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We present trace element compositions, rare earth elements (REEs) and radiogenic Nd-Sr isotope anal-
yses of Cretaceous to recent sediments of the Tarfaya basin, SW Morocco, in order to identify tectonic set-
ting, source rocks composition and sediments provenance. The results suggest that the sediments
originate from heterogeneous source areas of the Reguibat Shield and the Mauritanides (West African
Craton), as well as the western Anti-Atlas, which probably form the basement in this area. For interpret-
ing the analyzed trace element results, we assume that elemental ratios such as La/Sc, Th/Sc, Cr/Th, Th/Co,
La/Co and Eu/Eu* in the detrital silicate fraction of the sedimentary rocks behaved as a closed system dur-
ing transport and cementation, which is justified by the consistency of all obtained results. The La/Y-Sc/Cr
binary and La-Th-Sc ternary relationships suggest that the Tarfaya basin sediments were deposited in a
passive margin setting. The trace element ratios of La/Sc, Th/Sc, Cr/Th and Th/Co indicate a felsic source.
Moreover, chondrite-normalized REE patterns with light rare earth elements (LREE) enrichment, a flat
heavy rare earth elements (HREE) and negative Eu anomalies can also be attributed to a felsic source
for the Tarfaya basin sediments. The Nd isotope model ages (Tpy = 2.0-2.2 Ga) of the Early Cretaceous
sediments suggest that sediments were derived from the Eburnean terrain (Reguibat Shield). On the
other hand, Late Cretaceous to Miocene--Pliocene sediments show younger model ages (Tpy = 1.8 Ga,
on average) indicating an origin from both the Reguibat Shield and the western Anti-Atlas. In contrast,
the southernmost studied Sebkha Aridal section (Oligocene to Miocene-Pliocene) yields older prove-
nance ages (Tpy = 2.5-2.6 Ga) indicating that these sediments were dominantly derived from the Archean
terrain of the Reguibat Shield.
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1. Introduction

Siliciclastic sedimentary rocks contain important information
about changes in the supply of material from different sources over
time, and the geochemical compositions of such sediments have
proven to be a powerful tool for reconstructing the signature of
tectonic settings, the composition of the source areas and the
provenance of the sediments (Wronkiewicz and Condie, 1987,
McLennan, 1989; Taylor and McLennan, 1985; McLennan and
Taylor, 1991; McLennan et al., 1993; Roddaz et al., 2011). The pri-
mary chemical composition of sedimentary rocks has potentially
been modified by chemical weathering and sorting processes
during transport, sedimentation and post-depositional diagenesis
(Nesbitt et al., 1980; DePaolo, 1980, 1981; Nesbitt and Young,
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1982; Middelburg et al., 1988; Nesbitt et al., 1996). We assume
in this study that the ratios of trace elements such as Zr, Hf, Sc,
Y, Cr, Th and Co and the rare earth elements (REEs) in the detrital
silicate fraction of our sedimentary rocks have behaved as a closed
system and that they were not significantly affected or modified by
such processes and can thus be used to distinguish the tectonic set-
ting and provenance of clastic sediments similar to numerous pre-
vious studies (e.g., Taylor and McLennan, 1985; Bhatia and Crook,
1986; McLennan, 1989; Zimmermann and Bahlburg, 2003; Arm-
strong-Altrin et al., 2004). Furthermore, Sm-Nd isotope model ages
of the sedimentary rocks can be applied for distinguishing between
different sources and their average crustal residence ages (e.g.,
McCulloch and Wasserburg, 1978; O’'Nions et al., 1983; McLennan
et al., 1990; McDaniel et al., 1994; Zimmermann and Bahlburg,
2003; Wade et al., 2005; Xie et al., 2012). Hence, the combination
of inorganic geochemical compositions and Sm-Nd isotope model
ages of such rocks, as well as their radiogenic isotope compositions
provide important constraints on the tectonic settings and the
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characteristics of the source areas at the time of their deposition.
Supporting evidence can be derived from other radiogenic isotope
systems such as that of Sr, which is also a sensitive indicator for the
age and type of source rocks of siliciclastic sediments but is subject
to variable degrees of isotopic fractionation during weathering and
transport of the particles due to large variations in Sr isotope com-
positions of different mineral phases and thus also of different
grain sizes (e.g., Tiitken et al., 2002), which has to be taken into ac-
count for the interpretations.

Earlier studies in the Tarfaya basin were based on carbonate
rocks from the Late Cretaceous and focused on the understanding
of the intensity of anoxia, the magnitude and nature of 5'3C excur-
sions, the biotic effects on benthonic and planktonic foraminifera,
biostratigraphy records and the paleo-environmental evolution of
the basin (e.g. El Albani et al., 1999; Kuhnt et al., 1997, 2005,
2009; Kolonic et al., 2005; Mort et al., 2007, 2008; Keller et al.,
2008; Gertsch et al., 2010). Here we present results obtained from
Cretaceous to recent sediments of key sections of the coastal cliffs
and Sebkhas in the Tarfaya basin between Boujdour and Oued
Chebeika, as well as from the upper sections of four newly drilled
sediment cores. We use trace element geochemistry including rare
earth elements (REEs) and Nd isotopes to decipher tectonic setting,
source rock composition and changes in provenance over time.

2. Geological background

The evolution of the Tarfaya basin has been closely connected
with the geological history of the African Craton and the opening
of the Atlantic Ocean (Ranke et al., 1982), with development from
a rift to a marginal basin. The basin is filled by Mesozoic and Ceno-
zoic continental to shallow marine sediments overlying a base-
ment of Precambrian and/or Paleozoic age. According to
Choubert et al. (1966), Auxini (1969) and Dillon and Sougy
(1974), Triassic evaporites, redbeds, reddish sandstone, conglom-
erates and volcanic rocks overlie either metamorphic or folded
rock sequences of the Mauritanides or crystalline rocks of the Reg-
uibat Shield (West African Craton). The Early Jurassic marine car-
bonates transgressed onto the Triassic rift sediments and/or
evaporate. Silty sandstone, limestone, dolomitic limestones, and
dolomites of Early to Middle Jurassic are overlain by Late Jurassic
neritic marly limestone and calcarenites, intercalated with marls,
shales and sandstones. A thick deltaic sequence of the Early Creta-
ceous accumulated during and after a major global Valanginian
regression (Vail et al., 1977). According to Ratschiller (1970), the
shallow-marine from the Late Cretaceous to Early Eocene uncon-
formably overlies the continental Early Cretaceous formations.
The Late Oligocene to Early Miocene basin development shows
an erosional hiatus because of the coincidence of a major regres-
sion with intensified slumping, canyon incision and an intensifica-
tion of bottom water circulation (Arthur et al., 1979), with only
little continental deposition. Since the Miocene-Pliocene sedimen-
tary deposition started again with clastic sediments unconform-
ably overlying the Late Cretaceous (NE part of the basin), Early
Eocene and Oligocene (SW part of the basin). This latest deposi-
tional phase coincided with uplift events in the Anti-Atlas (Frizon
de Lamotte et al., 2009; Ruiz et al., 2010).

2.1. Potential source areas of sediments surrounding the Tarfaya basin

The Tarfaya basin (Fig. 1) is located at the margin of the western
Atlantic and has been filled by siliciclastic sediments originating
from the Reguibat Shield and the Mauritanides in the SW (West
African Craton, WAC) and from the western Anti-Atlas in the NE
of the basin (Michard et al., 2008). The WAC basement exposed
in the Reguibat shield consists of rocks with two contrasting
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Fig. 1. General map of the study area and possible surrounding source regions
(modified after Michard et al., 2008).

deformational ages of the crustal domains, namely a western ter-
rain of Archean age and an eastern terrain of Eburnean age. Accord-
ing to Lahondere et al. (2003), the western Archean terrain is dated
at 3.04-2.83 Ga, whereas rocks of the eastern Eburnean terrain are
much younger, i.e. 2.12-2.06 Ga (Schofield et al., 2006; Schofield
and Gillespie, 2007). According to Frizon de Lamotte et al. (2009)
and Ruiz et al. (2010), the western Anti-Atlas consists of sediments
that were mainly derived from various Precambrian inliers and/or
the West African Craton. These sediments are characterized by a
high proportion of fine grained detrital, clay rich sediments inter-
calated with thin beds of muddy siltstones and shales, quartzites,
sandstones, limestones and conglomerates at different strati-
graphic levels. This sedimentary cover was uplifted, folded and
mildly metamorphosed during the Variscan Orogen (Late Paleo-
zoic) (see Michard, 1976; Soulaimani et al., 1997; Helg et al,,
2004; Michard et al., 2008).

3. Materials and methods

In the present study, a number of sections cropping out in the
Sebkhas and along the shoreline from the Early Cretaceous to Mio-
cene-Pliocene (SW and NE parts of the basin) have been systemat-
ically logged and investigated, complemented by sections obtained
from four newly drilled cores. The location of the sections and
drilled cores are shown in Fig. 2 and sample positions within sec-
tions are given in Figs. 3a and 3b. Photomicrographs of selected
samples are also shown in Fig. 4. The Boukhchebat section of Early
Cretaceous, which outcrops in the NE part of the basin, consists of
coarse sandstones (in the lower part) and sandstones intercalated
with sandy marls and shales. Late Cretaceous sections, which are
primarily exposed in the NE part of the basin consists of black
shales and sandy marls intercalated with cherts and nodular or
bedded limestones. Early Eocene deposits are mainly outcropping
in the SW part of the basin and comprise black shales and sandy
marls intercalated with cherts and limestones. Oligocene-Early
Miocene sandy marls were sampled in the Sebkha Aridal section.
Miocene-Pliocene siliciclastic deposits consist of coarser or con-
glomeratic sandstones, sandstones and together with lumachelle
in the lower part of the sections, directly deposited on the
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Fig. 2. Geological map of the Tarfaya basin showing the geological formations of
Precambrian to Quaternary (Modified after Ranke et al., 1982). Along with, sampled
sections, drilled cores positions and recent sediment samples locations. A = Sebkha
Aridal, B = Sebkha El Farma, C = Oued El Khatt, D = Sebkha Tah (E), E = Sebkha Tah
(W), F=Sebkha Tisfourine, G=0nhym Quarry, H = Akhfennir, [ = Amma Fatma,
] =Boukhchebat, 1-4 drilled cores (see also Table 1 Appendix A) Square box
locations of the recent sediment samples[T]

weathered horizon of the Late Cretaceous. The Pleistocene and re-
cent sediment samples were also collected from various Wadis. In
total, 109 samples from 10 stratigraphic sections from SW and NE
parts of the Tarfaya basin and from four newly drill cores, as well as
recent sediment samples from Wadis were selected for trace ele-
ment analysis. Furthermore, 39 selected samples were also used
for Nd-Sr isotope analyses.

The samples were cleaned for geochemical analysis after
removing weathered coatings and veined surfaces. These samples
were broken into small pieces of about 4 mm in size by a pestle
and were then dried, crushed, powered and homogenized.

About 150 mg of each sample were first dissolved carefully in
dilute HNOs in Teflon vials to dissolve excess carbonates prior to
the digestion process of the silicate fraction. In the second step, a
mixture of concentrated sub-boiled HNO3;-HCI-HF (3:1:4) was
used for first-step dissolution overnight at 160 °C. After evapora-
tion to near dryness, a pressure bomb step was used for complete
dissolution of all silicates including the heavy minerals. Concen-
trated HNO5 and HF (1:4) were added and the bombs (Parr bombs)
were heated for 4 days at 160 °C. In the final step, perchloric acid
was added and then evaporated nearly to dryness. The residue
was re-dissolved in dilute HNO5 (1:4) and made up to a final vol-
ume of 50 ml. This analytical work was performed at the Institute
of Geosciences, Kiel University, Germany. A total of thirty seven
trace elements were analyzed using inductively coupled plasma
mass spectrometry (ICP-MS, Agilent 7500cs). Details of sample
preparation techniques and calibration strategies are given by Gar-
be-Schonberg (1993). The accuracy and precision of the method

was monitored with control samples and duplicates and by run-
ning USGS international rock standards G-2, BHVO-2 and AC-E.
The error of replicate analyses was better than 5% for all analyzed
trace elements.

Nd-Sr isotope measurements were carried out on a Multi-Col-
lector ICP-MS (Nu Plasma) at GEOMAR. For isotope analysis,
150 mg powder of each sample was first dissolved in dilute
HNOs in PFA (perfluoralkoxy, Savillex TM) vials and carbonate
was completely removed before initiation of the digestion process
of the silicate fraction. In the second step, samples were completely
digested by using a mixture of concentrated HF-HNO3-HCLO,. The
separation and purification of Nd and Sr from the totally digested
samples followed previously published procedures for Nd (Barrat
et al., 1996; Cohen et al., 1988; Le Févre and Pin, 2005) and Sr (Ba-
yon et al., 2002; Horwitz et al., 1992). *3Nd/'**Nd ratios were
mass-bias-corrected to '“®Nd/'**Nd = 0.7219 and were then nor-
malized to the accepted value of the JNdi-1 standard of 0.512115
(Tanaka et al., 2000). Repeated measurements of the JNdi-1 stan-
dard over a period of several months gave a long-term reproduc-
ibility of *0.35 (20). Procedural Nd blanks were <25 pg.
Measured Sr isotope ratios were interference (6K, 87Rb) and mass
bias corrected (using °Sr/3Sr = 0.1194, Steiger and Jiger, 1977),
865r/87Sr  results were normalized to that of NIST
NBS987 = 0.710245, which was measured between samples. The
26 external reproducibility during the measurements for this
study was +0.00004. Procedural Sr blanks were less than 0.7 ng.

4. Results
4.1. Trace elements

Trace element compositions of the studied samples from the
Early Cretaceous to recent in the Tarfaya basin are given in Table 1
Appendix A. All the analyzed trace element concentrations have
been normalized to average Upper Continental Crust (UCC, Taylor
and McLennan, 1985; McLennan, 2001). In the spider diagrams
(Fig. 5), UCC-normalized trace elements are arranged in order of
increasing atomic number. The concentrations of trace elements
vary widely and most of the elements have a lower abundance
than that of UCC.

4.1.1. Large-ion lithophile elements (LILE, Rb, Cs, Ba, Sr), Th and U

The concentration of LILE in the analyzed samples is variable
(Table 1 Appendix A). Most of them are moderately to strongly de-
pleted in LILE (Table 1 Appendix A, Fig. 5) when compared with
UCC. The alkali element Rb is highly variable and ranges from 11
to 133 ppm, with Cs varying from 0.88 to 3.0 ppm. The average
abundance of Ba (402 ppm) is higher in the Early Cretaceous sand-
stone samples than in other analyzed samples. The Sr concentra-
tion, on average, in shale and marl samples from the Late
Cretaceous and Early Eocene is 508 ppm and 402 ppm, respec-
tively, and relevant values in the recent sediments (414 ppm) are
higher than those of other rocks in other stratigraphic ages. When
Sr is compared with CaO content, we have found that the Sr con-
tent in shale and marl samples are highly correlated (r=0.91),
but are only weakly correlated in sandstone samples (r=0.21).
Hence, this high correlation between Sr and CaO in shale and marl
samples indicate their contribution was mainly from sea water/
marine carbonate in equal proportion.

The positive correlations between K,0-Rb (r=0.94), K,0-Cs
(r=0.81) and K-Ba (r = 0.51) provide evidence that K-bearing clay
minerals (illite, muscovite and biotite) primarily control the abun-
dance of these elements (McLennan et al., 1983; Feng and Kerrich,
1990). All studied samples show high positive correlations be-
tween Al;03-Rb (r=0.90) and Al,03-Cs (r = 0.96) further support-
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Fig. 3a. Lithologic sections of the Tarfaya basin from Late Cretaceous to Miocene-Pliocene time. Black dots mark sample positions.

ing the idea that the distribution of these elements is possibly con-
trolled by phyllosilicates (Bauluz et al., 2000). However, a weaker
and non-significant positive correlation between Al,03-Ba
(r=0.39) implies that other factors may also have controlled the
abundance of Ba.

The Th concentration is low when compared with that of UCC.
Uranium is highly variable (0.4-28 ppm) and the highest value
was found in black shale sample #C1-35 (110 ppm, Table 1
Appendix A). In general, shale and marl samples are enriched in
U, but sandstones are depleted as compared with UCC. The Th/U
ratios are found to be much lower than UCC in all studied samples
(Table 1 Appendix A).

4.1.2. High field strength elements (HFSE, Zr, Hf, Y, Nb and Ta)

HFSE are preferentially partitioned into melts during crystalli-
zation and anatexis (Feng and Kerrich, 1990), and as a result, these
elements are enriched in felsic rather than mafic rocks. Because of
their immobile characteristics, these elements are considered as a
good provenance indicator, together with REEs (Taylor and McLen-
nan, 1985).

The average concentration of HFSE is depleted when compared
with UCC, except for some elements in a few samples (Table 1

Appendix A, Fig. 5). Zr and Hf are variably concentrated in the di-
verse stratigraphic ages and are highly enriched in the Oligocene-
Early Miocene sandy marls and Miocene-Pliocene (NE part of the
basin) sandstone samples. These Oligocene-Early Miocene and
Miocene-Pliocene stratigraphic ages show average concentrations
of Zr of 253 ppm and 460 ppm and Hf of 5.6 ppm and 9.4 ppm,
respectively. The Y abundance is higher in the sandy marls of Mio-
cene-Pliocene stratigraphic age (core 1). The average concentra-
tions of Ta and Nb are higher in the recent sediments at 8.0 ppm
and 0.56 ppm, respectively.

The Zr/Hf ratios in all the analyzed sediments (Table 1 Appendix
A) range from 24 to 51 (average 40), excluding two samples having
higher ratios 70 (sample #16-10) and 82 (sample # C1-09), implies
that these elements are controlled by the abundance of zircons.
The average Zr/Hf ratios in studied rocks of different stratigraphic
ages are higher when compared with UCC (32.8, Taylor and McLen-
nan, 1985), possibly indicating that they are the result of sediment
recycling during transport.

4.1.3. Transition trace elements (TTE, Cr, V, Co, Ni and Sc)
The transition metals Cr, V, Co, Ni and Sc generally behave sim-
ilarly as highly compatible elements during magmatic fraction-
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ation processes, being enriched in mafic to ultramafic rocks. How-
ever, during weathering, they might be mutually fractionated
(Feng and Kerrich, 1990).

The shale samples from the Late Cretaceous and Early Eocene
(Table 1 Appendix A, Fig. 5) are more concentrated in Cr, V and
Ni, being higher than in UCC. This may be attributable to enrich-
ment together with the organic matter and the formation of sec-
ondary minerals. Co and Sc show variable abundance and higher
values are found in recent sediments.

The most significant correlations exist between K,0-Sc
(r=0.76), K,0-Co (r=0.49), Al,05-Sc (r=0.94) and Al,05-Co
(r=0.81) suggesting that they were controlled by weathering and
concentrated in the phyllosilicates. Cr, V and Ni are more scattered
and less correlated with K,0 and Al,03 indicating that variable fac-
tors controlled the distribution of these elements. Furthermore, the
Cr, V and Ni elemental concentration is higher in the shale and
marl samples, especially in black shales, indicating that their high-
er concentration is attributable to organic matter, despite that
measurements of the organic content were not carried out. These
elements were evidently enriched under anoxic conditions. These
anoxic events in the Tarfaya basin during Late Cretaceous were dis-
cussed by Kuhnt et al. (1997, 2005, 2009).

Fig. 4. Photomicrographs of the Tarfaya basin sandstones: a = Amma Fatma Khatt
(Miocene-Pliocene NE part of the basin), b&c = Sebkha El Farma (Miocene-Pliocene
SW part of the basin) and d = Boukhchebat (Early Cretaceous). Q = Quartz, P = Pla-
gioclase, K = K-feldspar, CE = Carbonate extrabasinal alteration.

4.2. Rare earth elements (REE)

The concentration of REEs is given in Table 2 Appendix A and
chondrite-normalized REE patterns are shown in Fig. 6 and com-
pared with the Post Archean Australian Shale-normalized patterns
(PAAS; Taylor and McLennan, 1985). Despite variable concentra-
tions, their distribution patterns are similar to PAAS. Moreover,
we found that these elements are less abundant than in UCC most
likely due to their high carbonate contents (Taylor and McLennan,
1985). In general, chondrite-normalized REE patterns for studied
samples appear similar (Fig. 6), characterized by high LREE/HREE
ratios, almost flat HREE patterns and pronounced but variable Eu
anomalies. Their variation in absolute concentration reflects
mostly the carbonate contents and the variation in the grain size
and also clearly shows that any seawater fractionation is absent
supporting the fully detrital (siliciclastic) origin of the trace ele-
ments. However, a slight variation is present in the distribution
of HREE (Dy to Lu).

The analyzed samples (Table 2 Appendix A) have Eu/Eu* values
in the range of 0.60-0.92. The La/Sm Gd/Yb and La/Yb ratios range
from 4.2 to 8.6, 1.4 to 3.2 and 8.1 to 18.2, respectively. The Y/Ho
ratios vary from 1.8 to 3.3 with an average of 2.4, which is close
to that of UCC. However, most of the shale and marl samples show
a slightly higher ratio of Y/Ho than is found in UCC, potentially
indicating a small contribution of these elements from refractory
marine carbonates (Bau et al., 1995; Bau, 1999).

In addition, a weak positive correlation between Zr-HREE
(r=0.42) indicates that HREE fractionation is only in part con-
trolled by the occurrence of zircon. This is further supported by a
weak negative correlation of Zr-(Gd/Yb)y (r=—0.41) (where the
subscript ‘N’ refers to chondrite-normalized abundances) correla-
tion. Zircon is typically enriched in HREE resulting in values <1
for (Gd/Yb)y. This is in contrast to the average HREE distribution
in UCC rocks having (Gd/Yb)y > 1. Both LREE and HREE show a high
positive correlation with LREE-Al,03 (r=0.88) and HREE-Al,03
(r=0.80) and with LREE-TiO, (r=0.90) and HREE-TiO, (r=0.87)
but no correlation with LREE-P,0s (r=0.12) and HREE-P,0s
(r=0.26). This indicates the variable influence of alumosilicates
such as phyllosilicates and zircon, but no control of phosphate
minerals, which are highly enriched in REEs.
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Fig. 5. Trace element concentrations of the studied samples from Early Cretaceous to recent in the Tarfaya basin normalized to the composition of average Upper Continental

Crust (UCC; Taylor and McLennan, 1985; McLennan, 2001).
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4.3. Sm-Nd isotopes

The data for the '*>Nd/*4Nd isotopic composition of 39 samples
are given in Table 3 Appendix A and the calculated provenance
ages (Tpwm) against the various stratigraphic ages are illustrated in
Fig. 11 (note that the carbonates were removed prior to the prep-
aration for Nd and Sr isotope measurements). Although, Sm (0.87
to 8.3 ppm) and Nd (4.6 to 45 ppm) values are somewhat lower
than UCC and PAAS, the '¥7Sm/!**Nd ratios in the sediments
(0.1081-0.1244) are equivalent or slightly higher than typical ter-
rigenous sediments (0.105-0.115; Taylor and McLennan, 1985).

A total of four analyzed sandstone samples from the Boukhche-
bat section of the Early Cretaceous show ranges in &yg(0) values
from -15.7 to —19.2 and have an average value of -17.1,
1476m/144Nd ratios of 0.1080, Tcyur ages of 2.0 Ga, Tpy ages range
from 2.0 to 2.2 Ga.

Eight shale and marl samples of the Late Cretaceous exhibit
end(0) values in the range between —14.1 and —15.0 (average
14.6) and similar provenance (Tpy) ages (1.8-1.9, average
1.8 Ga). Further, three samples of the Early Eocene also have simi-
lar eng(0) values in the range —14.4 to —14.7 (average —14.3) and,

hence, have model ages (average 1.8 Ga) equivalent to those from
the Late Cretaceous sediments.

Because of their similarity, the Nd isotope data of Oligocene-
Early Miocene (lower Part) and Miocene-Pliocene (upper part) in
the Sebkha Aridal section are discussed together. Two sandy marl
samples from the lower part of the section (Oligocene-Late Mio-
cene) and one sandstone sample from the upper part of this section
(Miocene-Pliocene) yielded the most negative eyq(0) values rang-
ing from —23.1 to —25.6 with an average of —24.2. These samples
have '¥7Sm/'Nd ratios ranging from 0.108 to 0.117 (aver-
age = 0.113). The Tpy ages calculated from these samples are the
oldest among all the studied samples, ranging from 2.5 to 2.6 Ga
(average 2.5 Ga).

Sandstone samples of the Miocene-Pliocene from both parts of
the Tarfaya basin show a range of &yq(0) from —12.1 to —13.0
(average —12.6) in the SW part and —12.6 to —17.6 (average
—14.8) in the NE part of the basin. However, the average Tpy ages
at nearly 1.8 Ga are similar in both parts of the basin. One sample
from drill core-4 (sample #C4-03) yielded a more positive &yg(0)
value of —9.8 and, hence, a younger Tpy age of 1.5 Ga, which is pos-
sibly due to a contribution from other younger source areas.
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Four recent sand samples of recently deposited sediments from
Wadis provide variable eng(0) values ranging from —13.9 to —19.3
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Fig. 11. Provenance ages against stratigraphic age plots of the Tarfaya basin. Legend
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2.2 Ga. The southernmost sample (# 14-01) exhibits the oldest
Tpm age (2.2) among the four recent sediment samples. In addition,
one Pleistocene sand sample has an &yq(0) value of —10.6, which is
again more positive compared with the other sand samples and
yields a younger provenance age of 1.5 Ga.

In order to determine the direct effect of weathering processes
on the obtained Nd-isotope compositions, three samples, one Late
Cretaceous weathered marl sample from the Onhym quarry and
two Miocene-Pliocene weathered marl samples from drilled cores
(Table 3 Appendix A), have been analyzed. The weathered marls
exhibit eng(0) values ranging from —13.0 to —13.7 (average
—13.4), a similar '7Sm/'*Nd ratio (0.20), Tcaur ages from 1.3 to
1.4 Ga (1.4 Ga on average) and Tpy ages varying from 1.7 to
1.8 Ga (1.8 Ga on average). The Tcyur and Tpy ages obtained from
weathered marls are compatible with the Late Cretaceous and Mio-
cene-Pliocene provenance ages implying that weathering process
did not significantly alter the Nd isotope compositions and hence
the model ages.

4.4. Rb-Sr isotopes

Thirty nine samples from various stratigraphic ages were also
analyzed for their radiogenic Sr isotope composition (Table 4
Appendix A). The Early Cretaceous sandstone samples show higher
86Sr/87Sr values, ranging from 0.8027 to 0.8461, than all other
younger sediments. During the Late Cretaceous more variable,
but less radiogenic 26Sr/3”Sr ratios have been found including those
of the Late Cretaceous (average 0.7285), Early Eocene (0.7268),
Oligocene-Early Miocene and Miocene-Pliocene (0.7309, Sebkha
Aridal section), Miocene-Pliocene SW part of the basin (0.7369),
NE part of the basin (0.0.7316), Pleistocene and recent sediments
(0.7289) and weathered marls (0.7327). The calculated 86Sr/37Sr
compositions at stratigraphic age (Is;) are also highly variable rang-
ing from 0.7976 to 0.8398 during the Late Cretaceous and from
0.7140 to 0.7523 between the Late Cretaceous and the present.

4.5. Nd-Sr isotope fractionation

According to McLennan et al. (1993) f™N4 is the fractional
deviation of the '¥7Sm/'#*Nd from that in chondritic meteorites
(fSmNd = (147gm 144N dsample/('4”Sm/'*Nd) chondrite-1) and mon-
itors the general level of differentiation. The studied sediments of
the Tarfaya basin show a narrow range of f™N from
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—0.35 to —0.45 (Table 3 Appendix A). A poor correlation also exists
between the '*4Sm/!4’Nd ratios and enq(0) values (r=0.41). This
indicates that no resetting of Sm-Nd compositions occurred during
sedimentary and post-sedimentary processes (McLennan et al.,
1993; Bock et al., 1994; McDaniel et al., 1994; Xie et al., 2012).
On the other hand, the 8’Rb/%5Sr ratios of the sediments studied
show a large variation range from 0.010 to 3.65, possibly resulting
from grain size sorting and Rb-Sr redistribution during post-
sedimentary processes (Xie et al., 2012). Therefore the provenance
reconstructions based on the Sm-Nd isotope system is considered
more robust and thus used here to place constraints on the prove-
nance of the Tarfaya basin detrital sediments.

5. Discussion
5.1. Tectonic setting

The major and trace element geochemical compositions of sed-
imentary rocks has been extensively used to discriminate tectonic
settings of sedimentary basins (Bhatia, 1983, 1984, 1985; Roser
and Korsch, 1986, 1988; McLennan and Taylor, 1991). Further,
Bhatia and Crook (1986) have also used immobile trace element
compositions of greywackes to discriminate different tectonic set-
tings. However, these criteria must be used with caution, as some-
times sediments are transported from their tectonic setting of
origin into a sedimentary basin in a different tectonic environment
(McLennan et al., 1990; Armstrong-Altrin and Verma, 2005).

The La/Y versus Sc/Cr binary diagram (Fig. 7a) suggests a pas-
sive continental margin setting for the studied samples, as most
of the studied samples plot inside the passive margin field or clus-
tering near to the field (Bhatia and Crook, 1986). In the La-Th-Sc
triangular diagram (Fig. 7b) samples plotted in the passive margin
filed, demonstrate a passive continental margin depositional set-
ting. Furthermore, the Th-Sc-Zr/10 diagram (Fig. 7c) of tectonic
setting discrimination, most of the data plot inside the passive
margin filed or near to the field except few exceptions, also dem-
onstrates a passive continental margin setting. In addition, major
element compositions of Early Cretaceous, Miocene-Pliocene
sandstones and recent sands, according to the binary tectonic dis-
crimination scheme of Roser and Korsch (1986), also suggest a pas-
sive marginal tectonic setting (Fig. 7d, used as a reference after Ali
et al., manuscript in review). However, plots of shale and marl
samples from the Late Cretaceous, Early Eocene and Oligocene-
Early Miocene are more scattered due to lower SiO, and high
Na,O contents in these more fine grained sediments and are thus
less representative of the tectonic setting of the basin. Hence, trace
element compositions were found more useful for discriminating
the tectonic setting of the Tarfaya basin sediments than major ele-
ment compositions. Finally, our results indicate that the Tarfaya
basin sediments were deposited in a passive margin tectonic set-
ting since Cretaceous and are in agreement with the tectonic his-
tory of the basin (Ranke et al., 1982; Michard et al., 2008).

5.2. Source rock composition

The abundance of Cr and Ni in clastic sediments can be consid-
ered a proxy in provenance studies. A high content of Cr and Ni is
predominantly found in sediments derived from ultramafic rocks,
whereas a low concentration of Cr and Ni indicates a felsic prove-
nance (Wrafter and Graham, 1989; Garver et al., 1996; Armstrong-
Altrin et al., 2004). Garver et al. (1996) have shown that elevated Cr
and Ni abundances (Cr > 150 ppm and Ni > 100 ppm), low Cr/Ni ra-
tios (1.3-1.5) and a high correlation coefficient between these two
elements (r = 0.90) are indicative of ultramafic rocks in the source
region. The Cr (3.3-149.1) and Ni (1.4-106.8) concentrations

(Table 1 Appendix A) in most of the studied samples are relatively
low, with a less significant correlation coefficient (r=0.60) and
variable Cr/Ni ratios (0.5-6.6). These low Cr and Ni concentrations
in the studied samples may be not showing clear indication of
source rocks composition due to carbonate dilution effects. How-
ever, high and variable Cr/Ni ratios and less significant correlation
between Cr and Ni in the studied samples do not indicate any sig-
nature of mafic or ultramafic rocks in the source region. Further-
more, a binary diagram (Fig. 8) of Cr/V versus Y/Ni ratios has also
been used to discriminate the source area (Hiscott, 1984; McLen-
nan et al., 1993). The Cr/V ratios serve as index of the enrichment
of Cr over the other ferromagnesian trace elements, whereas Y/Ni
monitors the general level of ferromagnesian trace elements (Ni)
compared with a proxy for HREE (Y). The mafic to ultramafic
sources tend to have higher Cr/V and lower Y/Ni ratios. The sam-
ples in the present study have an extremely low Cr/V ratio and a
variable abundance of Y/Ni exhibiting a predominantly felsic
lithology of the source area. Hence, these low Cr/V and variable
Y/Ni ratios preclude any presence of the ophiolitic component in
the source regions.

The ratios between relatively immobile trace elements such
as La/Sc, Th/Sc, Cr/Th and Th/Co are considered suitable indica-
tors of source rock provenance (Taylor and McLennan, 1985;
Cullers, 1994, 2000; Cullers and Podkovyrov, 2000; Wronkiewicz
and Condie, 1990). In the present study, these ratios are com-
pared with those of sediments derived from felsic and mafic
rocks and also with UCC (Table 5 Appendix A). The comparisons
show that the majority of our data are within the range of felsic
source rocks and lower than UCC. According to Armstrong-Altrin
et al. (2004), La/Sc and Th/Sc ratios of sediments derived from
felsic rocks are always higher than those of sediments derived
from mafic rocks. Although some of the samples have slightly
lower values of Th/Sc ratios. However, Th/Sc ratios are still much
higher than those of mafic rocks and also demonstrate a felsic
source. Furthermore, Most of the studied samples have Cr/Th ra-
tios close to those of UCC (Cr/Th=7.76, McLennan et al., 2006).
The Th/Co ratios of the studied samples also lie within the range
of felsic source and are very close to those of UCC (Table 5
Appendix A).

The REE patterns of the source rocks are preserved in clastic
sediments (Taylor and McLennan, 1985). Felsic rocks contain high-
er LREE/HREE ratios and negative Eu anomalies, whereas mafic
rocks generally contain lower LREE/HREE ratios with little or no
Eu anomalies (Cullers and Graf, 1983; Cullers, 1994). Hence, the
REE patterns help to distinguish between felsic and mafic source
rock lithologies of clastic sediments. The studied samples of the
Tarfaya basin have high LREE/HREE ratios and moderately negative
Eu anomalies. The chondrite-normalized samples show REE pat-
terns similar to that of PAAS, with LREE enrichment, an almost flat
HREE and negative Eu anomalies. This also supports generally felsic
source rocks of the Tarfaya basin sediments.

The Th/Sc ratios were used as an indicator of chemical differen-
tiation and, hence, to infer compositional heterogeneity of the
sources (Cox et al., 1995; Hassan et al., 1999). And, The Zr/Sc ratios
were used as an index of sediment recycling in the source region
(McLennan et al., 1993). Further, Th/Sc ratios higher than 0.8, if
coupled with higher values of Zr/Sc, probably indicate input from
mature and/or recycled sources. All the studied samples, when
plotted into the Th/Sc versus Zr/Sc binary diagram (Fig. 9) show
a positive slope and display higher values of both ratios. The
Th/Sc ratios have a narrow range (Table 1 Appendix A), whereas
the Zr/Sc ratios exhibit a wide range. A particular trend is shown
by Zr/Sc ratios which indicate sediment sorting in the source
region. Hence, from the Th/Sc versus Zr/Sc ratios, we identify that
the source areas have undergone recycling during sediment trans-
port, together with an increasing abundance of zircons.
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In summary, the ratios of La/Sc, Th/Sc, Cr/Th, Th/Co and the REE
distribution patterns including Eu/Eu* of the Tarfaya basin silici-
clastic sediments indicate that they were derived from felsic source
rocks and were neither significantly affected by alteration during
transport and cementation nor by dissolution of plagioclase in
the case of Eu/Eu* (Cullers (1994, 2000), Cullers and Podkovyrov
(2000) and Cullers et al., (1988); see also Table 5 Appendix A). This
is strongly supported by the internal consistency of our results and
their agreement with those obtained on petrography, heavy miner-
als and mineral chemistry on a subset of the samples of this study
(Ali et al., in press). In addition, the Zr/Sc distribution pattern and
Zr[Hf ratios are indicating recycling of sediments in the source
area. The Nd and Sr isotopic results are discussed in the next sec-
tion in order to determine whether the studied sediments origi-
nated from a single source or whether mixed provenances were
involved from the Early Cretaceous to recent times.

5.3. Provenance of the Tarfaya basin sediments

The analyzed samples of the Tarfaya basin of Early Cretaceous
to recent show a range of eng(0) values (Table 3 Appendix A).
A clear difference exists in the &yg(0) values between the Early
Cretaceous and the younger stratigraphic ages and the most nega-
tive values occurred in the southernmost Sebkha Aridal section
(Table 3 Appendix A). Hence, the calculated depleted mantle model
ages (Tpv) of these sediments show significant variations in
provenance ages as a function of variation in the source area.
Previous findings indicated that during the Early Cretaceous,
sediments originated from the WAC and that the contribution of
sediments from the western Anti-Atlas to the Tarfaya basin only
started during the Late Cretaceous (Frizon de Lamotte et al.,
2009; Ruiz et al.,, 2010; Sehrt et al., 2011).

The Nd and Sr isotopic compositions of the studied samples are
compared in Fig. 10 and reveal three distinct groups. The first
group consists of the samples from the Early Cretaceous sediments,
characterized by Tpy = 2.0 to 2.2 Ga provenance age and by higher
Sr-isotopic ratios (average 0.8250). These higher Sr isotope ratios
that are not reflected by any differences in the Nd isotope results
are clearly attributable to fractionation during transport despite
that we have not carried out dedicated grain size analyses. These
Sr isotope data are thus not included in the interpretations of sed-
iments provenance. The second group comprises the Late Creta-
ceous, Early Eocene and Miocene-Pliocene samples, characterized
by Tpm = 1.7-1.9 Ga provenance ages and by variable Sr-isotopic
ratios in the range from 0.7140 to 0.7523. In contrast, the third
group, which consists of sediments of the Oligocene-Early Miocene
(Sebkha Aridal section in southernmost section SW part of the ba-
sin) is characterized by older provenance ages (Tpy = 2.5-2.6 Ga).
However, Sr-isotopic ratios are similar to those of the second
group. The recent sediment samples show an affinity with these
distinct groups. The southernmost sample corresponds to the Early
Cretaceous (first group), whereas the other three recent sediment
samples are similar to the second group. These different clusters
suggest that the sediments originated from distinct source areas
over time, which will be discussed below.

5.3.1. Modern sediments provenance

One can directly constrain provenance from modern sediment
data providing that no change in the isotopic composition of the
source area occurred as a consequence of unroofing processes
(Mearns et al., 1989). Four modern river-transported sediment
samples, which originated from the Reguibat Shield and the wes-
tern Anti-Atlas, have been used for this purpose. One sand sample
(sample # 14-01) has a provenance age of 2.2 Ga and contains sed-
iments that are derived from the Eburnean terrain (Reguibat
Shield), have an age similar to the provenance ages

(2.12-2.06 Ga) obtained by Schofield et al. (2006) and Schofield
and Gillespie (2007). This indicates that no change has occurred
in the overall isotopic composition of the Reguibat Shield source
areas between the Late Cretaceous until the present day because
of unroofing processes in the Eburnean terrain. The western Anti-
Atlas sediments, deposited during the Paleozoic, were derived from
the Precambrian inliers and/or the WAC (Frizon de Lamotte et al.,
2009; Ruiz et al., 2010; Michard et al., 2008). There is no isotopic
data available from these sedimentary covers. However, in our
investigations, two recent sand samples whose detrital sediments
are derived from the western Anti-Atlas suggest a provenance
age (1.7 Ga) for the western Anti-Atlas source area. Finally, a fourth
sample whose sediments were possibly derived from both the Reg-
uibat Shield and the western Anti-Atlas source areas suggest a
1.9 Ga provenance age. The mixed provenance ages of young sedi-
ments of the Atlantic Ocean were also found in the range from 1.7
to 1.9 Ga by Cole et al. (2009) and Meyer et al. (2011).

5.3.2. Early Cretaceous sediments provenance

The Early Cretaceous sandstones (Boukhchebat section) have
&nd(0) values similar to the recent ones. The calculated provenance
ages (2.0-2.2 Ga) (Fig. 11) in the Boukhchebat section are compa-
rable with the Eburnean terrain indicating that the source is in
the northern part of the Reguibat Shield. Sehrt et al. (2011) also
indicate that the Reguibat Shield was the main source for the Early
Cretaceous sediment based on zircon (U-Th-Sm)/He dating (ZHe).
Furthermore, the homogeneously negative Nd isotope values and
similar Sm/Nd ratios indicate their passive margin depositional
tectonic setting, old provenance and long sedimentary recycling
(Zhang et al., 2007).

5.3.3. Late Cretaceous to Miocene-Pliocene sediments provenance

The Late Cretaceous, Early Eocene and Miocene-Pliocene sand-
stone samples (from both the SW and NE parts of the Tarfaya ba-
sin) show more positive eNd(0) values with a narrow range of
provenance ages from 1.7 to 1.9 Ga (average 1.8 Ga) (Table 3
Appendix A, Fig. 11). This indicates that changes in the source of
the detrital sediments in the Tarfaya basin for the first time oc-
curred during the Late Cretaceous. This shift may be attributable
to the sediments starting to originate from the western Anti-Atlas
as a consequence of its uplifting and erosion (Frizon de Lamotte
et al., 2009; Ruiz et al., 2010). Previous findings also indicate that
the contribution of sediments from the western Anti-Atlas to the
Tarfaya basin only started during the Late Cretaceous (Sehrt
et al.,, 2011).

Further, three samples from the Sebkha Aridal section (south
most section in the present study) of the Tarfaya basin reflecting
Oligocene to Miocene-Pliocene stratigraphic ages show the most
negative eng(0) values and hence the oldest provenance ages
(Tpm = 2.5 Ga). These provenance ages are higher than Eburnean
(2.12-2.06 Ga) and lower than the Archean terrain (3.04-2.83 Ga)
indicating that these provenance ages are a result mixing of detri-
tus from both of these terrains.

6. Conclusions

The geochemical and Nd-Sr isotopic analyses of the sediments
from the Early Cretaceous to recent times indicate that the detrital
fraction of the Tarfaya basin sediments were deposited in a passive
margin tectonic setting, the sediments of which are derived from
the heterogeneous source areas of felsic composition. These source
areas are in the Eburnean and Archean terrain (Reguibat Shield)
along with the Mauritanides and the western Anti-Atlas.

The La/Y versus Sc/Cr, La--Th--Sc and La--Th--Zr/10 diagrams
together demonstrate that Tarfaya basin sediments deposited in a
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passive margin tectonic setting from Early Cretaceous to recent
times. Furthermore, Trace element compositions of more fine sed-
iments better explain tectonic setting of the Tarfaya basin than
that of major element compositions.

The La/Sc, Th/Sc, Cr/Th and Th/Co ratios of the Tarfaya basin
sediments indicate that these sediments were derived from source
rocks of felsic composition. In addition, similarity of REE patterns
to that of PAAS, a light rare earth elements (LREE) enrichment, flat
heavy rare earth elements (HREE) and negative Eu anomalies sup-
port the felsic source for the Tarfaya basin sediments. Moreover, a
binary plot of Th/Sc and Zr/Sc as well as Zr/Hf ratios show consid-
erable enrichment of zircon, a finding that indicates recycling of
sediments during transport.

The uniform Sm/Nd ratios of sandstone, shale and marl samples
from the Early Cretaceous to recent in the Tarfaya basin show that
no noticeable fractionation occurred during deposition or diagene-
sis and, hence, the lack of any modification of the original Nd iso-
topic compositions.

Further, the Nd isotopic results indicate that the Early Creta-
ceous sediments were exclusively derived from the Eburnean ter-
rain of the Reguibat Shield. Since the Late Cretaceous, the
sediments show mixed contributions from the Reguibat Shield,
Mauritanides and the western Anti-Atlas. The supply of the sedi-
ments from the western Anti-Atlas has been associated with the
tectonic activity in the Anti-Atlas. Finally, the southernmost Seb-
kha Aridal section shows predominance of the Archean terrain
(Reguibat Shield).
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