Arab J Geosci (2015) 8:9237-9259
DOI 10.1007/s12517-015-1875-7

ORIGINAL PAPER

Integrated petrographic, mineralogical, and geochemical study
of the Late Cretaceous—Early Tertiary Dakhla Shales,
Quseir—Nile Valley Province, central Egypt: implications

for source area weathering, provenance, and tectonic setting

Samir M. Zaid

Received: 17 September 2014 / Accepted: 1 March 2015 /Published online: 24 March 2015

© Saudi Society for Geosciences 2015

Abstract Late Cretaceous—Early Tertiary shales of the
Dakhla Formation of the Quseir—Qena Province, central
Egypt, were analyzed for major and selected trace elements
to infer their provenance, source rock paleoweathering inten-
sity, and tectonic setting. The studied formation consists of a
series of marls and shales and is subdivided into two members,
namely Beida Shale Member at the top and Hamama Marl
Member at the base. The Dakhla Shales are texturally classi-
fied as mudstones. Mineralogically, these shales consist main-
ly of smectite and kaolinite. Chemical analysis of the major
and trace elements generally exhibits a uniform distribution
throughout the Upper Maastrichtian-Lower Paleocene sedi-
ments. SiO,, A,Os, and Fe,O; contents are higher than the
values reported for the post-Archaean Australian shale
(PAAS), while TiO, and Na,O contents are found to be lower.
Bivariate plot of Zr versus TiO, diagram indicates that inter-
mediate to felsic igneous rocks constitute the main supplying
source rock. Average chemical index of alteration (CIA), pla-
gioclase index of alteration (PIA), and chemical index of
weathering (CIW) values (81, 92, and 93 %, respectively)
imply intermediate to intense weathering of the source mate-
rial in a semiarid climate. The bivariate discriminant function
diagram reveals an active continental to passive margin setting
for the Dakhla Shales. The developed soils were transported
by rivers to the depositional basin. The inferred tectonic set-
ting for the Late Cretaceous—Early Tertiary Dakhla Shales in
Quseir—Qena Province is in agreement with the tectonic evo-
lutionary history of central Egypt during the Late Cretaceous—
Early Tertiary.
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Introduction

Mineralogical and chemical characteristics of mudrocks are
controlled by various factors including the composition of
their source rocks, the extent of weathering, mode of transpor-
tation, and post-depositional processes (Taylor and McLennan
1985; Hayashi et al. 1997). However, the tectonic setting of
the sedimentary basin may play a predominant part over other
factors because different tectonic settings can provide differ-
ent kinds of source materials with variable chemical signa-
tures (e.g., Bhatia 1983; Bhatia and Crook 1986; Roser and
Korsch 1986; McLennan et al. 1993; Nesbitt et al. 1997;
Cullers 2000; Purevjav and Roser 2012; Yan et al. 2012).
Many attempts have been made to refine provenance models
using geochemical features (e.g., Bhatia 1983; Suttner and
Dutta 1986; Roser and Korsch 1986, 1988; Armstrong-
Altrin et al. 2004, 2012, 2013, 2014; Zaid 2012, 2013, 2015).

Due to its fine-grained nature and impermeability,
mudrocks retain most of the mineral constituents of the source
rocks (Blatt 1985; Graver and Scott 1995). The bulk geo-
chemistry of shales, thus, preserves the near-original signa-
tures of the provenance and more faithfully reflects
paleoweathering conditions and diagenetic history much bet-
ter than any other siliciclastic rocks.

Major oxides (e.g., TiO, and Al,O5) are particularly useful
for provenance interpretations. Being immobile phases in aque-
ous systems, these oxides retain the original source rock con-
centration within the shales (Hayashi et al. 1997). Besides the
major oxides, the concentration of trace elements is also used to
characterize provenance in shales. For example, the abundance
of zirconium, vanadium, nickel, and barium in shales provides
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significant information about the nature of source rocks (Nesbitt
and Young 1984, 1989; Roser and Korsch 1986; Fedo et al.
1995, 1996; Sugitani et al. 1996; Hayashi et al. 1997,
Moosavirad et al. 2011; Armstrong-Altrin et al. 2013, 2015).

The Dakhla Formation is of particular interest because of its
rhythmic deposition of shale and glauconite-rich facies.
Consequently, numerous studies have been published on the
geology, stratigraphy, and sedimentology of the Maastrichtian—
Lower Paleocene marine sediments exposed in central Nile
Valley and Quseir District of the Eastern Desert (e.g., Said
1961; Issawi 1972; Faris 1984; Faris and Strougo 1998;
Tantawy et al. 2001; Obaidalla et al. 2008; El-Azabi and
Farouk 2010). However, studies related to mineralogy and geo-
chemistry and their inferred provenance, weathering, and tec-
tonic setting are meager.

The present work aims to reconstruct the provenance and
tectonic setting of the Late Cretaceous—Early Tertiary Dakhla
Formation shales, using an integrated approach involving
modal analysis and bulk rock geochemistry data from three
exposed sections: Gebel Atshan (Quseir District), Gebel Abu
Had, and Gebel El Gir (central Nile Valley, Figs. 1 and 2).

Geological setting
The Late Cretaceous—Early Tertiary Dakhla Shale is widely

distributed in Egypt and can be traced along the southern belt
of the stable shelf from the Dakhla Oasis in the west through the
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Nile Valley to Quseir in the east (Said 1960; Issawi 1972). These
shales outcrop on both sides of the Precambrian basement rocks
that form the Red Sea Mountains. Shales have remarkably con-
stant lithological characteristics and they form elongated,
semiclosed basins within the dissected crystalline ridge.

The Cretaceous/Tertiary sequence in Quseir and Nile
Valley areas is differentiated into several units, arranged from
base to top: Nubia Sandstone, Quseir Variegated Shale, Duwi
Formation, Dakhla Shale, Tarawan Chalk, Esna Shale, and
Thebes Formation (Abdel Razik 1972). These sediments were
deposited in the inner to middle shelf settings.

The Dakhla Formation (introduced by Said 1961) marks
the Maastrichtian—Lower Paleocene sequence, conformably
overlies the Duwi Formation, and is unconformably overlain
by the Tarawan Chalk. This formation consists of intercala-
tions of marls and shales and may reach a thickness of about
150-175 m. It is subdivided into two members, namely Beida
Shale Member at the top and Hamama Marl Member at the
base (Abdel Razik 1972). The lower member is about 75 m
thick and consists of pink marls, in which planktonic forami-
niferal assemblages yielded a Maastrichtian age (Abdel Razik
1972). The upper member is about 100 m thick and consists of
gray to green shales, yellowish in some parts, and fissile with
gypsum veinlets. This member is unconformably overlain by
the Tarawan Chalk. The contact is marked by an abrupt
change from gray shale with gypsum veinlets into brownish,
reddish limestone and chalky white limestone. Abdel Razik
(1972), Tantawy et al. (2001), Obaidalla et al. (2008), and
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El-Azabi and Farouk (2010) emphasized that the Dakhla
Formation was deposited under a predominantly marine envi-
ronment with minor fluviatile condition influences.

Said (1962) subdivided Egypt into two major tectonic
provinces, the tectonically deformed Unstable Shelf to the
north (approximately to the north of latitude 28°) and the
nearly horizontal and less deformed Stable Shelf to the south
(Fig. 1b). Intracratonic sedimentary basins were developed on
the southern Stable Shelf, whereas pericratonic or rift basins
were formed on the northern Unstable Shelf (El Hawat 1997).

The Stable Shelf comprises the pre-rifting Cretaceous—
Eocene sedimentary rock of the study area while the
Unstable Shelf includes post-rifting Oligocene—post Miocene
sediments. The Cretaceous and Eocene deposits occupy the
troughs of synformal-like folds within the crystalline hill
ranges. Gebel Atshan, Gebel Abu Had, and Gebel El Gir are
good examples of the pre-rift series outcrops in Quseir and Nile
Valley basins, where more than 500 m of Cretaceous and
Eocene deposits are exposed from bottom to top. These basins
have evolved as a result of structural differentiation and subsi-
dence of the rigid cratonic plate (El-Hawat 1997). Precambrian
crystalline basement highs separate these basins and are be-
lieved to be the main source for terrigenous sediments during
Phanerozoic time. The marine upper Eocene and Oligocene
deposits are absent, indicating that the region must have under-
gone elevation changes during these two epochs (Said 1992).
Faulting with a dominant NW trend is the main feature in the
region and forms complicated horsts and grabens with outcrop-
ping basement rocks covering the major part of this region.

The Paleocene was ushered in by a transgression, which
pushed its way across the southern borders of Egypt into
North Sudan. The maximum transgression occurred during
the Late Paleocene. After the Paleocene, the sea kept
retreating toward the North almost continuously except for
short intervals (Said 1990). The Lower Paleocene succession
in the Nile Valley basin forms a tripartite subdivision arranged
in an ascending order by the upper Dakhla Shale (Said 1962),
the Tarawan Chalk (Awad and Ghobrial 1965), and the Esna
Shale (Zittel 1883) (Fig. 2).

Sampling and methods

Eighteen representative shale samples were collected from the
Dakhla Formation from three exposed sections at Gebel
Atshan, Gebel Abu Had, and Gebel El Gir in central Egypt
(Fig. 2). The petrographic characteristics of six selected mud-
stone samples were determined through thin section microscop-
ic observations. The clay fractions were subjected to X-ray
diffraction analysis to identify their clay mineral composition
following the method described by Moore and Reynolds
(1997). Three oriented mounts were prepared from each sam-
ple: untreated, glycolated, and heated at 600 °C for 1 h.

@ Springer

Semiquantitative determination of the identified clay minerals
was undertaken based on the method adopted by Hardy and
Tucker (1988). X-ray diffractograms were obtained using
Philips X-ray diffractometer model PW/1710 with monochro-
mator, Cu radiation (A\=1.542 A) at 40 KV, 35 mA and scan-
ning speed of 0.02°7s. Also, the samples were scanned by a
scanning electronic microscope (SEM, 3.5 nm of resolution)
equipped with an energy-dispersive spectrometer (EDS), to de-
termine the chemical composition during SEM observations.

The major oxides and the trace elements were determined
in 18 bulk samples using X-ray fluorescence spectrometer
(XRF). The correlation coefficient and one-way analysis of
variance (ANOVA) have been carried out for the chemical
data by using the method of Davis (1986). X-ray fluorescence
spectrometry technique, X-ray diffraction (XRD), and SEM-
EDS analyses were performed at the laboratories of the
National Research Center and Nuclear Materials Authority
of Egypt. Analytical precision is better than 5 % for the major
oxides and trace elements. Loss on ignition (LOI) was esti-
mated by firing the dried sample at 1000 °C for 2 h. Major
element data were recalculated to an anhydrous (LOI-free)
basis and adjusted to 100 % before using them in various
diagrams. The total iron is expressed as Fe,O;.

Results
Petrography

The Dakhla Shales are generally made up of highly foraminif-
eral argillaceous matrix with minor silt-sized and very fine to
fine quartz grains (Fig. 4a, b). The sand-sized grains average
25 % of the rock content. They are generally poorly sorted,
subangular to angular, and commonly monocrystalline and ex-
hibit either uniform or undulose extinction (Fig. 4b). Iron ox-
ides, averaging 3 % of the rock content, are commonly present
in the form of a very fine material replacing the clay matrix or as
dark patches. This indicates that these iron oxides are authigenic
and were either precipitated by moving fluids or resulted by the
degradation and breakdown of iron-rich minerals and detrital
ferromagnesian silicates. Scattered opaque grains are occasion-
ally recorded. In some samples, the argillaceous matrix is color-
laminated (Fig. 4b). This lamination resulted from the alteration
of iron oxide-rich and organic matter-rich laminae.

Mineralogy

The results of the XRD analysis are illustrated in Fig. 3 and
summarized in Table 1. The clay mineral (<2 pum) distri-
bution of the Late Cretaceous—Early Tertiary Dakhla
Shales displays a fairly constant composition. Smectite
and kaolinite constitute the most abundant clay minerals
(mean=36 %). Their values increase from the east
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Fig. 3 X-ray diffractograms of six samples of the Dakhla Shale. Sm smectite, K kaolinite, C calcite, F feldspar, O quartz, H hematite

(Quseir: Gebel Atshan) to the west (Nile Valley, Qena area:
Gebel Abu Had and Gebel El Gir). The bulk rock mineral-
ogy indicates the presence of phyllosilicates with abundant
quartz and calcite, anhydrite, some dolomite, iron oxides,

phosphate, feldspars, and gypsum. Quartz is the most
abundant nonclay minerals (average=25 %) followed by
carbonates (average=26 %), sulfates (average=8 %), iron
oxide (up to 3 %), fluorapatite (up to 2 %), pyrite (up to
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Table 1  Semiquantitative mineralogical composition of whole rock and <2 pm fraction

Location Gebel Atshan Gebel Abu Had Gebel El Gir Average
Al A2 A3 A4 A5 A6 AHI AH2 AH3 AH4 AH5 AH6 Gl G2 G3 G4 G5 G6
Quartz 27 30 33 50 20 14 19 74 30 28 47 0 14 16 17 7 7 19 25
Feldspar 0 0 0 4 0 0 0 0 0 3 9 0 1 3 0 0 0 0 1
Calcite 54 56 0 0 38 52 68 0 0 8 0 0 0 0 42 0 88 0 23
Dolomite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 51 3
Anhydrite 0 0 0 0 0 0 0 0 0 0 4 84 0 0 0 4 0 0 7
F-apatite 10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 2
Iron oxides 0 0 0 5 0 0 0 0 10 0 0 0 39 2 5 0 0 3
Pyrite 0 0 2 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
Gypsum 0 0 1 0 0 0 0 6 0 0 0 0 0 3 0 0 0 1
Clay minerals 9 14 64 41 42 34 12 20 60 69 40 16 8 42 33 4 5 13 36
MMI 250 31.8 660 432 67.7 708 387 213 66.7 69.0 41.7 100.0 850 689 66.0 863 41.7 40.6 57
<2 pumclay Sm 15 86 37 31 38 88 55 12 87 91 75 95 31 35 34 52 32 37 52
K 85 14 63 69 62 12 45 88 13 9 25 5 69 65 66 48 68 63 48

Feldspar k-feldspar + plagioclase, MMI (Mudrock Maturity Index, MMI 100 % phyllosilicates/(phyllosilicates + quartz + feldspars; Bhatia 1985), Sm
smectite, K kaolinite

1 %), and K-feldspar and plagioclases (up to 1 %). The  Clay minerals

mineralogical composition indicates a high mudrock matu-

rity index (MMI=100x phyllosilicates/(phyllosilicates +  Smectite Smectite (Fig. 4c) is the dominant constituent of the
quartz + feldspars; Bhatia 1985), with an average value  clay mineral content of the Dakhla Shales at Quseir and Nile
of 57 (Table 1). Valley. The average content of smectite in the samples ranges

Fig. 4 a Photomicrograph
showing highly foraminiferal
shale (Gebel El Gir); b
photomicrograph of laminated
foraminiferal shale showing fine,
monocrystalline quartz grains
embedded in an argillaceous
matrix stained with iron oxides
(Gebel Atshan); ¢ SEM
photomicrograph shows detrital
platelets and coarse detrital
kaolinite with irregular edges
(Gebel Abu Had); d SEM
photomicrograph shows smectite
particles (Gebel Atshan)

o
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from 12 to 95 % (Table 1). The dominance of smectite in
central Egypt is in agreement with the obtained results from
Hendriks (1985, 1988), Hendriks et al. (1990), Ismael (1996),
and Ahmed (1997). They attributed a continental pedogenetic
origin as well as marine neoformation. Terrestrial smectite
developed under warm and humid to seasonally humid con-
ditions by the degradation of chlorite and illite or by crystal-
lization from ion-enriched hydrolytic solutions in badly
drained alkaline soils (Ahmed 1997).

There are four main genetic hypotheses for the origin of
smectite: (1) reworking of soils and enrichment by differential
settling, (2) alteration of volcanic material, (3) transformation
of detritals, and (4) authigenesis (Chamley 1989; Thiry and
Jaquin 1993). The absence of any conceivable volcanic pre-
cursor, such as tuff or glass in the studied shales, indicates that
smectite is mainly of a detrital origin. Hendriks et al. (1990)
suggested a warm/humid climate proven by the smectite rich
in diverse fauna and flora in central Egypt. Discrete smectite is
commonly forming from the weathering of ultrabasic or very
basic rocks which produce magnesium minerals (Surdam and
Stanley 1979).

The smectite—kaolinite association in the studied Dakhla
Shales does not suggest the formation of kaolinite under the
same conditions of smectite formation or the in situ formation
of kaolinite by chemical precipitation. Smectite formation is
compatible with alkaline reducing conditions, while kaolinite
is generally thought to require acid conditions, and it may be
unstable in alkaline environments. The occurrence of smectite
together with kaolinite indicates the alteration of feldspar in
connection with an “arenization” (Millot 1970) of crystalline
basement rocks in a warm and semiarid climate. Generally, the
clay mineral associations in the studied shales at Nile Valley
and Quseir with its smectite dominance suggest a terrestrial
provenance (Hendriks et al. 1990) that had not attained inten-
sive weathering, under a warm and semiarid climate. The
weathered materials were carried by fluvial action, which fi-
nally interfered and admixed with marine environments.

Kaolinite Kaolinite (Fig. 4d) is the dominant clay mineral of
Dakhla Shales at Gebel Abu Had and Gebel Atshan. The
average content of kaolinite in the shales varies between 5
and 88 % (Table 1). The origin of kaolinite in the studied
shales has been previously interpreted as being a product of
chemical weathering and leaching of rocks which occur espe-
cially in the exposed granite—-metamorphic basement areas of
central Egypt (Gindy 1983). Kaolinite formation is favored
under tropical to subtropical humid climatic conditions
(Chamley 1989; Hallam et al. 1991). In addition to a detrital
origin, kaolinite may also develop by diagenetic processes due
to the circulation of acid solutions (Ghandour et al. 2003). The
amount of kaolinite in the shales of Late Cretaceous—Early
Tertiary Dakhla Shale in the Nile Valley and Quseir sections
is in agreement with the results obtained by Hendriks et al.

(1990), Ismael (1996), and Ahmed (1997). This kaolinite rep-
resents a continental weathering product at a warm and at least
seasonally humid climate, being eroded and transported to-
ward the sea by rivers.

Nonclay minerals

Quartz Quartz was found occurring as an important nonclay
mineral in all samples. Quartz contents are recorded with rel-
atively low to moderate abundance. It varies from 7 to 74 %.
The relatively higher quartz abundances were obtained from
the Dakhla Shale sediments at Gebel Abu Had. A negative
relationship between quartz and kaolinite (Table 1) suggests
that, in addition to detrital origin, kaolinite may also develop
by diagenetic processes due to the circulation of acid solutions
(Ghandour et al. 2003).

Carbonates The carbonate minerals detected by XRD are cal-
cite and dolomite. Calcite is recorded with high abundance in
the bulk and clay-size mineralogy. It ranges from 0 to 88 % of
the bulk rock mineralogy. Generally, the Lower Tertiary sed-
iments at Gebel El Gir contain higher calcite contents than the
other locations. On the other hand, dolomite was detected in a
number of samples. It reaches up to 51 % in sample G6. The
high content of calcite in the Dakhla Shales is consistent with
the abundance of calcareous microfossils (Faris et al. 1999)
and confirms the biogenic origin of the mineral.

Sulfates Anhydrite is almost absent, being abundant (up to
84 % in AH6) only in a few samples. The relatively higher
anhydrite abundances were obtained from the Gebel Abu Had.
It was identified in the XRD diffractograms by its characteris-
tic lines at 3.50 and 2.85 A. Gypsum was identified in a num-
ber of samples by its characteristic lines at 7.56, 3.06, and
4.27 A. It reaches a maximum value of 6 % in sample AH2.
The evaporites form from saline-rich fluids—brines. Brines
may be generated by the concentration of sea water, by evap-
oration or freezing, or as residual connate fluids in the subsur-
face (Selley 1988). Secondary brines can form where meteoric
groundwater dissolves previously formed evaporites.

Anhydrite and gypsum in the studied shales were probably
precipitated primarily as metal sulfides under reducing condi-
tions when the shales were deposited. After the compaction of
shales and oxidation of sulfides to sulfates resulting at least in
part of biological activity, the produced sulfates react with the
calcic cement generated by weathering of carbonate to form
gypsum. These dissolved sulfates will be expelled by solution
due to the compaction of clays and concentrate along bedding
planes as gypsiferous bands or streaks which can be easily
seen in the field.

Iron oxides Tron oxides are almost absent, being abundant (up
to 39 % in G2) only in few samples. The relatively higher
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hematite abundances were obtained from the Gebel El Gir.
Iron oxides can be formed either by pedogenic processes or
by the precipitation of iron oxides from laterally flowing sur-
face or groundwater (Ollier and Galloway 1990).

Carbonate fluorapatite The phosphate minerals encountered
in Quseir and Nile Valley sections are carbonate fluorapatite,
which are traditionally called francolite. This mineral is al-
ways the sole constituent of phosphorites in unweathered or
only slightly weathered sedimentary deposits, whatever their
age or location (Prevot et al. 1989). The peak area under the
2.79 A is taken as the relative abundance of francolite. It
reaches up to 17 % in sample G6.

The presence of francolite, calcite, and dolomite in the
shales of the Nile Valley and Quseir sections indicates their
deposition in a marine environment. The precipitation of
phosphorites relates to the upwelling of nutrient-rich water
(Selley 1988). Germann et al. (1987) concluded that the origin
of the Egyptian phosphorites can be attributed to four distinct
genetic phases, namely primary enrichment, secondary con-
centration, lithification, and weathering. The primary enrich-
ment phase under suboxic to anoxic environment during trans-
gression is producing phosphatic shales. The secondary con-
centration phase under oxic environment is settling during
regression and producing phosphatic sands and shales
(Germann et al. 1987). The lithification phase in an
oxic/anoxic facies controlled by permeability, chemistry of
the host rocks, and pore fluids is producing calcareous, sili-
ceous, clayey, phosphatic phosphorites, and organic-rich clay
and siltstone.

Pyrite Pyrite was only detected in the Dakhla Shales of Gebel
Atshan and Gebel Abu Had. It reaches up to 2 % in sample
A3. It was identified in the diffractograms by its characteristic
lines at 2.71 and 2.42 A. The presence of pyrite spheres and
framboids as seen by the SEM indicates the prevalence of a
reducing environment during the deposition. The presence of
pyrite spheres may be an indicator of shallow water, such as
those found on submarine swells or in areas of nutrient up-
welling in shelf settings (Schieber and Baird 2001). Pyrite
forms in sediments as a consequence of the bacterial reduction
of sea water sulfate. Thus, the highly pyritic shales must have
formed under euxinic conditions where H,S exists above or at
least at the sediment—water interface. The presence of H,S in
turn will react with Fe>* which was probably delivered into
the basin as colloidal material adsorbed on clay minerals to
form iron sulfide. By increasing the activity of the hydrogen
sulfide in the presence of iron and organic matter, a hydropho-
bic sulfide gel might have been formed (El-Dahhar 1987).

Feldspar Feldspar is the less frequent nonclay mineral in
Dakhla Shales (Table 1). It varies from 0 to 9 %. Its low values

may indicate intensive recycling, dissolution, and kaolinitization.
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Geochemistry

The major and selected trace element concentrations of 18
samples of Dakhla Shales are presented in Tables 2 and 3.
The major and trace elemental concentrations of the shale in
this study are compared with published average shales in
Table 4. In general, the bulk compositions of the shale in the
present study compare quite closely with the published aver-
age shale compositions (Gromet et al. 1984; Pettijohn 1975;
Turekian and Wedepohl 1961; Vine and Tourtelot 1970).

Silica (SiO,) is the dominant constituent of the studied
shale samples. Its average is 40.35 wt% and closely concurs
with the average shales of Pettijohn (1975). SiO; is considered
to be dominantly terrigenous in origin. The abundance of SiO,
and Al,Oj; in shales may be perturbed from parent material by
weathering, transport, and depositional processes (Nesbitt
et al. 1980). The average content of Al,O5, TiO,, MgO,
Na,0, and K,O in the studied shales (10.88, 0.63, 1.62,
0.51, and 1.65 %, respectively) is nearly similar to that of
Vine and Tourtelot (1970). The low amount of K,O reflects
the diagenetic effects as the element is easily mobile. The high
content of CaO (11.3 %) may be related to biochemical origin
and shell fragments so that it is used as marine indicator.

On the Fe,03/K,0 versus SiO,/Al,O5 chemical classifica-
tion diagram (Fig. 5; Herron 1988), the Dakhla Shales mostly
plot in the shale field. The average K,O/Na,O ratios of the
Dakhla Shale vary from 2.32 to 5.19 (average=3.36); the
shale of Gebel El Gir has a lower ratio (average 2.32—4.08)
compared to the shale of Gebel Atshan and Gebel Abu Had
(average 3.5), which is also evidenced from Fig. 6. The ratio is
found higher in the Dakhla Shales in comparison to the North
American shale composite (NASC) and post-Archean
Australian shale (PAAS) (data of NASC and PAAS are from
Condie 1993). However, SiO,/Al,05 ratios among Dakhla
Shales show close variations (average 3.5-4.27, Table 2).

Figure 7a, b shows the distribution of major and selected
trace element contents of the shales normalized to PAAS
(Taylor and McLennan 1985). Compared to PAAS, the
Dakhla Shales are highly enriched in SiO,, Al,O5, Fe,O3,
Sr, Ba, V, Ni, Cr, Zn, Cu, and Rb and highly depleted in
TiO,, Na,O, Hf, and Cs contents and moderately depleted in
MgO, K,0, U, Th, Cd, Sc, Zr, Pb, and Co contents. The
application of ANOVA at 95 % confidence level reveals that
there is no statistically significant difference among the
Dakhla Shales at the three studied localities (Gebel Atshan,
Abu Had, and Gebel El Gir) in SiO,, Al,03, CaO, MgO,
Fe, 03, TiO,, P,0Os, Na,O, Sr, Ba, Zr, Cd, U, Th, Cs, Sc, and
Co contents (P>0.05), indicating a single source rock
(Table 5). Depletion of Na,O in the shales relative to PAAS
suggests either a lesser amount of plagioclase detritus in the
shales or comparatively intense chemical weathering at the
source and during fluvial transportation of the detrital material
of the shales. Depletion of TiO, and K,O indicates the
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Table 2  Major element concentrations (wt%) of Dakhla Shale

Location  Gebel Atshan Gebel Abu Had Gebel El Gir Average PAAS
Sample Al A2 A3 A4 A5 A6 AHI AH2 AH3 AH4 AH5 AH6 GI G2 G3 G4 G5 Go6

SiO, 37.73 3539 46.05 47.75 4032 3645 29.08 29.89 46.78 49.63 46.85 42.19 4554 47.50 45.02 48.11 29.34 22.70 40.35 62.4
AlLO; 883 879 13.07 11.81 1143 1016 830 855 13.13 1324 1224 1099 11.57 1293 1286 1334 833 6.24 10.88 18.78
CaO 17.03 21.53 0.83 152 1624 1233 20.15 33.82 0.08 003 079 1840 0.10 0.19 929 036 28.62 2340 11.37 1.29
MgO 1.74 141 214 174 241 201 062 0.71 140 1.62 149 316 093 130 280 126 090 159 1.62 2.19
Fe,05* 488 392 477 488 6.07 587 0.14 3.00 1525 435 601 522 875 2491 6.08 470 395 214 638 7.18
TiO, 044 046 0.76 0.69 0.58 044 023 040 081 099 100 044 091 081 079 09 041 0.17 0.63 0.99
P,05 332 260 0.13 051 4.89 581 1775 042 014 006 034 011 0.09 012 026 005 021 621 239 0.16
Na,O 066 0.69 036 044 0.76 055 037 038 051 035 053 037 054 066 070 036 061 036 051 1.19
K>O 264 1.64 187 181 1.92 183 105 146 1.75 159 202 130 159 153 165 147 146 105 1.65 3.68
SO; 0.13 013 242 0.05 0.21 023 066 028 1.03 057 012 057 027 066 014 050 013 094 0.50 -
LOI 2228 2330 27.26 2840 1585 24.60 2096 20.70 19.03 27.50 28.60 16.80 29.70 9.36 2033 2835 25.50 35.10 23.53 -
Total 99.68 99.86 99.66 99.60 100.68 100.28 99.31 99.61 9991 99.93 99.99 99.55 99.99 99.97 99.92 99.46 99.46 99.90 99.82 -
ALO3/TiO, 20.07 19.11 17.20 17.12 1971 23.09 36.09 21.38 1621 1337 1224 2498 1271 1596 1628 13.90 20.32 36.71 19.80 -
SiO./ALO; 427 403 352 4.04 3.53 359 350 350 356 375 383 3.84 394 367 350 361 352 364 371 -
K,0/Na,O 400 238 519 411 2.53 333 284 384 343 454 381 351 294 232 236 408 239 292 336 -
K,O/ALO; 030 019 0.14 0.15 0.17 018 013 017 013 012 0.17 0.2 014 012 0.13 011 018 0.17 0.16 -
CIA 71.01 7641 8534 8384 79.38 79.62 8234 77.77 8531 87.22 82.68 84.61 84.44 8550 83.64 87.90 76.34 77.34 81.70 -
PIA 86.52 86.94 96.76 9554 90.06 91.54 9085 87.81 9570 97.08 9495 93.28 94.85 9450 92.83 97.01 8597 86.97 92.17 -
CIW 90.16 89.11 9721 9620 91.59 9295 9192 89.68 96.25 97.42 9574 94.02 9553 95.12 93.69 97.33 88.14 88.92 93.39 -
CIW* 93.05 92.72 9732 96.41 93.77 94.86 9573 9574 96.26 97.42 9585 96.74 9554 95.14 94.84 9737 93.18 94.55 95.36 -
ICV 305 332 076 088 2.40 222 269 460 145 060 089 259 103 221 1.60 0.61 427 457 221 -

Fe,0O5* total Fe expressed as Fe,03, CI4 [AlL,O3/(Al,O3 + CaO* + Na,O + K,0)]x 100 (Nesbitt and Young 1982), PIA4 [(Al,O3 — K,0)/(Al,053 + CaO*
+ Na,O + K,0)]x100 (Fedo et al. 1995), CIW [A1,O3/(A1,O3 + CaO* + Na,0)]x 100 (Harnois 1988), CIW ((Al,03/(Al,0;5 + Na,0))x 100 (Cullers
2000). CaO* CaO in silicate phase (to calculate CaO*, the assumption proposed by McLennan et al. (1993) was followed), ICV = (Fe,03 + K,0O + Na,O

+ CaO + MgO + MnO + TiO,)/AL, O3 (Cox et al. 1995)

presence of relatively lesser quantities of phyllosilicate min-
erals in the shales (McCann 1991; Condie et al. 1992). A low
content of TiO, also suggests evolved (felsic) source rocks.

Major element compositions of the analyzed samples
are mainly controlled by clay minerals rather than the
nonclay silicate phases. This trend can be illustrated
from the values of the index of compositional variation
(ICV; Cox et al. 1995) where ICV = (Fe,O; + K,0 +
Na,O + CaO + MgO + MnO)/Al,03. ICV values of the
shales of the present study are low and vary from 0.6 to
4.57 (average=2.21). Values of ICV<1 are typical of
minerals like kaolinite, illite, and muscovite and higher
values (>1) are characteristic of rock-forming minerals
such as plagioclase, K-feldspar, amphiboles, and pyrox-
enes. Hence, the shales of the present study are
enriched in rock-forming minerals in comparison with
clays. Values of K,0O/Al,O5 ratio of clays are less than
0.3 and those of feldspars range from 0.3 to 0.9 (Cox
et al. 1995). The values of K,0/Al,03 ratio of the
shales of the present study vary narrowly from 0.11 to
0.3 (average=0.16). These values also indicate the pre-
dominance of clay minerals over K-bearing minerals
such as K-feldspars and micas (Cox et al. 1995;
Moosavirad et al. 2011).

The ratios of the abundance of major oxides and corre-
lation coefficient data of major and trace elements of the
shales (Tables 2, 3, and 6) reveal other interesting features.
Values of Al,0O5/TiO, ratio are high (average=19.8) and
indicate derivation of the detrital material from a continen-
tal source (Fyffe and Pickerill 1993). SiO, exhibits a strong
negative correlation with CaO (»=-0.89) and P,Os5 (r=
—0.57), indicating a decrease of calcite and phosphate with
increasing contents of quartz. SiO, shows positive correla-
tions with Al,O3 (#=0.96), TiO, (»=0.91), and Fe,O; (r=
0.48). Al,O5 exhibits covariance with TiO, (»=0.90) and
Fe,05 (r=0.49). These linear relationships suggest detrital
sorting trends. SiO, shows a negative correlation with sev-
eral major elements (Table 6) indicating quartz dilution
(Kampunzu et al. 2005; Deru et al. 2007). The positive
correlation of TiO, with Al,O5 and the negative correla-
tions of TiO, with several major elements (CaO, MgO, and
P,0s5) suggest that TiO, occurs as an essential chemical
constituent of clays (kaolinite) rather than of mafic min-
erals. Al,O5 exhibits a positive correlation with K,O (r=
0.27) and a strong positive correlation with SiO, (r=0.96).
These linear trends point to the presence of kaolinite and a
few K-feldspar (Armstrong-Altrin et al. 2015). The values
of K,0/Na,O ratios (average=3.36) indicate the presence

@ Springer
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Table4 Comparison of the chemical composition of the studied shales
with published averages

Present study 1 2 3 4
Si0,% 40.35 64.82 58.10 58.50 n.a.
ALOs% 10.88 17.05 15.40 15.00 13.22
TiO,% 0.63 0.80 n.a. 0.77 0.33
Fe,03% 6.38 5.70 4.02 4.72 2.86
Mg0% 1.62 2.83 2.44 2.50 1.77
Ca0% 11.37 3.51 3.11 3.10 2.10
Na,0% 0.51 1.13 1.30 1.30 0.94
K>0% 1.65 3.97 3.24 3.10 241
P,05% 2.39 0.15 n.a. 0.16 na.
Sr (ppm) 396 142 n.a. 300 200
Ba (ppm) 83 636 n.a. 580 300
V (ppm) 625 130 n.a. 130 150
Ni (ppm) 69 58 n.a. 68 50
Cr (ppm) 231 125 n.a. 90 100
Zn (ppm) 349 n.a. n.a. 95 300
Cu (ppm) 57 n.a. n.a. 45 70
Zr (ppm) 94 200 n.a. 160 n.a.

1 =NASC (Gromet et al. 1984); 2 = average shale (Pettijohn 1975); 3 =
average shales (Turekian and Wedepohl 1961); 4 = average black shales
(Vine and Tourtelot 1970)

n.a. no average

of K-bearing minerals such as K-feldspar, muscovite, and
biotite. Although Na,O exhibits very weak positive corre-
lations with SiO,, Al,03, CaO, MgO, and TiO,, it shows
positive correlations with Fe,O; (r=0.36) and a negative
correlation with P,Os (=—0.10), suggesting the presence
of smectite (Nagarajan et al. 2007). CaO exhibits a strong
negative correlation with SiO, (r=-0.89), indicating that
the dominance of calcite over other minerals in the bulk

fraction is consistent with the high abundance of calcare-
ous fossils (Faris et al. 1999).

The Late Cretaceous/Early Tertiary Dakhla Shales are low-
er in large ion lithophile trace elements (Rb, Cs, and Ba) and
transition trace elements (Co, Ni, Sc, and Cu), in comparison
to PAAS (Taylor and McLennan 1985) (Fig. 7b). As correla-
tions are concerned (Table 6), certain trace elements like Zr,
Co, Rb, Ba, and Hf are positively correlated with Al,O5 (r=
0.66, 0.53, 0.44, 0.26, and 0.23, respectively; n=18), indicat-
ing that these elements are likely fixed in K-feldspars and
clays. On the other hand, the correlation of Al,O5 versus Sc,
Cd, U, Ni, Cr, Pb, V, Zn, Cu, and Sr is very low or negative
(r=0.12,0.15,0.17,-0.12,-0.13,-0.15,-0.17,-0.26, —0.27,
and —0.62, respectively; n=18), indicating that they are not
likely bound in the clay minerals (Armstrong-Altrin 2009).
Also, Cu and Cr positively correlated with CaO, MgO,
Na,0, and K,0, suggesting their occurrence in mafic mineral
components of the shales (Table 6).

Gebel Abu Had and Gebel Atshan reported a significant
difference (P<0.05) in K,0, V, Ni, Cr, Cu, Pb, and Rb, com-
pared to those recorded in Gebel El Gir (Qena area), suggest-
ing their presence as absorbed ions in clay minerals. However,
the application of ANOVA at 95 % confidence level reveals a
significant difference among the three studied localities in Zn
and Hf contents (Table 5) and indicates that these elements are
hosted by clay minerals.

Discussion
Weathering and sediment recycling
Most of the labile material (about 75 %) of the upper crust is

composed of feldspars and volcanic glass, and chemical
weathering of these materials ultimately results in the

Fig. 5 Geochemical
classification diagram using log O G A
(SIOZ/A1203)*10g (F6203/K20) 2l A Gebel Abu Had
(after Herron 1988) O Gebel El Gir
—_
ON |
< o
o 1  Fe-shale Fe-sand /
o
D)
& s Quartz arenite
o0
3 Shaldy ¥ / Sublitharenite
0 2 Litharenite
i Arkose | gybarkose
A
-1 ! ! | | |
0.5 1.0 1.5 2.0 2.5 3.0
Log (SiO,/ALO3)
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Fig. 6 SiO,/Al,05 versus K,0/ 20.0
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formation of clay minerals (e.g., Nesbitt and Young 1984,
1989). The intensity and duration of weathering in clastic
sediments can also be evaluated by examining the relationship
between alkali and alkaline earth elements (Nesbitt and Young
1982). The degree of source weathering is quantified various-
ly. A few indices of weathering have been proposed based on
abundances of mobile and immobile element oxides (Na,O,

CaO, K,0, and Al,03). Among the known indices of
weathering/alteration, the chemical index of alteration (CIA,
Nesbitt and Young 1982) is well established as a method of
quantifying the degree of source weathering. Source
weathering and elemental redistribution during diagenesis
can also be assessed using plagioclase index of alteration
(PIA, Fedo et al. 1995) and chemical index of weathering

Fig. 7 Distribution of PAAS

. a
normalized abundance of Dakhla 10.00 v
Shale: a major and b trace —— Atshan
1 = Abu Had
elements " El Gir
b
< Z
2 100 A S
£
I}
wn
0.10 ‘
SI02  AIRO3 Ca0 MgO  Fe203  TiO2 P205  Na20 K20
b 10.00
= Atshan
—— Abu Had
El Gir

%\

Sample/PAAS
5
>

0.10 T

A

Sr Ba

@ Springer

V Ni Co Cr Zn Cu Zr Cd U Th Cs Pb Sc Hf Rb




Arab J Geosci (2015) 8:9237-9259 9249

Table 5 Results of successive application of ANOVA at 95 % confidence level to element concentration data for Dakhla Shale

Location No. Mean-+std error Sig. between groups
SiO, 1. G. Atshan 6 40.615+2.109* 0.975 N sig
2. G. Abu Had 6 40.736+3.690* 0.858 N sig
3. G. El Gir 6 39.701+4.435% 0.896 N sig
AlLO; 1. G. Atshan 6 10.681+0.703% 0.958 N sig
2. G. Abu Had 6 11.075+2.901* 0.886 N sig
3. G. El1 Gir 6 10.878+1.193% 0.804 N sig
CaO 1. G. Atshan 6 11.580+3.501° 0.956 N sig
2. G. Abu Had 6 12.376+5.688" 0.859 N sig
3. G. El Gir 6 10.326+5.207° 0.815 N sig
MgO 1. G. Atshan 6 1.923+0.359° 0.489 N sig
2. G. Abu Had 6 1.830+0.890" 0.264 N sig
3. G. El Gir 6 1.463+0.703" 0.696 N sig
Fe,03 1. G. Atshan 6 5.065+0.323% 0.564 N sig
2. G. Abu Had 6 5.662+2.094° 0.323 N sig
3. G. El1 Gir 6 8.422+3.419* 0.709 N sig
TiO, 1. G. Atshan 6 0.562+0.056" 0.765 N sig
2. G. Abu Had 6 0.645+0.135% 0.487 N sig
3. G. El Gir 6 0.675+0.128" 0.849 N sig
P,0Os 1. G. Atshan 6 2.877+0.932° 0.722 N sig
2. G. Abu Had 6 3.137+2.923% 0.524 N sig
3. G. El1 Gir 6 1.157+1.011% 0.631 N sig
Na,O 1. G. Atshan 6 0.577+0.063* 0.129 N sig
2. G. Abu Had 6 0.418+0.032° 0.622 N sig
3. G. El Gir 6 0.538+0.060" 0.052 N sig
K,0 1. G. Atshan 6 1.952+0.143% 0.029 Sig
2. G. Abu Had 6 1.528+0.139° 0.014 Sig
3. G. El1 Gir 6 1.458+0.086° 0.269 N sig
Sr 1. G. Atshan 6 437.00+128.73° 0.657 N sig
2. G. Abu Had 6 459.83+173.74* 0.470 N sig
3. G. El Gir 6 290.17+110.02% 0.583 N sig
Ba 1. G. Atshan 6 90.666+5.535* 0.191 N sig
2. G. Abu Had 6 89.833+12.300° 0.110 N sig
3. G. E1 Gir 6 68.666+8.381° 0.380 N sig
\% 1. G. Atshan 6 1565.0+514.21* 0.025 Sig
2. G. Abu Had 6 431.67+293.32° 0.011 Sig
3. G. El Gir 6 162.0+25.947° 0.319 N sig
Ni 1. G. Atshan 6 118.83+27.72% 0.012 Sig
2. G. Abu Had 6 40.00+6.618° 0.013 Sig
3. G. El Gir 6 48.833+10.587° 0.060 N sig
Co 1. G. Atshan 6 11.167+£1.851% 0.904 N sig
2. G. Abu Had 6 12.00+2.966° 0.659 N sig
3. G. El1 Gir 6 12.833+2.891? 1.000 N sig
Cr 1. G. Atshan 6 361.33+£90.021* 0.047 Sig
2. G. Abu Had 6 160.67+34.549° 0.035 Sig
3. G. El Gir 6 170.33+30.201° 0.162 N sig
Zn 1. G. Atshan 6 870.67+255.318* 0.002 Sig
2. G. Abu Had 6 79.667+12.406° 0.002 Sig
3. G. El1 Gir 6 98.00:£24.200° 0.042 Sig
Cu 1. G. Atshan 6 130.50+35.570* 0.002 Sig
2. G. Abu Had 6 22.00+3.265° 0.002 Sig
3. G. El Gir 6 17.50+2.801° 0.058 N sig
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Table 5 (continued)

Z
°

Location

Mean-+std error Sig. between groups

. G. Atshan

. G. Abu Had
G. El Gir
G. Atshan

. G. Abu Had
. G. El1 Gir

. G. Atshan
G. Abu Had
G. El Gir
G. Atshan
G. Abu Had
G. El Gir
G. Atshan
G. Abu Had
. G. El Gir
G. Atshan

. G. Abu Had
G. El Gir

. G. Atshan

. G. Abu Had
. G. El1 Gir
G. Atshan

. G. Abu Had
G. El Gir
G. Atshan
G. Abu Had
. G. El1 Gir

Zr

Cd

Th

Pb

Sc

Hf

Rb

N R S R N ol i R I SR SR SR
(=21 Mo e e e - e N e e - =) T =) W) Nie) Bl e) S ) o) Sie e N« e N« e e e N

113.50+9.276 0.250 N sig
87.667+20.241° 0.115 N sig
79.333+11.392° 0.628 N sig
29.567+11.720° 0.490 N sig
3.783+0.828° 0.481 N sig
67.333+62.940° 0.339 N sig
30.133+8.387° 0.546 N sig
8.333+3.363° 0.500 N sig
65.933+62.851° 0.390 N sig
8.500+0.428° 0.339 N sig
7.667+1.358° 0.270 N sig
11.667+3.073" 0.329 N sig
5.067+1.413° 0.376 N sig
2.717+1.205° 0.230 N sig
2.717+1.354° 0.481 N sig
22.50+3.922° 0.026 Sig
13.333+0.881° 0.024 Sig
14.167+0.477° 0.101 N sig
7.833+0.980° 0.931 N sig
8.233+1.364° 0.720 N sig
8.367+0.608° 0.917 N sig
1.133+0.076° 0.004 Sig
0.985+0.145" 0.011 Sig
1.622+0.122° 0.016 Sig
32.167+1.681° 0.050 Sig
22.667+4.348° 0.024 Sig
21.167+2.688° 0.310 N sig

Means with different superscripts in each group (locality) differed significantly (P<0.05)

Sig significant, N sig non significant

(CIW, Harnois 1988). For quantifying source weathering of
carbonate-bearing siliciclastic rocks, a modified version of
CIW' (Cullers 2000) has also been used (e.g., Jafarzadeh and
Hosseini-Barzi 2008).

Following the procedure of McLennan (1993), the CIA,
PIA, and CIW values of the shales have been determined
and the results along with CIW' values are provided in
Table 2. According to CIA values, the degree of source
weathering varies from 71.01 to 87.9 % (average=81.7 %).
The average CIA is within the range of the PAAS (70-75;
Taylor and McLennan 1985). These values indicate a moder-
ate to intense chemical weathering in the source area. The
Dakhla Shales have a moderate range in CIA values (71-87;
Table 2), indicating mature sediments, which is consistent
with the SiO,/Al,0; ratios (Fig. 5). PIA values indicate the
intensity of alteration of source material varying from 85.97 to
97.08 % (average=92.17 %). CIW values suggest the degree

@ Springer

of source weathering in the range from 88.14 to 97.42 % (av-
erage=93.39 %). CIW' values vary from 92.72 to 97.42 %
(average 95.36 %). Average PIA and CIW values (92 and
93 %, respectively) also indicate a high degree of weathering.

The CIA values are also plotted in Al,O;—(CaO* + Na,O)—
K;0 (A—CN-K) triangular diagram (molecular proportion;
Fedo et al. 1996; Fig. 8) which identifies the differentiation
of compositional changes associated with chemical
weathering and/or source rock composition (Deepthi et al.
2012; Ghosh et al. 2012). The Dakhla Shale plot defines a
narrow linear trend and the trend line runs parallel to the A—
CN line (Fig. 8) and defines a nonsteady-state weathering
trend toward “A.” This is primarily due to removal rates of
Na and Ca from plagioclase being generally greater than the
removal rates of K from microcline (Nesbitt and Young 1984).
This nonsteady-state weathering indicates balanced rates of
chemical weathering and erosion, which produces
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Fig. 8 A-CN-K ternary diagram of molecular proportions of Al,O;—
(CaO* + Na,O)-K,O (after Nesbitt and Young 1982)

compositionally similar sediments over a long period (Nesbitt
et al. 1997; Selvaraj and Chen 2006).

McLennan et al. (1993) observed that the Th/Sc ratio is a
sensitive index of the bulk composition of the provenance,
and the Zr/Sc ratio is a useful index of zircon enrichment.
Thus, the Th/Sc versus Zr/Sc bivariate plot can be used to
discriminate the compositional variation, the degree of sedi-
ment recycling, and heavy mineral sorting (Long et al. 2012;
Yan et al. 2012). On the Th/Sc—Zr/Sc diagram (Fig. 9), the
shales display two compositional trends with most samples
gathered near average UCC composition, parallel to trend 2
and few samples plotted along trend 1, which is indicative of a
high influence of sediment recycling and mineral sorting.

Suttner and Dutta (1986) proposed a binary SiO,% versus
(ALO5; + K;,0 + Na,0)% diagram to constrain the climatic
condition during sedimentation of siliciclastic rocks. On this
diagram, the shales plot in the field of arid to semiarid climate
(Fig. 10), indicating that the shales of the present study were
deposited under arid to semiarid conditions.

Zircon
concentration

9
@
=
=10

B Trend ® Gebel Atshan

ren A Gebel AbuHad
O Gebel El Gir
o1 R R L
1 10 100 1000

Zr/Sc

Fig. 9 Th/Sc versus Zr/Sc bivariate plot of Dakhla Shale (McLennan
et al. 1993). The addition of zircon due to sediment sorting and
recycling is observed in trend 2
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Fig. 10 SiO, versus (ALO; + K,0 + Na,O) bivariate plot (after Suttner
and Dutta 1986)

Provenance

The geochemistry of siliciclastic sedimentary rocks has been
widely used to identify source rocks from which the investi-
gated sedimentary rocks were derived (e.g., Armstrong-Altrin
et al. 2004, 2012; Cullers 1995; Zaid 2012, 2013). Several
major- and trace element-based discrimination diagrams have
been proposed to infer the source/provenance of siliclastic
rocks (e.g., Roser and Korsch 1988; Floyd et al. 1989;
McLennan et al. 1980). On the provenance discrimina-
tion diagram of Roser and Korsch (1988), the Dakhla
Shales plot in the fields of intermediate igneous and
quartzose sedimentary with subordinate mafic igneous
provenance (Fig. 11).

On the ALO3—~(CaO + Na,O + K,0)~(FeO" + MgO) ter-
nary diagram (Hayashi et al. 1997), the shales plot near the
smectite field away from (FeO" + MgO) apex and trend to-
ward the Al,O5 apex (Fig. 12a). The plots of the shales on this
diagram reiterates (albeit indirectly) the felsic nature of the
source rocks. The concentration of zircon (Zr) is also used
for characterizing the nature and composition of source rocks
(Hayashi et al. 1997). As the average concentrations of Zr and
Ti do not show a significantly wide variation (Table 3), it may
be possible that significant fractionation of Zr and Ti might not
have occurred during transportation and deposition of Dakhla
Shales. The average zircon content of the Dakhla Shales varies
from 38 to 173 ppm (Table 3), which is similar to the average
value for granite and granodiorite. The TiO, versus Zr plot
(Hayashi et al. 1997) of the Dakhla Shales represents predom-
inantly felsic and intermediate igneous source rocks
(Fig. 12b). The TiO,/Zr plot thus suggests that the source area
for shale from Quseir area (Gebel Atshan) was dominated by
felsic rocks, whereas a partial contribution from mafic terrig-
enous is evident for shale from the Qena area (Gebel Abu Had
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and Gebel El Gir). Therefore, the different discrimination di-
agrams together indicate felsic and intermediate igneous
source rocks of the Dakhla Shale.

Tectonic setting

Tectonic setting discrimination diagrams proposed by Bhatia
(1983) and Roser and Korsch (1986) have been extensively
used in sedimentary geochemistry studies to identify the tec-
tonic setting of unknown sedimentary basins (Purevjav and
Roser 2012; Yan et al. 2012). Tectonic provenances of ancient
siliclastic rocks can be inferred from major- and trace-based
discrimination diagrams proposed by several authors (e.g.,
Maynard et al. 1982; Bhatia 1983; Bhatia and Crook 1986;
Roser and Korsch 1986). These diagrams classify the prove-
nances into three or four categories on the basis of bulk geo-
chemistry contrasts (e.g., oceanic island arc, continental island
arc, active continental margin, passive margin; Bhatia and
Crook 1986). On the bivariate discriminant function diagrams
of Roser and Korsch (1986) and Bhatia (1983), the most stud-
ied shale samples plot in the active continental margin field
with a few in the passive margin field (Fig. 13a, b). In active
continental margin settings, sediments are deposited at sub-
duction arc basins, strike-slip margins, and in proximal por-
tions in back-arc basins (Alvarez and Roser 2007).
Numerous diagrams were available to identify the
tectonic setting of a source region (Bhatia 1983; Roser
and Korsch 1986) and are continuously used in many

studies. Also, these diagrams were evaluated by other
researchers and they cautioned the use of these previ-
ously proposed discrimination diagrams (e.g.,
Armstrong-Altrin and Verma 2005; Ryan and Williams
2007; Armstrong-Altrin 2014; Armstrong-Altrin et al.
2014). Recently, Verma and Armstrong-Altrin (2013)
proposed two new discriminant function-based major el-
ement diagrams for the tectonic discrimination of
siliciclastic sediments from three main tectonic settings:
island or continental arc, continental rift, and collision,
which have been created for the tectonic discrimination
of high-silica [(Si0,),4;=63-95 %] and low-silica rocks
[(Si02)aqj=35-63 %]. These two new diagrams were
constructed based on worldwide examples of Neogene—
Quaternary siliciclastic sediments from known tectonic
settings, log. ratio transformation of ten major elements
with SiO, as the common denominator, and linear dis-
criminant analysis of the log.-transformed ratio data.
Recently, these diagrams were evaluated by Armstrong-
Altrin (2014) and identified a good functioning of these
diagrams for discriminating the tectonic setting of older
sedimentary basins. Similarly, these diagrams were used
in recent studies to discriminate the tectonic setting of a
source region, based on sediment geochemistry
(Armstrong-Altrin et al. 2014; Zaid and Gahtani 2015;
Zaid 2015). On these plots (high-silica and low-silica
diagrams; Fig. 14a, b), except two samples, the remain-
ing samples plot in the rift field. The results obtained

@ Springer
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Fig. 12 Provenance diagrams. a
A1203—(Ca0 + NazO + Kzo)— a
(FeO" + MgO) ternary diagram
(after Hayashi et al. 1997). b TiO,
(wWt%) versus Zr (ppm) bivariate
diagram (after Hayashi et al.
1997)
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from these two discriminant function-based multidimen-
sional diagrams provide a good evidence for the Red
Sea—Eastern Desert tectonic system, which is consistent
with the general geology of Egypt (Said 1990).

In the present study, the studied shales plot in the
semiarid field (Fig. 10). This was explained by
Klitzsch (1990) who emphasized that during the Late
Cretaceous and in connection with the Syrian arc devel-
opment event, large parts of central and southern Egypt
were uplifted and the sea retreated which led to changes
in the environment of a large part of Egypt. According
to Hendriks et al. (1987), it is believed that the main

@ Springer

reasons for the genesis of the detrital clays of the
Dakhla Shales were semiarid conditions which prevailed
in source areas and the uplifting of large parts of Egypt.
Due to the structural development of Egypt, the uplifted
parts led to the development of soils in a large part of
the studied area which led to the formation of smectite—
kaolinite association in the studied Dakhla Shales as a
result of alteration of micas and feldspar under semiarid
conditions. The results of this study indicate that the
Dakhla detrital clays were formed under semiarid con-
ditions after the uplifting and changing in climate dur-
ing the later part of the Cretaceous period.
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Fig. 13 Tectonic discrimination a
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Conclusions Depletion of Na,O in the shales relative to PAAS suggests

The Dakhla Formation in the studied sections conform-
ably overlies the Duwi Formation and unconformably un-
derlies the Tarawan Chalk. This formation consists of a
series of marls and shales and is subdivided into two
members, namely Beida Shale Member at the top and
Hamama Marl Member at the base. The Dakhla Shales
are texturally classified as mudstones. Mineralogically,
these shales consist mainly of smectite and kaolinite.
The bulk rock mineralogy indicates the presence of
phyllosilicates with abundant quartz and calcite and the
common occurrence of anhydrite and a few and locally
low dolomite, iron oxides, phosphate, feldspars, and gyp-
sum contents. The average K,0/Na,O ratio is found
higher in the Dakhla Shales in comparison to the NASC
and PAAS. However, SiO,/Al,05 ratios among Dakhla
Shales show close variations.

a lesser amount of plagioclase detritus in the shales. Depletion
of TiO, and K,O indicates the presence of relatively lesser
quantities of phyllosilicates minerals in the shales and sug-
gests felsic to intermediate igneous source rocks. ICV values
of the Dakhla Shales indicate enrichment in rock-forming
minerals in comparison with clays.

The Dakhla Shales have a moderate range in CIA values
(71-87), indicating mature sediments, which is consistent with
the SiO,/Al, 05 ratios. The CIA, PIA, and CIW values (ranging
from 81 to 93 %) indicate moderate to intense weathering in the
source area. The Th/Sc—Zr/Sc diagram indicates a high influ-
ence of sediment recycling and mineral sorting.

The TiO, versus Zr plot (Hayashi et al. 1997) of the Dakhla
Shales represents predominantly felsic and intermediate igne-
ous source rocks. The recent tectonic discriminant function
diagrams indicate a rift setting for the studied shales. The
inferred tectonic setting for the Late Cretaceous—Early

@ Springer
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Fig. 14 a New discriminant function multidimensional diagram
proposed by Verma and Armstrong-Altrin (2013) for high-silica clastic
sediments from three tectonic settings (arc, continental rift, and collision).
The subscript ,,; in DF1 and DF2 represents the high-silica diagram based
on log, ratios of major elements. The discriminant function equations are
as follows: DF1 (Arc-Rift-Col)m1 :(_0263 X In(TiOZ/SiOQ)adj)+ (0604 X
In(AL,03/S103)a4j) + (= 1.725 xIn(Fe;05"/S102),4) +(0.660 x In(MnO/
SiOZ)adj)Jf (2 191 In(MgO/SiOz)adj)+ (O 144 x In(CaO/SiOz)adj)+
(—1.304xIn(Nay0/8i07),4j) +(0.054 x In(K,0/Si05),44j) +(—0.330 %
IH(P205/Si02)adj)+ 1.588. DFZ(Arc-Rift-Col)ml :(_1 196 % In(TlOZ/
SiOz)adj)+(1 .604 x IH(A1203/S102)adJ)+(0303 X In(FeZO31/SiOZ)adj)+
(0.436 xIn(MnO/Si03),4j) +(0.838 xIn(MgO/Si03),4;) +(—0.407 x
In(Ca0/Si03),4)+(1.021 xIn(Nay0/Si05,),4j)+(—1.706 X In(K, O/
Si03)a¢j) +(=0.126 X In(P,05/S10,)aqj)—1.068. b New discriminant

@ Springer

function multidimensional diagram proposed by Verma and Armstrong-
Altrin (2013) for low-silica clastic sediments from three tectonic settings
(arc, continental rift, and collision). The subscript ., in DF1 and DF2
represents the low-silica diagram based on log, ratio of major elements.
Discriminant function equations are as follows: DF1 arc-rift-
C(,])mz:(().608 X Il’l(TiOz/SiOz).‘ldj)“‘(_l .854xIn (Ale}/SlOz)de)+
(0.299 xIn(Fe,03'/8102)aq;) +(—0.550 x In(MnO/Si05),4j) +(0.120 %
In(MgO/8i05)a4j) +(0.194 xIn(Ca0/Si05),4i) +(=1.510 % In(Na,O/
Si05)aqj)+(1.941 ¥ In(K,0/8i0,),45)+(0.003 X In(P,05/S10,),4j) —0.294.
DFZ(AI‘C»Rifl—CO])[}]l = (_0554 X In(TlOQ/SIOZ)de)+ (_0995 xIn (A1203/
SiOz)adj)+ (1 765 % IH(F62031/Si02)adj)+ (* 1.391x In(MnO/SiOZ)adj)+
(—=1.034 xIn(MgO/8i03),4i) +(0.225 x In(CaO/Si05)44j) +(0.713 %
In(Nay0/Si03)a4j) +(0.330 xIn(K5,0/S103),4) +(0.637 X In(P, 05/
Si03),q5)—3.631
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Tertiary Dakhla Shales in Quseir—Qena Province, central
Egypt, is in agreement with the tectonic evolutionary history
of'the central Egypt during the Late Cretaceous—Early Tertiary.
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