et al. 1988; Schindler 1990; Buggisch 1991; Wendt
& Belka 1991; Becker & House 1994). These
beds have been recognized in many sections,
located on the borders of Laurassian (N. America,
N. Europe), Gondwanan (S. Europe, Africa),
South China and on the southern border of the
Siberian continents. Numerous factors controlling
the KW organic-rich sediment accumulations
have been proposed, such as increased primary
productivity or bottom-water oxygen-depleted



conditions (e.g. Buggisch 1991; Joachimski &
Buggisch 1993; Becker & House 1994; Murphy
et al. 2000a, b; Bond et al. 2004; Tribovillard
et al. 2004a; Riquier et al. 2005). These factors
have been connected to different driving mechan-
isms acting in isolation or combined, such as
sea-level fluctuations, climatic variations, land
plants spreading, volcanism or mountain building
(e.g. Becker & House 1994; Algeo & Scheckler
1998; Racki 1998, 1999; Joachimski & Buggisch
2002; Godderis & Joachimski 2004; Averbuch
et al. 2005).

The aims of this study are to present the sedi-
mentary record of the Late Devonian events from
two Moroccan sections, where the KW horizons
are particularly well exposed. Rock magnetic
data, combined with clay mineralogical studies
and geochemical analyses of major compounds,
will be discussed with respect to the nature and
the intensity of the detrital supply versus carbon-
ate productivity during the F—F boundary events.
An additional extensive geochemical data set of
inorganic elemental ratios is presented here to
document marine oxygen (O,) levels and pro-
ductivity conditions during deposition of the KW
horizons.

Geological setting

The Central Moroccan Meseta belongs to the Varis-
can orogenic belt of Northern Africa (Fig. 1a). In
Devonian times, it represents a transitional zone
between platform domains to the west and south-
west (Western Meseta) and a deep turbiditic basin
to the east and north (Eastern Meseta, Rif; e.g. El
Hassani & Tahiri 2000a; Chakiri 2002). This
strongly segmented continental margin, which
developed at subtropical palaeolatitudes along the
northern border of Gondwana, was sequentially
dismembered by thrust movements from Late
Devonian (the internal metamorphic zones of the
Eastern Meseta) to Upper Carboniferous times
(the external non-metamorphic Central and
Western Meseta; Bouabdelli 1989; Piqué er al.
1993; Bouabdelli & Piqué 1996).

In more detail, the two investigated sections,
Bou-Ounebdou and Anajdam, were deposited in
the Azrou—Kenifra Basin, which forms the
easternmost termination of the Moroccan Central
Massif. It developed as a transtensional basin in
Lower Devonian times and was inverted not
earlier than in Upper Viséan times as the thrust
front propagated towards the southwest (Bouabdelli
1989). Both Upper Devonian sections, located in
the M’rirt area (Fig. 1b), were thus deposited in a
relatively tectonically quiet passive margin-type
environment.

The sections of Bou-Ounebdou and Anajdam
were well-studied Late Devonian sections:
during the last decade, detailed investigations on
sedimentary sequences and stratigraphy have been
done, particularly within the IGCP projects 421
on ‘North Gondwanan Mid-Palaeozoic bioevent/
biogeography patterns in relation to crustal
dynamics’ (El Hassani & Tahiri 2000a) and by
the Subcommission on Devonian Stratigraphy.
The Anajdam and Bou-Ounebdou sections were
described in detail by Lazreq (1992, 1999),
Becker and House (2000), Walliser et al. (2000)
and Chakiri (2002). The Bou-Ounebdou section
has also been studied by Girard and Albaréde
(1996), Feist (2002) and Joachimski et al. (2002).

Bou-Ounebdou

The Bou-Ounebdou section, corresponding to the
section M’rirt II in Walliser er al. (2000), is
located in the M’rirt Nappe, about 5 km southeast
of M’rirt (Fig. 1b). The sampled interval records
condensed carbonate sedimentation from the Fras-
nian Lower hassi Zone to the Famennian Upper #ri-
angularis Zone (Fig. 2). The Late Devonian
sequence is about 5.5 m thick and exposes a succes-
sion of cephalopod limestone beds, mudstones to
wackestones in texture, with intercalated calcareous
shale levels. The occurrence of pelagic and nekto-
benthic faunas argues for a moderately deep outer
platform setting (Becker 1993; Becker & House
2000; Chakiri 2002). Two black limestone levels,
which are globally time-equivalent to the KW hor-
izons of the Rhenohercynian Massif (Germany),
have been identified (Lazreq 1992; Becker 1993).
The Lower Kellwasser (LKW) horizon is about
25 cm thick and is observed at the base of the
Upper rhenana Zone. The 20 cm thick Upper
Kellwasser Horizon (UKW) consists of lenticular
lenses of black limestones, alternating with black
shales. The two KW horizons contain abundant
nektonic and planktonic fauna, including orthoco-
nic nautiloids and ammonoids, conodonts and tenta-
culitids. Previously, the base of the UKW horizon
was assigned to the uppermost part of the Upper
rhenana Zone whereas the end of the UKW
horizon was regarded as in the linguiformis Zone
(Lazreq 1992, 1999). New biostratigraphical data
from Becker & House (2000) and Girard et al.
(2005) refined this stratigraphical framework
showing that the UKW horizon was only restricted
to the linguiformis Zone (Fig. 2). On top of the
UKW horizon, the F—F boundary is represented
by a surface of discontinuity (Lazreq 1999;
Becker & House 2000; Chakiri 2002). Based on
micro- and biofacies analysis, this discontinuity
has been interpreted as the result of a significant
sea-level fall (Chakiri 2002). However, the
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Fig. 1. (a) Main structural subdivision of middle and northern Morocco and (b) location of the studied sections in the

M’rirt unit (modified from Bouabdelli 1989).

regression does not appear to have caused a zonal
gap at the base of the Famennian (i.e. triangularis
Zone), as illustrated by the correlation of the
Phoenixites limestone (Lower triangularis Zone)
observed between the M’rirt area and the Mont
Peyroux Nappe (Montagne Noire) (Becker &
House 2000). The sampled Lower Famennian
deposits are characterized by 2 m thick, grey
griotte limestones.

Anajdam

This section is located in a thrust-sheet developed
in the footwall of the M’rirt nappe (Fig. 1b;
Bouabdelli 1989). The exposed Upper Devonian

succession is about 4.5 m thick and consists of bio-
clastic limestones with rare marly beds (Fig. 2).
Limestone microfacies are represented mostly by
packstones and wackestones. The investigated
sequence begins within the falsiovalis Zone, at
the Givetian—Frasnian boundary, and ranges up to
the Lower triangularis Zone in basal Famennian
times (Lazreq 1999). The faunal associations
(conodonts, ammonoids, ostracodes and gastro-
pods) characterize an external platform setting.
In the Late Frasnian, two 20—45 cm thick dark-grey
and black limestone horizons were biostrati-
graphically identified as the LKW horizon at
the base of the Upper rhenana Zone, and the
UKW  horizon, within the [linguiformis Zone
(Fig. 2).
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Material and analytical methods

Clay mineralogy

Clay mineral associations have been investigated by
X-ray diffraction (XRD) using oriented mounts of
the <2 m size fraction containing non-calcareous
particles. Deflocculation of clay aggregates was
performed by successive washing with distilled
water after decarbonatation of the crushed rock
samples. The clay-sized fraction (<2 pm) was
separated by settling and centrifugation and
placed onto two glass slides and left dry in order
to prepare oriented specimens. One of the air-dried,
oriented clay-aggregate mounts was saturated in an
ethylene glycol atmosphere at 20 °C overnight and
another one was heated for two hours at 490 °C
(Holtzapffel 1985). So, a series of three X-ray

diffractograms was performed for each sample
after air-drying, ethylene-glycol solvation and
heating. X-ray diffractograms were obtained using
a Philips PW 1729 diffractometer, with CuKa
radiations and Ni filter, operating at a voltage of
40 KV and a current of 25 mA at a scanning rate
of 1°26/min.

The identification of clay minerals was made
according to the position of the (001) series of
basal reflections on the three X-ray diffractograms
(Brindley & Brown 1980). Semi-quantitative
estimations of major clay minerals, as well as the
illite crystallinity index, have been calculated
using the Macdiff software (Petschick et al.
1996). Measured illite crystallinity index values
were converted into the international calibrated
scale CIS (Warr & Rice 1994) using a routine cor-
relation process exposed in Robion er al. (1999).



The reproducibility of technical works and
measurements was tested: the relative error is 5%.

Rock magnetism

The rock magnetic study integrated along-section
magnetic susceptibility measurements coupled to
representative measurements of magnetic hysteresis
loops. The magnetic susceptibility quantifies the
ability of the sedimentary rocks under study to be
magnetized in a weak magnetic field, according to
the respective concentrations of dia- (mainly
calcite and quartz), para- (mainly illite, smectite,
pyrite) and ferromagnetic sensu lato minerals (e.g.
magnetite, goethite, haematite, pyrrhotite; see for
example Walden et al. 1999 or Maher & Thompson
1999 for a more detailed description). In ancient
sedimentary rocks, in the absence of intense
diagenetic alteration, the magnetic susceptibility
has been widely shown to provide a record of the
bulk mineralogical changes induced by detrital
inputs (magnetite, clays) and biogenic pelagic
dilution (diamagnetic calcite; e.g. Crick er al.
1997; Devleeschouwer 1999; Ellwood et al. 2000;
Tribovillard et al. 2002). The magnetic suscepti-
bility data set includes 130 samples (70 measure-
ments in Anajdam and 60 in Bou-Ounebdou)
collected at 5 to 10 cm intervals, allowing high-
resolution study of the magnetic susceptibility
fluctuations. Low-field magnetic susceptibility
was measured on small rock samples using a
Kappabridge KLY-2 susceptibility bridge operating
at an alternating-magnetic field of 300 A/m. Each
sample was measured three times and a mean of
these measurements is reported as the magnetic
susceptibility value for that sample. Magnetic
susceptibility values are normalized with respect
to sample mass. Samples were weighted with a
precision of 0.01 g from rock chips. So, results
are reported here in mass-normalized magnetic
susceptibility, hereafter x (m* kg ).

Hysteresis parameters were obtained from
selected samples (15 measures for each section),
using 10-30mg chips, analysed at room
temperature with an Alternating Gradient Force
Magnetometer (AGFM 2900) at the Laboratoire
des Sciences du Climat et de 1’Environnement
(Gif-sur-Yvette, France). By definition, hysteresis
loops show the evolution of magnetization (M) of
magnetic elements as a function of the applied mag-
netic field (H) (Fig. 3) (e.g. Borradaile ef al. 1993;
Walden et al. 1999). The sample is vibrated at
room temperature in a magnetic field that is swept
from O to +1 to —1 T then back to 0 T. From
hystereris loop, four parameters are extracted: the
saturation (isothermal) magnetization M, (}LA.mz),
the saturation (isothermal) remanent magnetization
M, (wA.m?), the coercive force H, (mT), and the

Magnetisation M (A.m2)

SC

-1 0 1
Applied magnetic field H (T)

Fig. 3. Schematic hysteresis loop for a magnetite
sample. The light grey loop is the original measurement,
the black loop represents the same curve after
corrections. The parameters saturation magnetization
M, saturation remanent magnetization M,, coercive
force H,, coercivity of remanence H,, and slope
correction SC are indicated.

coercivity of the remanence H. (mT) (Fig. 3).
Values of M, M, and H. were determined for each
hysteresis loop, after corrections for the high-field
slope (SC: Slope Correction), which records the
combined effects of paramagnetic and diamagnetic
contributions. As for x, magnetic parameters M,
M, and SC are normalized with respect to sample
mass. H. was determined by stepwise application
of a back-field isothermal remanence to remove
the saturation remanence. The hysteresis par-
ameters, described above, will be used here to
discuss the origin of the magnetic susceptibility
variations by characterizing (1) the relative
contributions of the ferromagnetic versus para- or
diamagnetic components and (2) the nature and
amount of ferromagnetic minerals and especially of
magnetite type, which can be generally used as a
proxy of the detrital input (e.g. Borradaile er al.
1993; Vanderaveroet et al. 1999; Walden et al.
1999; Ellwood et al. 2000).

Inorganic geochemistry

For each section, about 20 whole-rock geochemical
analyses were made allowing the determination of
major (Al, K, Si, Ti) and trace (Ba, Co, Cr, Cu,
Mo, Ni, Th, U, V) elementary concentrations.
Geochemical analyses were performed by
ICP-AES (major or minor elements) and ICP-MS



(trace elements), at the spectrochemical laboratory
of the Service d’Analyse des Roches et des
Minéraux of the Centre National de la Recherche
Scientifique (Vandceuvre-les-Nancy, France). The
samples were prepared by fusion with LiBO, and
HNOj; dissolution. Precision and accuracy were
both found to be better than 1% (mean 0.5%) for
major-minor elements, 5% for Co, Cr, Mo, U and
V and 10% for Cu, as checked by international
standards and analysis of replicate samples, respect-
ively. Carbonate content was determined using a
Bernard calcimeter (acid digestion).

The trace-element concentrations were normal-
ized to aluminium to avoid dilution effects by the
carbonate fraction and to compare different
environmental settings with regard to variations in
trace-element contents. Higher element/Al ratios
will indicate synsedimentary additions, if a constant
composition of the background is assumed.
Variations of the Al content in relation to diagenetic
formation of clay minerals is unlikely, because in
the present study, Al is positively correlated with
Ti (> = 0.99 for both sections) that is not incorpor-
ated during authigenic clay-mineral formation
(Calvert & Pedersen 1993).

Results

Clay mineral analysis

X-ray diffraction analyses show that the clay assem-
blages in both sections are very close and dominantly
composed of illite (about 80%) and chlorite (about
10%) (Fig. 4). Diagenesis-sensitive minerals, such
as kaolinite or smectite, are either absent or present
in traces suggesting a significant diagenetic imprint
on the primary detrital clay assemblages. The data
of Crystallinity Index Standard (CIS) of illite oscil-
late globally from 0.25 to 0.50 with an average
value of 0.37 for the Bou-Ounebdou section and
0.41 for the Anajdam section (Fig. 4). According to
the reference data from Warr & Rice (1994), these
analyses indicate that both sections have been
affected by a pronounced diagenesis, in the limit of
the anchimetamorphic conditions. As a whole,
these results are, however, in agreement with recent
studies of colour alteration index (CAI) of conodont,
suggesting that the maximum temperatures during
thrust-related burial in the Central Moroccan
Meseta did not exceed about 250 °C (Dopieralska
2003).

Rock-magnetic measurements

Magnetic susceptibility signal. Figure 5 shows the
stratigraphical variations of the magnetic suscepti-
bility and the CaCO; content for the two

sedimentary sequences studied. As usually recorded
in carbonate formation, the x signal is broadly low
(<20.0 x 10 *m*kg™") but displays significant
evolutions along sections, with short- and long-term
variations.

Along the Anajdam section, the x values mostly
vary from 2.6 to 15.3 x 1078 m? kg ! with the
exception of the two KW horizons. In these
peculiar horizons, the x values never exceed
15x 10 *m*kg™". During the Frasnian, two
successive slight and gradual decreasing trends,
separated by a positive shift to values around
8.9 x 10" ®m’ kg ', are observed in the ¥ signal
(Fig. 5). The first decreasing trend occurs from
the base of the section (falsovialis Zone) up to the
early part of the jamieae Zone, the second from
the middle part of the jamieae Zone up to the base
of the LKW horizon (Upper rhenana Zone).
Within the LKW horizon, the x record shows a
sharp decrease to average values around
1.3 x 10 ®*m? kg~ '. The lowest x value (0.4 x
10 8 m? kg™') is observed just above the LKW
horizon. The inter-KW timespan is marked by a
well-marked peak (up to the maximum x value
of 153 x 10 *m*kg™"). The base of the UKW
horizon displays a strong decrease of x that
remains of low values (around 1.3 x 1078
m® kg ') all along the UKW horizon. An increase
of x is recorded at the base of the Famennian
times but its amplitude is difficult to resolve as
sampling was not extended higher than the Lower
triangularis Zone in basal Famennian times.

In the Bou-Ounebdou section, the x values are
about twice lower than those observed in the
Anajdam section. They vary from 1.5 to
6.7 x 10 *m* kg~ ' with an interval of lowest
values of 1.0 x 10 *m® kg~', measured in the
LKW horizon (Fig. 5). From the base of the
section up to the LKW level, the data are noisy
and no clear trend is observed in the x signal.
Above the base of the LKW horizon, a comparable
trend to Anajdam is observed with, however, a sig-
nificant decrease in the amplitude of variations. The
UKW horizon is marked by a slight decrease of x
values, following by a slight increasing trend
toward average x values of 3.0 x 1078 m? kg™!
during the early Famennian.

The susceptibility data thus allow evidencing a
contrast in the sedimentary record of both Moroc-
can sections. Unlike the more distal Bou-Ounebdou
section, the samples of Anajdam exhibit well-
defined variations of x signal with particularly
well-marked KW horizons. The trends point to a
general long-term decrease during the Frasnian
with minimum values localised within the two
KW horizons. It is worth noting that these horizons
display some significant increases in the carbonate
content (up to 95-98%) but, by contrast, the
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long-term x decrease is not accompanied by
noticeable variations of the carbonate content
(Fig. 5). In both sections, the F-F boundary is
marked by an increase in x values of moderate
amplitude.

Magnetic hysteresis properties. Magnetic hysteresis
experiments have been carried out for representa-
tive samples of both sections (a total of 30 measure-
ments) to provide information about the origin of
the x variations. Measured hysteresis parameters
are plotted versus the magnetic susceptibility in
Figure 6 to test the possible correlations existing
between x and the different hysteresis parameters.

As expected in carbonate rocks (e.g. Borradaile
et al. 1993), values of M and M, are globally low.
In the Bou-Ounebdou section, as it was observed
for x, the amplitude of variation of M; is also very
low so that any convincing relationship can be
drawn between these two parameters. Conversely,
in Anajdam, an excellent correlation is observed
between x and M, (Fig. 6a) thus indicating that
the ferromagnetic sensu lato contribution controls
the x signal. The H., values are globally low in
Anajdam (around 50 mT) regardless of the x
values (Fig. 6b) but they are significantly higher
for much of the samples of Bou-Ounebdou
(60 < H.; <250 mT). These data suggest that, in
Anajdam, the x variations are related to the
varying concentration of a low coercivity mineral
of magnetite type (Fe;O4) whereas, in
Bou-Ounebdou, a mixture of magnetite and a
higher coercivity phase is put forward. As usually
observed in non-red limestone sequences, the
latter is probably composed of low susceptibility
goethite (FeO(OH); e.g. Heller 1978; Borradaile
et al. 1993). This suggests an increase of the weath-
ering intensity in the Bou-Ounebdou section
compared to that of Anajdam, which is of crucial
importance to recognize and understand the differ-
ence in the behaviour of iron-bearing minerals in
both sections.

Samples with magnetite as the main carrier of
the magnetic susceptibility (H.. <70 mT) have
been plotted in a classical M,/M; versus H../H.
graph (Fig. 7) in order to evaluate the bulk grain-
size of the ferromagnetic fraction (Day er al
1977). For both sections, the M,/M; ratio ranges
from 0.1 to 0.25 and the H,/H, ratio from 2 to
10. Following boundary values established by
Dunlop (1986) and recommended by Borradaile
et al. (1993), the diagram points to a dominant
coarse-grain magnetic fraction with pseudo-single
domain (PSD) to multi-domain (MD) behaviours
although some points display a slight shift com-
pared to the reference boundaries. Such shift has
been observed in other magnetic hysteresis studies
of carbonate rocks (e.g. Borradaile et al. 1993;
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Katz et al. 2000) and, to our knowledge, has not yet
received any satisfactory explanation. Furthermore,
M,/M; and H../H. values cluster in between the
lines established by Channell and McCabe (1994)
for diagenesis-induced remagnetized limestones
and non-remagnetized limestones (Fig. 7). This, at
least, suggests that the primary depositional ferro-
magnetic signal has not been completely over-
printed by diagenetic processes.

The paramagnetic and diamagnetic contri-
butions, quantified by the high-field slope correc-
tion SC (Fig. 6¢), display noticeable variations
showing the varying respective amounts of iron-
bearing clays (illites, chlorites) and carbonates.
It clearly appears that the matrix of the limestones
is diamagnetic in the KW horizons, whereas it is
dominantly paramagnetic for the rest of the
sedimentary record in both sections. A general
anti-correlation of SC and ¥ is noticed, illustrating
the relative increase of clay concentration in
levels with high x (Fig. 6c). Therefore, almost
pure carbonates such as the KW levels display the
highest diamagnetic contributions and the lowest
X values.

To summarize, hysteresis data thus demonstrate
that the x signal is controlled by the combined con-
tributions of ferromagnetic sensu lato magnetite
and paramagnetic clays. As shown in Figure 4, the
diamagnetic contribution of calcite only exerts a
noticeable control on magnetic susceptibility
in the almost pure KW limestones. In Bou-
Ounebdou, this pattern is perturbed by weathering

processes which reduce the intensity and amplitude
of variations of the x signal by transforming high
susceptibility magnetite into low susceptibility
goethite. Therefore, the Bou-Ounebdou section
cannot be considered as a reference sequence
regarding the analysis of detrital input evolution
in the F—F times in the M’rirt area. In the following,
the discussion of the magnetic data will thus focus
on the Anajdam section.

Inorganic geochemistry analysis

Figure 8 shows the stratigraphical evolutions of
some Al-normalized elemental ratios, usually con-
sidered as reliable geochemical proxies to estimate
the fluctuation of clastic fluxes as well as oxygen-
ation and primary productivity levels in marine
environments.

Clastic influx proxies. Some elements, including
Ti, Si and K are considered to be indicators of
detrital influx (Tribovillard et al. 1994; Murphy
et al. 2000b). Titanium is usually associated
with clay minerals and heavy minerals (ilmenite,
rutile). Potassium occurs dominantly in clays,
whereas Si occurs in both siliciclastic and
biogenic fractions (e.g. quartz vs. opal). Normalized
to Al, which only occurs in aluminosilicates, the
Si, Ti and K ratios provide useful information
about change in the contribution of elemental
concentrations from detrital non-aluminosilicate
sources.

In regard to clastic influx, Al-normalized Si, Ti
and K concentrations do not show clear trends at
the F-F boundary (Fig. 8). The KW horizons are
not marked by noticeable increase or decrease of
these elements. For both sections, the Ti/Al
profile remains almost constant. The values are
nearly around the average shale values of 0.053
(Wedepohl 1991) in the major part of the section
whereas most of the samples from the KW
horizons have a concentration of Ti below the
detection limit. Concerning the evolution of the
Si/Al ratio in the Anajdam section, the KW
horizons are characterized by relatively lower
values compared to the concentrations in the over-
lying and underlying strata. In Bou-Ounebdou,
there is a relative stability of the Si/Al ratio
during the Late Frasnian, followed by a gradual
decrease in the Early Famennian. To some extent,
the Si/Al curves show comparable trends for both
studied sections. Finally, K/Al ratio is relatively
stable; it records the highest values at the end
of the two KW horizons (inputs of K-carrying min-
erals, such as illite-mica or K-feldspar) and the
lowest values during the inter-KW timespan for
both sections.
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Palaeoredox proxies. In each section studied, a
significant feature of the F—F boundary sequence
is a remarkable enrichment in Mo, U and V in the
KW horizons compared to the concentrations
in the overlying and underlying strata (Fig. 8).
These elements are thought to be redox-sensitive
(Calvert & Pedersen 1993; Crusius et al. 1996;
Dean et al. 1997; Algeo & Maynard 2004). The
high ratios of these elements in the KW horizons
thus suggest that the sediments were probably
O,-deficient. To confirm these observations,
V/Cr, V/(V+Ni), U/Th and Ni/Co ratios,
which are considered as reliable redox indexes
(Hatch & Leventhal 1992; Jones & Manning
1994), were calculated in order to show the con-
trasted values between the KW horizons and
the other parts of the section and to estimate the

(a) Oxic Dysoxic Anoxic
6 = Anajdam v
® Bou-Ounebdou x
5 - 2
<

V/Cr
Dysoxic

Oxic

4 6 10
Ni/Co

Oxic Dysoxic Anoxic

Anoxic

Oxic Dysoxic

Ni/Co

level of oxygenation (Fig. 9a—d). For each of
the indexes used, two clusters of values can be
identified, one corresponding to the samples
from the KW horizons, the other corresponding
to the samples from the overlying and underly-
ing strata. The samples from the KW horizons
show the highest values. They are broadly charac-
terized by values of V/Cr>1.5; U/Th> 1.5;
Ni/Co > 4.25 (Fig. 9a, b and d). The values of
the V/(V+Ni) ratios are mainly comprised
between 0.5 and 0.7 and do not allow clearly
distinguishing the KW horizons from the rest of
the section (Fig. 9c).

Palaeoproductivity proxies. Vertical concentration
profiles of Ba, Cu and Ni to Al ratios indicate
slight enrichment in the KW horizons (Fig. 8). In
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Fig. 9. Crossplots of trace-elements ratios used as palacoredox proxies. (a) V/Cr vs. Ni/Co, (b) V/(V 4 Ni) vs. Ni/
Co, (¢) U/Thvs. Ni/Co and (d) U/Th vs. V/Cr. Ranges for V/Cr, U/Th and Ni/Co are from Jones & Manning (1994);
ranges for V/(V + Ni) are from Hatch & Leventhal (1992). Open symbols: Kellwasser samples.
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both sections, most of the KW samples show values
of Cu/Al > 10 and Ni/Al > 15. Ba/Al ratios are
higher in Anajdam (Ba/Al >90) than in
Bou-Ounebdou (Ba/Al > 60) in the KW horizons.
Ba abundance is commonly used as a palaeoproduc-
tivity marker even if the interpretation is not always
straightforward because barite can be dissolved in
case of intense sulphate-reduction (McManus
et al. 1998). In that case, Ba can be released to
pore waters, migrate with them, and then reprecipi-
tate when less-reducing conditions are met. Thus
barite migration fronts may form (e.g. McManus
et al. 1998). In the present case, the redox proxies
indicate that depositional conditions were probably
not very reducing (except for the LKW at
Bou-Ounebdou). Consequently, Ba distribution
must not have been deeply altered by diagenetical
remobilization. The distribution of dissolved Ni
and Cu in the ocean appears to be related to settling
organic debris, since Ni and Cu behave as micronu-
trients (Calvert & Pedersen 1993; Algeo &
Maynard 2004). These elements are readily
adsorbed onto organic particles settling through
the water column. So, decaying organic matter
(OM) easily forms organometal complexes that
can be incorporated into the sediment (Algeo &
Maynard 2004; Tribovillard et al. 2004b). Thus,
these elements are usually trapped with organic par-
ticles and are incorporated into iron sulphides
during diagenesis. Consequently, they are preserved
in the sediment even in the case of complete OM
remineralization as well as in the case of marked
thermal evolution (Mongenot et al. 1996). Thus,
Ni and Cu may serve as indicators of organic
inputs (Tribovillard et al. 2000, 2004b).

Summary. The distribution of the geochemical data
during the Late Devonian suggests that: (1) the KW
horizons coincide with two periods of relative
decline of detrital influx, marked by a decrease of
Ti and Si concentration; (2) the moderate and
limited increase of U, Mo and V, as well as Ba,
Cu and Ni concentrations are indicators of periods
of dysoxic to anoxic conditions and enhanced
productivity, that probably caused an increase of
OM deposition.

Discussion

Detrital input versus carbonate production

in the Frasnian—Famennian times in

central Morocco

As previously mentioned, the x measurements can

be used as a good indicator of detrital input in
ancient sedimentary rocks if not strongly altered
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by diagenetic or weathering processes (e.g.
Ellwood et al. 2000). In the Bou-Ounebdou
section, the x signal is thought to have been
modified by weathering processes and goethite
formation and, therefore, cannot be considered to
decipher detrital supply variations. By contrast,
in Anajdam, magnetite and clays are the main
minerals controlling the x signal. This section is
thus potentially adequate for relating the detrital
input evolution through the F—F times. The possible
impact of diagenesis on the magnetic signal
still remains to be discussed. As shown by clay
mineralogical assemblages, the two sections
have been affected by a pronounced diagenesis.
In such conditions, the transformation of clays
of smectite type into illite has been suggested
to induce the formation of authigenic magnetite
that can potentially overprint or at least alter the
primary detrital magnetic signal (e.g. Katz et al.
2000; Zegers et al. 2003). As observed in the
Day-Fuller plot (Fig. 6c¢), the distribution of
samples from Anajdam cluster below the line
established by Channell & McCabe (1994)
for diagenesis-induced remagnetized limestones
(Fig. 6¢).

Therefore, the primary depositional ferromag-
netic signal is likely to have not been completely
overprinted by diagenetic processes. Furthermore,
M, that provides a first-order quantitative estimate
of the magnetite concentration, does not correlate
with either the illite crystallinity index standard
or with the illite percentage (Fig. 10a, b). A slight
negative correlation can be roughly observed
between M, and the illite percentage, suggesting
that the diagenesis-induced illitization is not
accompanied by an increase in the magnetite
concentration. On the other hand, early diagenetic
reductive  dissolution of magnetite in the
OM-bearing black KW carbonate levels cannot be
proposed as an efficient process in the alteration
of the primary magnetic signal (e.g. Machel 1995;
Robinson et al. 2000; Tribovillard et al. 2002,
2004b), because the high field SC is strongly dia-
magnetic (Fig. 6¢) and thus does not record any
effects of authigenic paramagnetic pyrite. Such a
poor control of diagenetic processes upon the
magnetic signal is corroborated by the correlation
of Ti and Th contents (+> = 0.47 and 0.66, respect-
ively), classically considered as detrital indicators
independent of diagenesis-induced remobilization,
with the magnetic susceptibility from the
Anajdam section (Fig. 11a, b). These whole data
thus demonstrate that, although submitted to signifi-
cant burial, the x signal can be confidently used as
an indicator of the detrital input evolution in the
Anajdam section.

The long-term decrease of x observed during
most of the Frasnian times can thus be interpreted
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as a general diminution of the detrital input in the
Azrou—Kenifra Basin through Late Frasnian
times. This evolution can be traced up to the KW
levels that record the lowest x values, in relation
with a minimum detrital input and an enhanced car-
bonate productivity, as shown by the maximum
intensity of the diamagnetic contribution. This is
also confirmed by the vertical distribution of
Ti/Al and Si/Al ratios related to clastic input
(Fig. 8). The F—F boundary represents a significant
break in this long-term evolution with a significant
increase of the x, thus suggesting a noticeable
increase of the basinal detrital supply. It is worth
noting that these variations can be paralleled to

Magnetic susceptibility (108m3kg™)

Fig. 11. Detrital-derived element concentrations plotted
against low-field magnetic susceptibility (x) for
representative samples from Anajdam. (a) Th (ppm) vs.
x and (b) Ti (%) vs. X.

the global sea-level fluctuations as synthesized by
Sandberg et al. (2002) and indicating a general
Frasnian sea-level rise, a Late Frasnian highstand,
and a F-F boundary sea-level fall (Fig. 12).
These sea-level changes have been well documen-
ted in several areas, such as Germany (Piecha
2002; Devleeschouwer et al. 2002), Poland (Racki
et al. 2002), NW Australia (Becker & House
1997), China (Chen & Tucker 2003, 2004), and
Canada (Mountjoy & Becker 2000).

In a more general perspective, the magnetic
susceptibility data from Anajdam are consistent
with previous magnetic results obtained from
other sections of the northern Gondwana
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margin, such as Coumiac (Montagne Noire,
S. France), but also from domains of the southern
Laurassian margin, such as Steinbruch Schmidt
and Beringhausen Tunnel (Rhenish Massif,
Germany), Kowala (Holly Cross Mountains,
Poland) or  Sinsin  (Ardennes, Belgium)
(Devleeschouwer 1999; Crick et al. 2002; Racki
et al. 2002; Averbuch et al. 2005). The mechanisms
controlling the first-order observed x variations
have thus to be found in relatively large-scale
processes affecting at least the Gondwanan and
Laurassian margins. Global climatic warming
during Frasnian times with maximum temperatures
in the Late Frasnian (Kellwasser events) and
global cooling at the F—F boundary are thus the
more convincing parameters to account for the
observed variations as also suggested by the 3'%0
signatures of marine conodont apatite (Joachimski
& Buggisch 2002; Joachimski er al. 2004) and
the miospore diversity evolution on continents
(Streel et al. 2000).
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Marine bottom-water redox-conditions
and primary productivity evolution

As mentioned in the ‘Results’ section, the black
limestones of the KW horizons show noticeable
variations for nearly all trace element ratios
compared to the underlying and overlying lime-
stone beds. Broadly, redox-sensitive elements
as well as redox indexes show enrichments in
the LKW horizon in Bou-Ounebdou and in the
UKW horizon in Anajdam (Fig. 8). Molybdenum
concentration has been suggested to be enhanced
in the presence of sulphides (Helz er al. 1996;
Adelson et al. 2001; Zheng et al. 2000; Vorlicek
& Helz 2002; Lyons er al. 2003; Algeo &
Maynard 2004; Rimmer et al. 2004; Tribovillard
et al. 2004¢). The marked Mo enrichment observed
in the LKW of the Bou-Ounebdou section argues
for sulphidic conditions, whereas in all the other
parts of the two sections studied, dysoxic—anoxic
conditions are put forward (no Mo-enrichment but



relative enrichment in U and V for the KW
horizons).

The depletion in O, is confirmed by the strati-
graphical variations of reliable palaeo-oxygenation
indexes such as V/Cr, V/(V + Ni), U/Th, Ni/Co
(Fig. 9a—d). In this study, we adopted thresholds
proposed by Jones & Manning (1994) and Hatch
& Leventhal (1992). For each of the indices used,
values indicate anoxic to dysoxic conditions for
the two KW horizons. The observed enrichments
in redox-sensitive trace elements confirm that the
oxic—anoxic interface was located at a shallower
depth in the sediment during the deposition of the
KW horizons, perhaps even in the water column
for the LKW at Bou-Ounebdou. However, the
intensity of O, depletion is interpreted differently
from one ratio to the other (Fig. 9a—d). According
to V/Cr and V/(V + Ni) ratios, Late Frasnian
conditions were broadly dysoxic to anoxic in
outer platform settings, whereas O,-depletion
would be only limited to the KW horizons accord-
ing to U/Th and Ni/Co. The consistency of the
chemical data thus clearly indicates two pulses of
oxygen depletion near the base of the Upper
rhenana Zone and in the linguiformis Zone, i.e.
within the two KW horizons.

These geochemical results are in agreement with
recent biofacies studies (Lazreq 1999; Feist 2002),
which demonstrated that in the M’rirt area, the
fauna of KW horizons are characterized by a lack
of endobenthos and O,-sensitive epibenthos, such
as trilobites and brachiopods. In a more global
pattern, our interpretations are in agreement with
recent geochemical studies concerning some F—F
sections from Germany, France, Poland, Siberia
and China (e.g. Racki er al. 2002; Ma & Bai
2002; Yudina et al. 2002; Bond et al. 2004;
Tribovillard et al. 2004a; Pujol et al. in press). In
many areas, the F—F boundary records some
elemental anomalies related to redox conditions
(e.g. U, V and Mo). Thus, both geochemical and
palaeontological analyses suggest a noticeable
decrease of O, concentration in bottom waters
during the two KW episodes. Primary producti-
vity tracers such as Ba/Al and OM-related elemen-
tal ratios, such as Ni/Al and Cu/Al, display a
consistent slight increase through the KW levels.
A similar trend is also observed in the carbonate
production as shown both by the CaCO; content
and the optimal diamagnetic contribution to the
magnetic signal. Trends similar to those observed
for the Moroccan sections have been found in
the time-equivalent formations of Aeketal (Harz,
Germany), along the southern Laurassian outer
shelf (Riquier et al. 2005). Compared to geo-
chemical results obtained for deeper sections such
as La Serre (Montagne Noire, France; Tribovillard
et al. 2004a), the Moroccan sections display a

relatively low enrichment in Ba. According to
Bishop (1988), precipitation of barite is favoured
in microenvironments, where OM decays from
surface water to sea floor. Therefore, barite may
not be enriched in shallow, highly productive
environments, whereas it is enhanced in deeper
sites with similar productivity. The relatively poor
record of primary productivity in outer shelves
can thus be explained by local conditions. In
shallow-water settings, even if conditions become
eutrophic, favouring the onset of O,-deprived
conditions, generally intense seawater mixing
does not allow a good preservation of OM.
Organic elements are remineralized before reaching
the water/sediment interface. The observed enrich-
ments in productivity indicators are coeval with
two positive excursions of the carbon isotopic
signal  (3'°Ceyp=+3%c V-PDB), recorded in
Bou-Ounebdou and in many other F—F sections
for inorganic carbon (Joachimski er al. 2002).
These positive shifts in 3'*C are explained by an
increase in the global-scale organic carbon burial
rate in the Late Frasnian seas (Joachimski er al.
2001, 2002; Murphy et al. 2000a, b). In outer shelf
settings such as the Moroccan sections, the resultant
depletion in marine bottom-water oxygenation
and associated OM preservation were probably
moderate due to efficient platform ventilation.

Conclusion

In this study, rock magnetic measurements
(magnetic susceptibility and hysteresis), combined
with clay mineral and geochemical analyses
allow to constrain the environmental features of
two sections from Central Morocco (Anajdam and
Bou-Ounebdou). Although both sections were
affected by a pronounced diagenesis (limit of anchi-
zonal conditions), we demonstrate that the magnetic
susceptibility represents a semi-quantitative proxy
for detrital supply variations. The magnetic signal
in the Anajdam section is better defined than that
in Bou-Ounebdou, owing to increasing weathering
intensity in the latter and transformation of high-
susceptibility magnetite into low-susceptibility
goethite. The Anajdam section unravels a Frasnian
long-term decrease of the basinal detrital input
that parallels a general sea-level rise with a major
highstand in the Late Frasnian Kellwasser-type
levels. The Kellwasser Horizons display the
lowest values of magnetic susceptibility and mag-
netization at saturation, in relation with a
minimum detrital input and a maximum carbonate
productivity, as shown by the significant diamag-
netic contribution to the magnetic signal. The high
marine primary productivity in the Late-Frasnian
Central Moroccan basin is attested by an increase
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of the Ba/Al ratio in the Kellwasser levels of both
sections. Reliable redox indicators such as V/Cr
or U/Th furthermore evidence the general dysoxic
conditions prevailing in marine bottom-waters at
that time. On top of the Upper Kellwasser
Horizon, the Frasnian—Famennian boundary in
central Morocco is marked by a break in the sedi-
mentation with possible depositional hiatuses
associated with a noticeable sea-level fall (Lazreq
1999; Chakiri 2002). Comparisons with other
sections worldwide suggest that the variations in
the detrital supply are climatically driven,
thus arguing for a long-term Frasnian warming
and a significant basal Famennian global cooling
event. The latter is subsequent to a Late Frasnian
climatic optima leading to a period of particularly
increased organic carbon burial (e.g. Joachimski
et al. 2002). As previously proposed by different
authors (e.g. Becker & House 1994; Godderis &
Joachimski 2004; Averbuch et al. 2005), this
mechanism would have produced an important
drawdown in the atmospheric CO, content, thus
resulting in a strong reduction of greenhouse
effects in Famennian times. Such rapid variations
in seawater oxygenation conditions and tempera-
tures are likely to have had drastic repercussions
on marine fauna, potentially leading to the
Frasnian—Famennian biological crisis.
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