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ABSTRACT

Black shales, occurring mostly within the Dakhla and Duwi Formations in the Quseir area
are rich in organic matter. They can be described as bituminous calcareous foraminiferal
claystone to bituminous argillaceous limestone. In places, the black shales are abnormally
enriched in vanadium (0.8% V,0;) and other heavy metals, most markedly so near the
contact with the Duwi Formation. The content of vanadium appears to be unaffected by the
prevailing weathering.

The black shales are composed of disordered poorly crystalline kaolinite, smectite,
organophilic smectite, mixed-layer smectite-illite, quartz, calcite, ferroan dolomite, carbonate
fluorapatite, gypsum, anhydrite, pyrite and organic compounds (mostly unsaturated
molecules). The trace element content is classified into (a) a terrigenous association where Y,
La and Ce are accumulated by clastics of biogenic origin; Ti and Zr in detrital minerals; Sc,
Ga and Nb in kaolinite, while Co is mostly in smectite, (b) a carbonate association, including
Pb, Sr and Mn, and (c) an organic association which includes Cd, Be, Zn, V and U. The U
and Th equilibrium constants suggest no secondary radioactive enrichment.

The organic matter belongs to kerogen type II approaching type 1, indicating deposition
from a highly productive marine environment under anoxic bottom water. The black shales
are a good energy donator and can produce an excellent clinker upon pyrolysis.

INTRODUCTION

The Quseir area in the Eastern Desert of Egypt (Fig. 1) is most notable for the
presence of the phosphorites of Gebel Duwi Range discovered over 60 years ago.
The shales of the Duwi Formation are interbedded with the phosphates of the
overlying Dakhla Formation and are generally black to grey and rich enough in
organic matter to warrant their description as black shales. The Duwi Formation of
Campanian-Maastrichtian age (Said 1962), conformably overlies the Quseir Varie-
gated Shale (Senonian) and underlies the Dakhla Formation (Maastrichtian-
Danian).

Both fresh and weathered black shales from the Duwi and Dakhla Formations
were sampled. The fresh samples were collected from shafts and adits in phosphate
mines of El-Beida, El-Dabaa, Umm Hammad, Nasser, Nekheil and Faraa mines. A
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Fig. 1. Geologic map of Quseir area and sketch map of Egypt (inset) showing the location of the study
area.

non-weathered section was also sampled from a tunnel in El-Beida mine passing
through the stratigraphic succession from the Duwi to the Thebes Formation.
Weathered rocks were collected from the exposed surface section measured at the
southern extension of Gebel Duwi.

ANALYTICAL METHODS

About fifty black shale samples were examined by different corroborative techniques
in order to determine the precise organic and inorganic composition of the sedi-
ments. The techniques used were:

(a) Mineralogical analysis. Bulk as well as oriented clay-size fractions were analysed
by X-ray diffraction using 540 W, Ni filtered, Cu-Ka radiation. The clay size frac-
tion was separated by the pipette method. The infrared spectrum between 4000 and
400 cm ™! of samples mixed with KBr was recorded. Differential thermal and
thermogravimetric analyses were done for most samples using a heating rate of
20°C/min up to 1200°C in standing air. Standardized DTA and DTG curves using
synthetic and natural mixtures were used for quantitative mineral analysis.

(b) Chemical analysis. The major oxides: SiO,, P,05, SO, and loss on ignition
(LOI) were determined gravimetrically, S2~ and CO, were determined gravimet-
rically after being distilled. A1,0,, Fe,0,, CaO, MgO and MnO were determined
twice by atomic absorption and X-ray fluorescence using Cr-Ka radiation. FeO was
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determined titrimetrically while TiO, by spectrophotometric method. Na,O and
K,0O were determined by flame photometric method. The trace elements were
analysed twice using the inductively coupled (argon) plasma (ICP) and the X-ray
fluorescence using Ka radiation of both W and Mo. The natural radio-isotopes of U
and Th series were analysed by gamma spectroscopy. Twenty g of —200 mesh
samples in sealed aluminium containers were kept for 21 days prior to analysis in
order to attain equilibrium in Ra??¢ and Bi*'* and to assure equilibrium of Th
series with thoron because of its shorter half life.

(c) Organic compounds analysis. Five samples were analysed by Rock Eval MK II
pyroanalyser and Leco CR 12 carbon determinator. The hydrocarbons and evolved
gases were detected by gas chromatography, using flame ionization and thermal
conductivity detectors, respectively. About 40 samples were analysed for their
content of C, H and N in doublets using the Bregl and Dums methods.

PETROGRAPHICAL CONSIDERATIONS

The black shales studied are composed mainly of bituminous calcareous foraminif-
eral claystone to argillaceous limestone which consist of argillaceous material with
abundant calcareous foraminiferal tests. The tests are usually filled with sparry
calcite, chalcedonic-quartz or framboidal pyrite, but are occasionally partly, or even
completely, unfilled. Skeletal apatite and “collophane” grains and pellets ranging
between 1 and 8% occur within these claystones. Subrounded detrital quartz grains
of silt size and rare fine rounded grains of chamosite are recorded in amounts
ranging between 1 and 5%.

The recorded planktonic foraminiferal tests belong to Rotallidea and Bulimini-
dea. The organic matter is disseminated or entrapped between the finely laminated
argillaceous matrix, which may suggest sedimentation under reducing and relatively
calm depositional environments. The sediments underlying the black shales, which
belong to the upper part of the Duwi Formation, are petrographically divided into
four microfacies, namely: (a) Siliceous phosphates composed of heterogranular and
highly rounded phosphate intraclasts and fragmented calcareous oyster shells
cemented by chalcedony, (b) Siliceous shale composed of laminated and ferruginated
shale entrapping foraminiferal tests, skeletal apatite and fine detrital quartz, (c)
Micritic limestone enriched in burrows filled with phosphate clasts and dispersed
pyrite, and cemented by sparite, and (d) Microsparite which shows signs of aggrading
recrystallization.

MINERALOGY

A qualitative estimation of the clay minerals composing the separated clay-size frac-
tion was made from interpretation of the XRD analysis of glycol-treated and heated
slide mounts. The areas under the basal peaks were measured in preference to peak
height. The peak areas of the non-clay minerals were measured from XR diffracto-
grams of the bulk samples.

The broad, diffused and low-intensity basal d-spacing both of kaolinite &nd
smectite, may indicate their poorly crystalline nature. Smectite in black shale
exhibits strong tendency to form complexes with a remarkable variety of organic
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molecules which are introduced into the interlayer space and give rise to well
defined interlayer spacings. The nature of the organic compounds cannot be
deduced from the measured reflection owing to the coincidence of a large number of
reflections (Moum et al. 1973; Nemecz 1981). The latter denoted such organic-rich
smectite as “organophilic smectite”. The identification of such smectite is possible by
treating an oriented clay size by ethylene glycol that causes the expansion of the 001
reflection to 17 A (as normal for most smectite), but heating at 250°C for 10 h
without rehydration decreases the spacing to about 13-14 A. This decrease in the
interlayer spacing is essentially due to oxidation of organic compounds. Moum et
al. (1973) reported that the 001 reflection of such organic-rich smectite was shifted to
14 A when treated with H,O, as a result of the removal of the organic molecules.
The interlayer organic molecules seem to be less susceptible to the prevailing oxida-
tion than the outer molecules, hence the coherence between organophilic smectite
and total organic carbon (T.O.C.) is not always strong.

However, the Ca-, Na-, and “organophilic” smectites, along with kaolinite, are
the main clay minerals composing the black shales of the Quseir area. Illite-smectite
mixed layer (with dominant smectite) occurs instead of smectites in the black shales
collected from surface exposures, probably due to conversion of smectite on
weathering as described by El-Kammar & Basta (1983). The ratio between the peak
areas under the 001 reflection at 10 A of the glycolated slide mount to that at
12-14 A of the oriented slide, was considered as a relative measure of illite in its
mixed layer.

The main non-clay minerals detected in the present study can be summarized as
follows:

(1) Carbonates. The abundance of calcite and dolomite (Table 1) is calculated from
the DTA and DTG diagrams. Calcite dominates over dolomite and is a major
constituent of the shales studied. The high ratio of the d-spacings of dolomite
(2.89 A/2.19 A) suggests a ferroan nature which often dominates in carbonates
embedded in shales (McHargue & Price 1982).

(2) Sulphates. Gypsum (mainly) together with some anhydrite were identifed by
XRD, IR and quantitatively calculated by DTA. The sulphate minerals occur as
secondary fillings that dominate in the weathered samples, probably due to the
breakdown of sulphide minerals such as pyrite.

(3) Phosphates. The apparently isotropic apatite (i.e. collophane) and anisotropic
apatite are petrographically distinguished. Both varieties produce an XRD pattern
similar to that of carbonate-fluorapatite which is the main constituent of the Egyp-
tian phosphorites (El-Kammar 1985). The phosphate clasts are probably reworked
from the older phosphorites of the Duwi Formation.

(4) Quartz. The quantitative measurement of its modification peak at 570°C in
DTA suggests very limited contribution in the black shales studied (Table 1).

(5) Sulphides. Pyrite is the only sulphide detected by XRD and by its DTA exother-
mic oxidation reaction at 480°C. Upon weathering, pyrite is pseudomorphosed into
goethite and/or hematite.
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Table 1. DTA data for the black shales of Quseir area, Egypt

Clay minerals % Non-clay minerals %
£ e 2 g T
= N *) L

sample = 3 85 % 5 & £ % Z 2 & &
Locality Number & & S8 0 & & & < & £ £ <&
Beida 1 34 24 — 58 1 37 — 4 — — — —
Tunnel 3 51 3 — 54 3 14 2 6 2t — — —
4 7 — — 7 3 84 — — 3 - - —
7 32 8 — 40 1 41 5 — 2 - — —
11 62 — 7 69 1 s — — 10 — 5 —
Dabaa 1 21 — — 21 2 20 2 2 — — — 3
4 25 12 — 37 5 23 2 24 3 —_ -
7 31 14 — 45 3 27 2 15 — 2 — 2
11 12 16 — 28 7 31 — 20 — 7 _ —
Umm Hammad vi 4 9 — — 19 7 17 2 22 28 2 — 3
iv 3 25 2 — 46 6 22 1 23 2 - - —
id 30 17 — 47 2 28 1 16 1 2 — 2
Cross Cut 11 32 — 10 42 1 34 2 13 — 2 — 3
21 37 13 — 50 2 32 1 9 — 3 — tr
31 23 — 6 29 1 56 1 2 9 — — —
Nekheil C — 16 — 16 3 63 — 12 — 3 — 3
Nasser 2 — 52 — 52 6 9 1 28 — 3 — —
3 — 16 — 16 3 20 4 30 18 3 —_ —
Faraa 5 37 23 — 60 1 20 — — 15 1 — 3
Beida 3 13 35 — 48 5 5 2 5 3 — — —

(6) Organic matter. This produces an exothermic plateau in the temperature range
260-450°C, which may sometimes be differentiated into smaller plateaux. The IR
spectrogram of the organic matter is characterized by absorption bands at 2920 and
2850 cm~! which may be interpreted as vibrations of CH, groups and at
3450 cm ™! to OH stretching. These bands may suggest the presence of an unsatu-
rated bitumen, possibly gilsonite.

INORGANIC GEOCHEMISTRY

The chemical analyses of the black shales of the Quseir area are shown in Table 2
and compared to those of the black shales from the U.S.A. (Vine & Tourtelot 1970;
McKelvey et al. 1986). The black shales studied are relatively enriched in Ca, Mn,
heavy metals (except Cu), Be and Sr, and depleted in Al, K, Na, Ga, Ba and Ag,
suggesting relative impoverishment in the terrigenous admixture (Table 2 and Fig.
2). The major and trace elements in the black shales studied can generally be classi-
fied into three genetic associations:

(a) Terrigenous association. This includes SiO,, Al,0,, Fe,0O,, TiO,, K,O and
possibly Na,O. The trace elements Nb, Sc, Ga, Co, La and Ce are strongly corre-
lated with each other as well as with the major terrigenous constituents: Al,O,,
TiO, and K,O. The elements Nb, Sc and Ga are intimately related to the peak area
of the basal d-spacing of kaolinite, whilst Co is more strongly associated with smec-



182 A. M. El-Kammar, M. Darwish, G. Philip and M. M. El-Kammar

Table 2. Composition of the black shales of Quseir area, Red Sea, Egypt

Major Present work
oxides Average*
wt % Minimum Maximum Mean (black shale)
SiO, 402 48-52 2772 —
ALO, 1-75 19-54 7-65 13-22
Fe,O, 0-85 499 2:23 2-86
FeO 0-28 3-60 0-70 —
TiO, 0-08 0-89 0-37 0-33
CaO 12:39 46-42 21-82 2-10
MgO 073 21-20 2-17 1-17
K,O 0-12 1-07 0-42 2:41
Na,O 0-10 0-64 0-32 094
MnO 0-004 0-03 0-01 0-019
P,0;, 0-61 6-50 2-81 —
S 008 8-80 27 —
LOI 100°C 075 8-41 3-82 —
LOI 500°C 3-28 26-62 12-16 —
LOI 1000°C 6-20 42-40 19-43 —
Carbon 1-90 23-40 9-45 3-53
Hydrogen 0-30 2:90 1-51 —
Nitrogen 0-10 0-50 0-24 —
Trace Average** Enrichment Average
elements {sea water, factor (black
ppm Minimum Maximum Mean ppb) x 10° shale)
Li 3 117 25 180 0002 —
Be 03 25 82 0-0006 137 1
Sc 3 19 9-8 0-0006 163 10
A 85 4150 964 25 39 150
Cr 120 777 428 03 14-3 100
Co 5 23 14 0-05 2-8 10
Ni 20 210 120 17 o7 50
Cu 25 168 73 0-5 1-5 70
Zn 141 4125 868 49 1-8 300
Ga 4 29 11 003 37 20
Sr 175 989 628 8000 0-008 200
Y 20 66 41 0-001 410 30
Nb 7 43 16 0-01 16 —
Ba 35 250 109 2 05 300
La 3 110 58 0-003 193 30
Ce 1 75 40 0-001 400 —
Pb 39 130 80 0-03 27 20

* Vine & Tourtelot (1970). ** Krauskopf {1979). — not detected.

tite (Fig. 3). The elements Y, La and Ce are extremely enriched in the black shales
studied, compared with that for average sea water (Table 2). The biogenic detritals
such as “collophane” and apatite debris accumulate, preferentially, the rare earths in
the octahedral sites of Ca in apatite lattice. The high enrichment factor of Sc and Be
may also suggest their possible accumulation with rare earths in apatite. The
chondrite-normalized values of La and Ce show a significant depletion of Ce over
La, which may indicate a possible marine environment of deposition.
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Fig. 2. Enrichment of trace elements in Quseir black shales.

(b) Carbonate association. This is mainly represented by Ca which occurs in the
form of calcite. The strong relationship between CaO (or calcite peak area, 3.03 A)
and both Sr and Pb (Figs 4 and 5) may indicate their existence in the calcite lattice,
substituting for Ca®". This association includes also MgO and MnO.

(¢) Organic association. This includes the organic components C, H, N and S which
seem to be responsible for accumulation of unusual amounts of some trace elements,
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especially V. This gives rise to a geochemically distinct zone denoted in the present
study as the “vanadiferous zone”, which is also enriched in some other trace ele-
ments including Zn, Cr and Pb (Fig. 2).

THE VANADIFEROUS ZONE

The black shales at the contact between Duwi and Dakhla Formations contain an
abnormally high vanadium content (0.8% V,0Oj). This thin (30 cm thick) zone char-
acterizes the contact between the two formations. Similar vanadiferous zones with
similar litho-stratigraphic relations (but different ages) have been reported elsewhere
in the world (Coveney & Martin 1983; Poole & Desborough 1985; McKelvey et al.
1986).

Although the vanadiferous zone is confined to organic-rich black shales, V
does not show any marked correlation with the main organic constituents (C, H, N,
S). However, the strong association between V and Be (Fig. 6), the latter being a
micro-organic association, supports the view that the initial accumulation of vana-
dium is related to organic activity but there is no simple straightforward explana-
tion for the process by which such unusual concentration of V, as well as other
metals, accumulated in the black shales. It seems likely that the accumulation of
vanadium may have been related to long exposure of organic-rich sediments to
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temporarily and locally V-rich sea water. The source of such V-rich water might be
volcanic ash (Premovic et al. 1986) or certain species of organisms which concen-
trate several metals (Rankama & Sahama 1950; Prevot & Lucas 1980). The accu-
mulation of vanadium may be accomplished chemically after the death of the
organisms (Holland 1984) in the form of vanadyl porphyrin (Ekstrom et al. 1983;
Miller et al. 1984).

The relationship between V and Zn in the black shales (Fig. 7) shows that the Zn -
content of a weathered V-rich sample is seriously depleted, suggesting preferential
mobilization of Zn upon weathering. McKelvey et al. (1986) reported that inorganic
vanadium compounds survived in the weathered zone of the vanadiferous black
shales of the Phosphoria Formation.

The U content of the black shales (12-33 ppm, Table 3) is quite similar to that of
the vanadiferous black shales of McKelvey et al. (1986). The U/Th ratio ranges from
2-1-7-2, which is 7 to 25 times higher than that of average shales (Krauskopf 1979),

Table 3. Active and mass concentrations of radioactive nuclides in the black shales of the Quseir area,
Red Sea coast, analyzed by Gamma Spectrometry Method

Beid Tunnel Umm Hammad VI Cross Cut3 Beida
Nuclides KeV (N-2) (N-4) (N-2) (N-3)

Mass concentrations

Ra-226 475403 x 10°° 1134 08 x 10°¢ 408+ 03 x 107 577404 x 10
U-238 (99-28% Natural U) 1400 + 1 334122 12+ 09 17+ 12

Th-228 089+ 01 x 10°° 1-67 £ 01 x 10°° 049 + 009 x 10°° 059+ 12 x10°°
Ra-228 262+ 03x10°° 173+ 03 x 10°° 160 + 03 x 10°° 1142+ 03 x 10°°
Th-232 (100% Natural Th) 660 + 05 463+ 05 380+ 05 4-00 + 06

K-40 (0-01% Natural K) 0-61 + 0-05 0-53 + 0-06 0-41 + 0-06 0-40 + 0-06

K total 5090 + 430 4410 + 500 3450 + 520 3390 + 530
Cs-137 ND ND 0-68 + 023 x 10°° ’ ND

Active concentrations

Pb-214 3519 171-80 + 19-47 42725 + 48-22 157-46 + 18-34 21660 + 2479
Bi-214  609-3:1120-3 175:09 + 14-90 408-86 + 33-90 144-86 + 13-66 208-01 + 1865
Ac-228  3384:911-1 26-41 + 269 17-42 + 299 16-12 + 3-04 14-37 + 3-68
Ti-208 5831 27-02 + 301 2034 + 317 14-82 + 2-85 17-75 + 3-56
Bi-212 7271

K40 1406-8 156-5 + 132 135-80 + 154 106-00 + 159 104-4 + 162

Cs-137  661-66 ND ND 217 + 074 ND
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indicating secondary enrichment which must have taken place immediately after
deposition, as the uranium equilibrium constant is almost equal to unity. This con-
stant measures the activity of the uranium series isotopes in the black shales studied
compared with reference shales that already have uranium in equilibrium (not
affected by secondary processes).

ORGANIC GEOCHEMISTRY

The source bed potential and the organic geochemistry of the black shales in Egypt
have not been well evaluated. However, three distinguishable types of organic
matter have been detected by the Rock Eval pyrolysis of representative black shales
from the study area. The first type represents a kerogen of type II approaching type
I (Fig. 8), such as the black shales of the Nekheil mines, where the total organic
carbon is highest (TOC = 20%, about 60% of which is pyrolyzable). The carbon
index, hydrocarbon precursor and quality index are here also higher than in the
black shales from the other localities. The second type is represented by two samples
from Nasser and Umm Hammad mines where the kerogen is of type II proper. The
hydrogen index and oxygen index of this type are similar to those of the preceding
type, but the TOC is much less (~10%). The third type is represented by one
sample from Faraa mine where the black shale is weathered and its kerogen inter-
mediate between types II and III. Any single black shale sample may contain a
mixture of different organic compounds, as shown by the different exothermic re-
actions at 330°, 395° and 415°C, obtained by the DTA (Fig. 9).
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Fig. 8. Relation between hydrogen index and oxygen index in the samples analysed by
Rock Eval pyrolysis.
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The organic matter of black shales from the study area was described by Ganz
(1984) as kerogen of type II degrading to type IlI as a result of weathering activities,
rather than by the increasing contribution of terrestrial organic matter. Although
Troger (1984) believes that the Egyptian black shales were not buried enough to
reach the oil window, these shales should be suitable energy donators particularly
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for Portland cement industry for which the residual clays and active lime may
produce good clinker.

The relationship between C, H and N (At.%) indicates that the analysed samples
fall into two clusters (Fig. 10). Most samples occur in the cluster having a higher
ratio of C/H, suggesting a significant proportion of unsaturated olefins which are
absent in the natural crude oil (Tissot & Welte 1978). The second cluster represents
samples having a lower C/H ratio, probably indicating more saturated organic mol-
ecules. The presence of saturated and unsaturated organic compounds, as a result of
degradation by oxidation in the black shales of Quseir area was also demonstrated
by Khaled et al. (1987).

GENESIS OF THE QUSEIR BLACK SHALE

The Upper Cretaceous—Lower Tertiary boundary in Egypt, like in many other
countries, consists of the sedimentary association: black shale-phosphate-chert-
dolostone. The contacts between these facies can be either gradual or abrupt. This
Upper Cretaceous-Lower Tertiary boundary is believed to be deposited during the
late Cretaceous transgression of North Africa (Issawi 1972; Kamel 1982; Richard-
son 1982). This marine transgression would create a relatively deep, nutrient-rich
continental shelf, with a high organic productivity and hence an enhanced potential
to accumulate organic matter in the oxygen-poor zone and thus form black shales.
The similarity in the n-alkanes in the black shale-phosphate-chert association
reflects a common source of organic matter (Bein & Amit 1982).

The quantity and quality of organic matter is mostly controlled by biological
productivity in the depositional marine environment. The preservation of organic
matter depends in turn on the sedimentation-erosion rate and the oxygen level,
among other factors. The existence of the unusually metal-enriched zone (the vana-
diferous zone) in the Quseir black shale reflects probable fluctuations in sedimenta-
tion rate during the deposition. A very high organic productivity dominated by
certain types of marine organisms and a low rate of sedimentation accompanied by
anoxic bottom water conditions seem to be the most favourable factors for the
deposition of the metal-enriched zone. Higher rates of sedimentation may have pre-
vailed during the deposition of the rest of the formation and reduced the concentra-
tion of metals related to biological sources.
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