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Abstract

This study focuses on the geochemistry of redox-sensitive elements of marine black shales at the Qusseir area of the Duwi
Formation to infer their depositional environment. The black shales from the uppermost member of the Duwi Formation in
the Qusseir area is conformably overlain by the Qusseir variegated shale and underlain by the Dakhla shale. Detailed miner-
alogical and geochemical characteristics were examined using several techniques, including X-ray diffractometry, scanning
electron microscopy and X-ray fluorescence. Mineralogically, black shales in the Duwi Formation are composed mainly
of montmorillonite, kaolinite, calcite, gypsum, quartz and pyrite. They are detrital and authigenic in origin. They are most
probably derived from basic volcanic rocks by intensive chemical weathering under the prevalence of semiarid conditions.
The redox-sensitive trace metals suggest anoxic sulfidic conditions that favoured the accumulation of these metals in the

Qusseir area of the Duwi Formation.
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Introduction

Cretaceous-Paleocene organic-rich sediments in Egypt
extend from the Qusseir-Safaga district (Red Sea) to the
Kharga-Dakhla (Western Desert) province. The Upper Cre-
taceous layer is dominated by black shale and marl facies
with limestone, phosphorite and glauconite interbeds. The
Duwi Formation consists of interbedded shales, marls, ree-
fal-limestone and phosphate lenticular bands. It unconform-
ably overlies the Quseir Formation and underlies the Dakhla
Formation. Most published works classify the Duwi Forma-
tion into three members: the lower phosphate member (Late
Campanian) and the middle and upper phosphate members
(Early Maastrichtian). Qusseir carbonaceous shales consist
predominantly of banded clay with disseminated carbona-
ceous matter and shells of foraminefera. The black shale
beds have many equivalents in the Middle East-North Afri-
can phosphogenic province (cf. Yoffe et al. 2002). Most
researchers adopt a marine model for the deposition of the
black shales in this province (Baioumy and Tada 2005; Abou
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El-Anwar et al. 2014; Abou El-Anwar 2016; El-Shafeiy et al.
2016 and Abou El-Anwar et al. 2017). This is consistent
with the observation that these sediments are enriched with
organic matter resulting from high surface paleoproductivity
accompanied by high nutrient levels and oxygen poor bot-
tom water during the Late Campanian-Early Maastrichtian
(Baioumy and Tada 2005; Schneider-Mor et al. 2012). The
carbon, hydrogen, nitrogen, ash contents, and gross calo-
rific values are similar to those of Volga inflammable shales
mined in the U. S. S. R. The ash is rich in calcium oxide
content and could be employed in civil engineering. The
Qusseir carbonaceous shales have high sulfur and volatile
sulfur contents. The amount of organic matter, 22% kerogen
in Qusseir’s carbonaceous shale, is comparable to the shales
mined in Colorado, USA.

Organic matter and some trace metals are transferred to
the seafloor under anoxic conditions and can result in con-
siderable trace metal concentrations in seawater (Ross and
Bustin 2009). Consequently, the organic-rich sediments may
be enriched in redox-sensitive metals, in U, Cu and Ni and
insoluble sulfides such as Mo, V, Cd, Zn and occasionally Co
(Brumsack 2006; Marz 2007; Hetzel et al. 2009). The black
shales usually contain high concentrations of redox-sensitive
trace elements (Brumsack 2006; Loukola-Ruskeeniemi and
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Lahtinen 2013; Smrzka et al. 2017 and El-Shafeiy et al.
2017).

This study focuses on the geochemistry of redox-sensitive
elements of marine black shales at the Qussier area of the
Duwi Formation to infer their depositional environment.

Geologic setting

Black shales are intercalated with phosphorites of the Duwi
Formation in the Qusseir-Safaga area, on the Red Sea coast.
The Duwi Formation overlies the fluvial shale series of the
Qusseir Formation and underlies the deeper marine shales
and marls of the Dakhla Formation (Fig. 1). Therefore,
the Duwi Formation in Egypt represents the early period
of the Late Cretaceous marine transgression. Baioumy and
Tada (2005) subdivided the Duwi Formation, based on its
lithology, into four members (Fig. 2). The upper member
(3-30 m) consists of yellowish-grey, parallel to cross-lam-
inated, oyster fragment-rich calcarenite with thin intercala-
tions of siltstone, shale, chert, and phosphorite.

The chosen area is represented by the El- Beida and
Nakheil mines (Fig. 1). They occur in the upper member of
Duwi Formation in Qusseir region (Fig. 2). Nakheil mines
are located 18 km north of Qusseir and 20 km east of the
Yonis mines, and are situated to the east of Gebel Duwi,
located at longitudes 34° 2’ 50”"-34° 03’ 10" E and latitudes
26° 11'12"-26° 11' 27" N. These mines represent some of
the largest phosphate mines in the Qusseir region of the
Red Sea. Also, Nakheil phosphate ore is one of the purest
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Fig. 1 The location map of the studied mines
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Fig.2 Stratigraphic columnar section of the Duwi Formation in the
Red Sea area showing the stratigraphic site of the black shale beds
(after Baioumy and Tada 2005)

phosphate ores in Qusseir. The raw ore occurs in horizontal
layers extending for several kilometers under the rail tunnels.
Phosphate ore is found above a layer of oily black shales.
The layers of the black shales are fissile and cohesive, which
is distinct from the other the black shales in the area. The
El-Bedia mines present at the limestone of Gebel Duwi. The
phosphate rocks overlie fissile black shales. The studied area
is located at longitudes 34° 05' 16”"-34° 05’ 21" E and lati-
tudes 26° 6’ 27"-26° 6' 37" N.

Sampling and methodology

Twelve representative samples were collected from the shale
beds of the El-Beida and Nakheil mines in the south part of
the Qusseir. Four selected samples were investigated min-
eralogically by the X-ray technique at the Egyptian Mineral
Resources Authority (Dokki, Egypt) using a PAN analytical
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X-ray Diffraction device, model X’Pert PRO with Second-
ary Monochromator. Cu-radiation (4 = 1.542/&) at 45 K.V,
35 M.A. and scanning speed 0.02/s were used. The diffrac-
tion charts and relative intensities were obtained and com-
pared with ICDD files. The morphology and the size of the
synthesized samples were characterized via SEM coupled
with energy-dispersive spectroscopy EDAX (SEM Model
Quanta FEG 250), carried out in the National Research
Center laboratories. Eight samples were selected to deter-
mine the chemical composition by using an Axios Sequen-
tial WD_XRF Spectrometer, Analytical 2005 in the National
Research Center laboratories, with reference to the ASTM
E 1621 standard guide for elemental analysis by wavelength
dispersive X-ray fluorescence spectrometer and ASTM D
7348 standard test methods for loss on ignition (LOI) of
solid combustion.

Mineralogy

X-ray patterns revealed that the dominant clay minerals
in the studied samples are mainly montmorillonite, minor
kaolinite and non-clay including calcite, quartz and gypsum
(Fig. 3). The predominant montmorillonite is most prob-
ably Na-montmorillonite, as indicated from XRD (20 6.75
and 12.58 d-spacing), which is comparable to the bentonite
composition (26 6.96 and 12.67 d-spacing). The abundance
of montmorillonite refers to deposition under a marine
environment, and is suggestive of a warm/humid climate
(Singer 1980; Yuretich et al. 1999). The presence of calcite

° Nakheil Mine
] 3
= 3
b= L <
i) = o 2
= = B
E 3 S £
E 3 =
=
=]
il | ;
L | ﬁ | ‘ { h
YLENPEN TR PRV NUPY. ) IV W
g » El-Beida Mine
£ F
.: é
E % E
EOE i
= § 3%
S =
&)

Fig.3 X-ray diffractograms for the black shales of the studied mines

in the studied samples may indicate that the deposition of
these shales was in a marine environment. SEM examina-
tion of the shale samples confirmed the dominance of mont-
morillonite. The montmorillonite occurs with detrital and
authigenic origin (Fig. 4). Pyrites occur as framboids, are
extensively pseudomorphosed and are formed authigenically
(Fig. 4). The framboids (5 pm) indicate the prevalence of
reducing conditions during the deposition (Abou El-Anwar
and El-Sayed 2008 and Abou El-Anwar et al. 2017). Pyrite
as spheres may indicating shallow water in submarine shelf
settings (Schieber and Baird 2001).

Geochemistry
Results

The major, trace and rare earth chemical compositions
within the entire Nakheil and El-Beida mines in the Qusseir
area, along with their ratios, are shown in Table 1, while
the interrelationship between major and trace are given in
Table 2.

The major elements SiO,, Al,O; and Fe,O; (average
26.33, 14.34 and 8.18%; respectively) are highly enriched for
the studied El-Beida black shales samples compared to those
of the Nakheil samples (18.34, 5.29 and 1.65%; respectively)
Fig. (5). The Nakheil samples are highly enhanced in CaO,
SO, and P,0; (average 20.57, 7.43 and 3.24%; respectively),
Fig. (5). The shales in all of the Qusseir mines are relatively
depleted in MgO, NaO,, K,O and TiO, (1.06, 0.5, 0.81 and
0.43%; respectively), Table 1.

458 s S
/ HRW | — 30 pm — -
2:54:37 PM | 104 pm | National Research Center Quanta FEG250

Na Si S Cl K Ca Fe
34.32 141 072 5.3 0.35 2.85 0.48

Fig.4 BSE image and EDX analysis data showing a well crystallized
montmorillonite with well developed morphology, spheres of fram-
boidal pyrite (authigenic) and embedded halite aggregate crystals, (El
Bedia mine)
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Table 1 XRF data major (%), trace and rare earth elements (ppm), elemental ratios and CIA of selected studied samples in the black shales of
Qusseir

Element El-Beidal El-Beida2 El-Beida3 El-Beida4 Nakh.1 Nakh.2 Nakh.3 Nakh.4 Min. Max.  Average

SiO, 29.95 30.87 20.25 24.24 19.32 17.32 16.8 19.8 16.8 30.87 22.32
Al Oy 17.37 15.52 11.21 13.25 5.01 6.01 4.92 52 4.92 17.37 9.81
P,04 0.94 0.66 1.32 1.52 2.93 3.93 3.71 2.4 0.66 3.93 2.18
TiO, 0.58 0.76 0.54 0.65 0.22 0.21 0.22 0.23 0.21 0.76 0.43
CaO 15.1 14.42 23.51 18.25 18.22 20.21 21.85 22.01 1442 2351 19.20
MgO 1.04 1.44 1.34 1.61 0.79 0.79 0.85 0.65 0.65 1.61 1.06
Fe,0; 8.13 1717 791 8.91 1.66 1.62 1.81 1.52 1.52 8.91 4.92
Na,O 0.51 1.14 0.91 0.85 0.17 0.16 0.15 0.14 0.14 1.14 0.50
K,O 0.78 0.93 1.21 1.84 0.44 0.43 0.45 0.41 0.41 1.84 0.81
SO, 2.07 2.64 3.01 2.84 7.69 7.96 7.85 6.21 2.07 7.96 5.03
SrO 0.11 0.11 0.24 0.19 0.073 0.05 0.06 0.05 0.05 0.24 0.11
Cl 0.29 0.87 0.81 0.54 0.05 0.03 0.04 0.04 0.03 0.87 0.33
Mn 349 279 315 295 400 310 500 350 279 500 349.75
Mo 158 130 146 160 547 570 510 420 130 570 330.13
Pd 74 60 65 55 9 12 14 10 9 74 37.38
Ba 72 99 85 71 90 75 80 71 71 99 81.13
Cr 431 233 343 390 9717 1024 1240 1190 233 1240 728.50
Cu 65 54 31 34 289 130 272 250 31 289 140.63
Ni 140 95 87 64 267 270 255 190 64 270 171.00
Zr 89 119 130 155 60 55 25 50 25 155 85.38
v 920 452 140 621 1095 2010 1750 1920 140 2010 1113.50
Zn 185 193 210 180 1510 2320 1950 2058 180 2320  1075.75
Cd 10 8 6 5 166 200 210 150 5 210 94.38
Rb 52 9 20 25 34 25 30 27 9 52 27.75
Y 20 4 16 15 8 6 7 8 4 20 10.50
Ga 22 23 20 25 7.2 6 4.5 5.5 4.5 25 14.15
As 30 43 25 18 85 65 70 81 18 85 52.13
Se 20 24 23 19 6.4 4.7 5.1 54 4.7 24 13.45
Br 40 50 25 44 90 72 81 77 25 90 59.88
Nb 7 17 8.5 10 3 2.5 1.2 24 1.2 17 6.45
U 90 74 61 41 40 35 20 35 20 90 49.50
LIO 22.95 22.72 27.71 25.29 42.57 41.81 41.27 41.31 22772 4257 33.20
V/Mo 5.82 3.48 0.96 3.88 2.00 3.53 3.43 4.57 0.96 5.82 3.37
V/Ni 6.57 4.76 1.61 9.70 4.10 7.44 6.86 10.11 2.19 7.44 6.51
V/(V+Ni) 0.87 0.83 0.62 0.91 0.80 0.88 0.87 091 0.69 0.88 0.87
V/(V+Cr) 0.68 0.66 0.29 0.61 0.53 0.66 0.59 0.62 0.38 0.62 0.61
Mo/U 1.76 1.76 2.39 7.20 13.68 16.29 14.57 12.00 1.76 16.29 8.70
U/Mo 0.57 0.57 0.42 0.26 0.07 0.06 0.04 0.08 0.15 0.16 0.15
Rb/Sr 0.096 0.009 0.009 0.015 0.102 0.059 0.058 0.063 0.009  0.102 0.05
Fe/Ti 14.02 10.22 14.65 13.71 7.55 7.71 8.23 6.61 7.24 11.72 11.53
CIA 90.61 82.86 78.72 78.92 86.53 88.91 86.77 88.29 7872 90.61 84.68

The loss of ignition values were recorded (average about  reported by Taylor and McLennan (1985) for Upper Con-
42 and 25% for Nakheil and El-Bedia mines, respectively) tinental Crust (UCC) and those of the Post Archaean
and generally averaged (33.2%) for the whole area. Australian Shale (PAAS) recorded by Rudnick and Gao

The concentrations of V, Zn, Mo, Pd, Cr, Cd, As, Y, (2003), Fig. 6. The percentages of Mn, Ba, Br and Nb were
Se and U in the studied samples were higher than those lower than those of (UCC) and (PAAS).
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Table 2 Correlation coefficients of the major and trace elements in the studied black shales

SiO, Al,0; P,05 Ti0, Ca0 MgO Fe;0; Na,0 K,0 SO, Sr0 cl Mn Mo Pd Ba cr Cu Ni zr v Zn cd Rb \4 Ga As Se Br Nb u LLO
Sio, 1.00
AlLO5 0.92 1.00
P;05 -0.87 -0.89 1.00
TiO, 0.86 0.93 -0.91 1.00
Ca0 -0.84 -0.68 0.52 -0.58 1.00
MgO 0.58 0.74 -0.72 0.91 -0.34 1.00
Fe;05 0.76 0.93 -0.88 0.95 -0.44 0.90 1.00
Na;0O 0.69 0.79 -0.84 0.95 -0.38 0.93 0.89 1.00
K0 041 0.62 -0.62 0.76 -0.15 0.92 084 0.77 1.00
S0;. -0.84 -0.94 0.96 -0.94 046 -0.80 0.96 -0.85 073 1.00
Sro 0.27 0.55 -0.63 0.67 0.10 0.81 0.81 0.76 0.85 -0.72 1.00
cl 061 0.73 -0.81 0.89 -0.26 0.89 0.85 0.98 071 -0.81 0.79 1.00
Mo -0.79 -091 0.95 -0.95 0.39 -0.84 -0.97 -0.90 076 0.99 076 -0.87 0.59 1.00
Pd 0.79 0.95 -0.89 0.91 045 0.79 0.97 0.84 0.69 -0.96 0.74 0.81 -0.52 -0.95 1.00
Ba 0.28 0.16 -0.29 0.37 -0.33 0.39 0.19 0.53 0.09 -0.13 0.18 0.56 -0.13 -0.20 0.16 1.00
Cr -0.78 -091 0.89 -0.96 0.51 -0.89 -0.96 -0.94 -0.76 0.92 077 -0.91 0.69 0.92 -0.94 -0.39 1.00
zr 0.58 0.74 078 0.87 -0.30 0.94 0.91 0.90 0.93 -0.84 0.87 0.86 074 -0.86 0.80 027 -0.91 -0.86 -0.92 1.00
v -0.59 072 0.82 -0.83 0.31 -0.85 -0.86 -0.89 074 0.81 -0.88 -0.90 047 0.84 -0.83 -0.55 0.91 0.70 0.81 -0.88 1.00
Zn -0.78 -0.90 0.92 -0.94 0.49 -0.87 -0.97 -0.89 078 0.95 079 -0.85 0.51 0.95 -0.95 -0.33 0.96 0.80 0.89 -0.88 0.93 1.00
Y 0.32 0.56 -0.50 0.40 -0.05 0.35 063 0.26 0.53 -0.63 0.63 0.24 -0.16 -0.58 067 043 -0.49 051 -0.52 048 -0.47 -061 -0.61 0.59 1.00
Ga 0.81 0.94 -0.90 0.97 0.53 0.91 0.99 0.90 0.84 -0.96 0.76 0.84 0.64 -0.95 0.95 0.25 0.97 0.89 -0.92 0.92 -0.86 0.97 0.97 0.11 0.57 1.00
As -0.58 -0.84 072 -0.85 0.26 -0.87 -0.95 -0.81 -0.87 0.88 -0.84 -0.77 0.55 0.88 -0.92 -0.01 0.88 0.93 0.87 -0.87 0.76 0.87 0.88 0.06 -0.69 -0.92 1.00
Nb 0.81 0.81 -0.84 0.94 -0.59 0.85 081 0.95 0.63 -0.80 0.54 0.91 -068 -0.83 0.76 0.60 -0.89 075 -0.81 0.80 -0.79 -0.82 -0.83 -0.50 0.09 0.86 067 0.88 -0.66 1.00
u 0.87 0.88 -0.84 0.74 -0.65 0.44 073 0.62 0.28 -0.82 0.38 0.60 0.52 -0.76 0.84 0.21 0.79 0.67 0.59 052 -0.64 0.77 0.79 0.19 0.51 0.74 0.60 0.80 0.70 0.66 1.00
30 shales revealed the effect of the organic matter during
2 chemical weathering (cf. Blumenberga et al. 2012).
Strong positive correlation (r = 0.92) between SiO, and
—o—El-Beida
20 —o—Nakhell Al,Oj; revealed that most Al,O5 is present as clay miner-
als, which conformed with X-ray diffraction, occurring as
15 . . . . .
well as detrital grains, which conformed with SEM exami-
10 nation. Fe,O; values for the studied black shales averaged
4.92% (Table 1). This concentration may be controlled by
5
hydrothermal leaching or additions of Fe, consistent with
0 reduced fluids. The high positive correlation between Fe,O;
LA s T o) S & L P L of [ T .
N § -
U LN S A SR and Sr (r = 0.81, Table 2) indicates that the studied shales

were deposited under control of bacterial activity (cf. Abou
El Anwar 2005, 2006, 2011, 2014, 2016; Abou El Anwar
and Mekky 2013). The strong positive correlation (r = 0.96)
between Fe,O; and total sulfur content indicates that the
organic sulfur prevails along with pyrite (cf. Xiugen et al.
2010; Abou El-Anwar 2016).

Fig.5 Concentrations of the major elements in the studied black
shales

Discussion

Major elements
Trace and rare earth elements

The high loss of ignition (average about 42 and 25% for

Nakheil and El- Bedia mines, respectively) and average
33.2% for the whole area revealed the presence of large
amounts of organic matter. The microorganisms in black

Black shales in the Nakheil mines are highly enriched
in trace (Zn = 1952, V = 1694, Cr = 1108, Mo = 390,
Ni = 246, Cu = 236 and Cd = 182 ppm) and rare earth
elements (Br = 80, As = 75 and Rb = 29 ppm) compared

Fig.6 Concentrations of the

trace and rare earth elements

in the studied black shales cor- 2000.01

related with UCC (Rudnick and ’

Gao 2003) and PAAS (Taylor

and McLennan 1985) 500.01
000.01
500.01

0.01 -

—<o=—El-Beida
—=@—Nakhiel
—2—UCC
—0—PAAS
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Fig.7 BSE image and EDX analysis data of fossil (foraminifera),
where Zn content reaches 1.86%. Note aggregate of halite crystals,
kaolinite and detrital montmorillonite in Nakheil mine shales

Na Mg Al Si P Fe S Ca K
0.93 0.75 111 21 3012 241 0.41 9.52 0.35
Cl Th La Ce Pr Nd Eu Sm
1.34 5 1821 11.31 1243 8.31 213 112

Fig.8 BSE image and semi quantitative EDX analysis showing disso-
lution in the clay matrix and data of detrital monazite, Nakheil mine

to those of the El-Beida mines (Fig. 6). The higher average
(Zn = 1952) in shales of the Nakheil mines agrees with the
obtained EDX data, where foraminifera accumulate high
concentrations of Zn (Fig. 7). Also, these mines are charac-
terized by the presence of detrital of monazite (Figs. 8), in
the contributed terrigenous fraction. EDX data show that the
analyzed REE abundance is la > Pr > Ce > Nd > Eu > Sm.
Magmatic monazite contains ThO, , ranging from 2 to 13%
(Bea 1996) and from < 1 to 20% (Forster 1998), representing
a pegmatitic source. The EDX data of the studied samples
reported a low content of Th and a positive value of Eu,

@ Springer

which may indicate that the recorded monazite grains may
be related to metamorphic sources (Abu Halawa et al. 2011;
Abou El-Anwar 2012). Figure 8 also shows halite crystals.
The studied black shales in the El- Beida mines have an
enrichment average in Zr (124 ppm), Ba (85 ppm) and Pd
(64 ppm) as trace elements, and rare earth elements, Ga
(23 ppm), Se (22 ppm), Y (14 ppm) and Nb (11 ppm), as
well as U (67 ppm), as shown in Fig. 6.

Cr, Cu, Ni, V, Zn and Cd strongly positively correlated
with both P,0; (r = 0.89, 0.72, 0.89, 0.82, 0.92 and 0.96;
respectively) and SO; (r = 0.92, 0.85, 0.94, 0.81, 0.95 and
0.99; respectively). This indicates that these trace elements
are associated with apatite and/or sulphedes minerals.The
strong positive relation between Pd and SiO,, Al,O5, Fe,04
and MgO (r = 0.79, 0.95, 0.79 and 0.97; respectively)
reveals that Pd was associated with clay minerals and ferro-
magnesian oxides. A high positive relation between loss of
ignition and Mo, Cr, Cu, Ni, V, Zn, Cd, As and Br (r = 0.97,
0.95, 0.88, 0.90, 0.81, 0.95, 0.96, 0.90 and 0.88; respec-
tively), reveals that trace and some rare earth elements may
be related to organic matter (Marz 2007; Ross et al. 2009).
Trace metals such as As, Cu, Mo, Ni, U, V and Zn are rec-
ognized to be particularly enriched in organic-rich sediments
(cf. Marz 2007).

Vanadium is the most abundant trace element in the stud-
ied black shale samples, averaging 1114 ppm. The higher
concentration of V may be the result of oxidation and weath-
ering of organic matter. Zinc represents the second most
abundant trace element in the studied black shale samples
(average 1076 ppm). The higher content of zircon and the
negative correlation with L.O.I and high positive with Al,O;
Na,O, K,O and SiO, (r = — 0.87 and r = 0.74, 0.90, 0.93
and 0.58; respectively) reveal that it may be incorporated
with clay minerals and detrital quartz, not with organic mat-
ter. This is also supported from the observed significant pos-
itive correlations between Zr and TiO,, Fe,03, Al,O5, MgO
and Pd (r = 0.87, 0.91, 0.74, 0.68, 0.94 and 0.80; respec-
tively), which reveal that it is mostly coupled with Fe—Ti
oxides and/or clay fractions. The studied shales contain
high concentrations of Ni (average 171 ppm) as compared
with the corresponding values reported for the UCC and
the PAAS (57 and 55 ppm; respectively). Ni is more abun-
dant in deep marine sediments up to 300 ppm, whereas its
occurrence in coastal sediments is 39 ppm (Turekian 1978).
Consequently, the studied black shales were deposited under
marine conditions.

There is a high positive correlation between Al,O; and
rare earth elements Ga, Se, Nband Y (r = 0.94, 0.91, 0.81
and 0.56; respectively), and they have positive relations with
Si0, (r=0.81, 0.78, 0.81 and 0.32; respectively). Thus, the
rare earth elements in the studied black shales may be related
to clay mineral and/or detrital quartz, not with clay minerals.
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The commonly immobile elements, Al, Fe, Ti, Cr, Th,
Pd, Sc, Co, Zr, Nb, Y, Ga and Se, are useful markers of
provenance, such as weathering, transportation and sorting
(Taylor and McLennan 1985). Thus, the strong positive cor-
relations between Al,O5 and Cr, Cu, Cd, Pb, Se, Ga, Zr, Nb
and Y, (Table 2) reveal that these elements are concentrated
during weathering processes (cf. Fedo et al. 1996).

U content in the studied black shales range from 20 to
90 ppm, thus the study samples can be defined as uranifer-
ous black shales. Most of the uranium in marine black shales
was derived from sea water. Uranium could have been pre-
cipitated under a hydrogen sulfide environment (Swanson
1961). Thus, the abundance of pyrite in the studied uranifer-
ous shales and the positive correlation between Fe,O and
both SO; and U (r = 0.96 and 0.72; respectively), reveal
that the high U contents accumulated in black shales under
a hydrogen sulfide environment and gradually increased in
diagenetic processes. The U/Mo ratio was applied to distin-
guish between anoxic non-sulfidic and anoxic sulfidic condi-
tions (cf. Arning et al. 2009). The low U/Mo ratios obtained
(average 0.15, Table 1) revealed that the studied uraniferous
black shales in Qussier area were deposited under anoxic
sulfidic conditions.

Paleo-redox elements and environmental
conditions

The concentration of redox-sensitive elements (V, Ni, Mo,
U, Cu, Cr, Re, Cd, Sb, Tl, and Mn) are indicative of paleo-
oceanographic conditions (Pi et al. 2014 and Adegoke et al.
2014).

High concentrations of Mn (average 56,000 ppm) repre-
sent oxic conditions (Quinby-Hunt and Wilde 1994), while
less than 260 ppm is considered an anoix environment (Pi
et al. 2014). The depletion of Mn (average 250 ppm) in
the study samples can possibly be attributed to its relative
mobility in its reduced state (cf. Brumsack 2006), where
in a minimal oxygen zone Mn was transported to the open
ocean. Mn enrichment is most probably the result of either
deposition under dysoxic to oxic conditions or deposition in
a closed system (Hetzel et al. 2006). Thus, the depletion of
Mn (average 250 ppm) reveals that the studied black shales
deposited under anoxic conditions.

U, V, and Mo can be used to interpret paleo-redox condi-
tions. These trace metals exhibit different behaviors under
various oxygenation conditions. U and V may become
reduced and accumulate under suboxic to anoxic conditions.
On the other hand, Mo has been used as a redox-sensitive
proxy for benthic levels (Algeo et al. 2004 and 2006), which
becomes enriched mainly under anoxic-sulfidic conditions.

Under reducing conditions, enriched Mo and U are depos-
ited authigenically (Algeo and Tribovillard 2009). Thus,

the U/Mo ratio can be used to differentiate between suboxic
and sulphidic settings. A lower U/Mo ratio (0.15) indicates
the sediments of the studied area were deposited under an
anoxic marine transgressive environment, which is in agree-
ment with Baioumy and Tada (2005), Abou El-Anwar et al.
(2014) and El-Shafeiy et al. (2017).

The accumulation of organic matter played a vital role in
the concentration to the sediment of trace metals Cu and Ni,
and the sulphide mineral-forming elements including Mo,
Ni, U and V (cf. Ross and Bustin 2009). The enrichment of
organic matter reveals a period of high primary productivity
in a shallow environment conducive to the preservation of
organic matter (Glenn and Arthur 1990). Ni can be incorpo-
rated into organic matter, and so may be used as a marker for
the original presence of organic matter (cf. Tribovillard et al.
2006). Organic-rich sediments are consequently generally
enriched in Cu and Ni, as are the sulphide mineral-forming
elements Mo, V, Cd, Zn, U, and rarely Co (Brumsack 2006;
Marz 2007; Hetzel et al. 2009). Thus, the high concentration
of Ni content in our samples indicates high productivity and
shallow conditions for the Qaussier area.

Ratios of the trace elements can been used to explicate the
depositional environment of the black shales. Fe/Ti for the
studied shales samples is 11.5, whichindicates hydrothermal
input (cf. Delian et al. 2004).

When V/Mo is close to the seawater ratio (< 2), it indi-
cates an anoxic condition; a range from 2 to 10 indicates
suboxic conditions, and a ranging from 10 to 60 indicates
normal oxygenation (Gallego-Torres et al. 2010). The V/Mo
ratio in our samples ranges from 0.96 to 5.83, which indi-
cates that the studied black shales were deposited in anoxic
to suboxic conditions.

Under the strong activity of sulfate reducing bacteria in
anoxic marine environments, V is enriched in comparison to
Ni (Peters and Moldowan 1993). Thus, V/Ni can be used to
distinguish the level of anoxia during deposition (cf. Galar-
raga et al. 2008).

A V/Ni ratio > 3 indicates that organic matter was depos-
ited under marine reducing conditions (Galarraga et al.
2008). V/Ni ranging from 1.9 to 3 indicates deposition under
a dysoxic-oxic environment with terrigenous organic mat-
ter mixed with marine organic matter. A V/Ni ratio < 1.9
indicates mainly terrigenous organic matter. The V/Ni ratio
(average 6.5) in the studied Qussier black shales is greater
than 3 (Table 1), revealing that the organic matter in the
studied black shales was mainly from marine sources and the
shales were deposited under a marine reducing environment.
Pi et al. (2014) mentioned that V/(V + Cr) ratios of more
than 0.6 indicate strongly reducing conditions. V/(V + Cr)
is 0.61 (Table 1) indicating that the studied samples were
precipitated under strongly reducing conditions.

Consequently, the enrichment of redox-sensitive metals
(V, Ni, Mo, U, Cu, Cr, and Cd), low Mn contents, strong
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positive correlation between Mo and V (r = 0.84) and V/
Mo ratios, high Ni/Co, V/(V + Ni), V/(V + Cr), and V/Ni
reveal that black shales from the Duwi Formation in the Red
Sea area were deposited under marine anoxia environments.

Source of redox-sensitive trace and rare
earth elements

The sources of the trace and rare earth elements may be
in marine sedimentary rocks as detrital inputs (Lee 2009),
seawater (Piper 1994), organic matter (Piper 1994) or hydro-
thermal and volcanic activities (Angerera et al. 2013).

Our samples showed a strong positive correlation between
L.O.I (mainly organic matter) with Mo, Mn, Cr, Cu, V, Zn,
Cd, as well as with some rare earth elements, As and Br,
revealing that these elements likely originated from marine
organic sources. Correlation between Fe,O5 and both SO,
and U reveal that the high U contents accumulated in black
shales under hydrogen sulfide. The high enrichments of
certain trace elements, V, Cr, Ni, As, Sr, Mo, and Cd, in
sedimentary rocks are believed to be related to hydrothermal
activity (Angerera et al. 2013). The abundances of Zn, Cd,
Ni, Se, Mo, Cr, and V, much higher than those of PAAS, can
be attributed to hydrothermal and/or hydrogenous/biogenic
origin. The positive correlation between SiO, and Al,O;
with rare earth elements Ga, Se, Nb and Y suggests detrital
input to the Duwi black shales. Consequently, the Duwi For-
mation in the Qussier area had different sources for redox-
sensitive trace and rare earth elements.

Chemical mobility and weathering trends

The chemical composition of the weathering products in
a sedimentary basin are expected to reveal the mobility of
various elements during weathering (Singh et al. 2005). CIA
provides information on the intensity of chemical weather-
ing that the sediments have undergone (Nesbitt and Young
1982), and is calculated as:

CIA = [AL,0;/(Al,05 + CaO* + Na,0 + K,0)] x 100

where CaO* represents CaO associated with the silicate
fraction of the sample. The CIA values in the studied sam-
ples range from 78.72 to 90.61, averaging 84.68% (Table 1).
This average reveals that the source of the primary minerals
was derived from feldspars and/or mafic origins and, gener-
ally, represents highly intensive chemical weathering (cf.
Nesbitt and Young 1982; Fedo et al. 1995).
Rb/Sr ratios can be used to identify the degree of source-
rock weathering (McLennan et al. 1993). The studied shale
samples have an average Rb/Sr ratio of 0.051 (Table 1). This
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value is lower than that of the UCC average (0.33) and is
relatively comparable to PAAS (0.08). This suggests that the
degree of the chemical weathering of the source rocks was
relatively comparable to the PAAS values.

Conclusions

The black shales in the Qusseir area (Duwi Formation, Cam-
panian—Maastrichtian) were deposited in an anoxic marine
environment, and are remarkably high in their enrichment
of redox-sensitive and sulfide-forming trace metals. Meas-
urements of Mn, U, V, and Mo reveal that the studied black
shales deposited under shallow anoxic-sulfidic conditions.

High enrichment of redox-sensitive trace metals (V, Ni,
Mo, U, Cu, Cr, and Cd) and V/Ni, Ni/Co, V/(V + Ni) and
V/(V + Cr) ratios, low Mn contents and V/Mo ratios, as
well as a positive correlation between Mo and V, indicate
that sediments of the Campanian—Maastrichtian Tethys were
deposited under reducing environments.

The values of the chemical index of alteration (CIA) and
the chemical analysis data indicate that the shales were sub-
jected to intense chemical weathering.

Thus, the enrichment of redox-sensitive elements of the
Red Sea marine black shales can be considered as strong
evidence for anoxic conditions existing during the deposition
of the shales of the Qusseir area of the Duwi Formation, and
that the redox-sensitive trace and rare earth elements they
contain came from different sources.
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