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Based on their occurrences and relation to the host iron ores, barites are classified into: (1) fragmented
barite occurs as pebble to sand-size white to yellowish white barite along the unconformity between the
Bahariya Formation and iron ores, (2) interstitial barite is present as pockets and lenses of large and pure
crystals inside the iron ores interstitial barite inside the iron ores, and (3) disseminated barite occurs at
the top of the iron ores of relatively large crystals of barite embedded in hematite and goethite matrix. In
the current study, these barites have been analyzed for their rare earth elements (REE) as well as stron-
tium and sulfur isotopes to assess their source and origin as well as the origin of host iron ores.

Barite samples from the three types are characterized by low RREE contents ranging between 12 and
21 ppm. Disseminated barite shows relatively lower RREE contents (12 ppm) compared to the fragmented
(19 ppm) and interstitial (21 ppm) barites. This is probably due to the relatively higher Fe2O3 in the dis-
seminated barite that might dilute its RREE content. Chondrite-normalized REE patterns for the three bar-
ite mineralizations exhibit enrichment of light rare earth elements (LREE) relative to heavy rare earth
elements (HREE) as shown by the high (La/Yb)N ratios that range between 14 and 45 as well as pronounced
negative Ce anomalies varying between 0.03 and 0.18. The 87Sr/86Sr ratios in the analyzed samples vary
between 0.707422 and 0.712237. These 87Sr/86Sr values are higher than the 87Sr/86Sr ratios of the seawater
at the time of barite formation (Middle Eocene with 87Sr/86Sr ratios of 0.70773 to 0.70778) suggesting a
contribution of hydrothermal fluid of high Sr isotope ratios. The d34S values in the analyzed barites range
between 14.39‰ and 18.92‰. The lower d34S ratios in the studied barites compared with those of the sea-
water at the time of barite formation (Middle Eocene with d34S ratios of 20–22‰) is attributed to a possible
contribution of hydrothermal fluid of low d34S values that lowered the d34S values in the studied barites.

Rare earth elements distribution and patterns, as well as strontium and sulfur isotopes suggest a mixing
of seawater and a hydrothermal fluid as possible sources for barite mineralizations in the Bahariya Oasis.
The seawater source is suggested from the low Ce/La ratios, ‘‘V’’ shape of the rare earth patterns and pro-
nounced negative Ce anomalies. On the other hand, the hydrothermal fluid contribution is evident from
the low concentrations of rare earth and the deviation in both S and Sr isotopic compositions from those
of the seawater during the time of barites formation (Middle Eocene). The relatively heterogeneous Sr and
S isotope ratios among the studied barites suggest the Bahariya Formation and Basement Complex as pos-
sible sources of the hydrothermal fluids. The similarity in the REE as well as S and Sr isotopic compositions
of the three types of barite suggest that they form simultaneously.

As the geology and occurrence of the barites suggest a genetic relationship between these barites and
the host iron ores, the mixed seawater and hydrothermal sources model of the barites is still applicable
for the source of the host iron ores.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Barite is widespread in hydrothermal deposits of diverse geo-
logical settings and fluid sources, including magmatic (Williams-
Jones et al., 2000), metamorphic (Hanor, 2000), or sedimentary
basinal hydrothermal fluids (Kontak et al., 2006), as well as ancient
and modern oceanic water (Monnin and Cividini, 2006). Barite-
bearing deposits form in a variety of ways: fluid-cooling (Pfaff
et al., 2010), mixing of two or more fluids (Valenza et al., 2000),
intense fluid–rock interaction (Marchev et al., 2002), or bacterial
processes (Pfaff et al., 2010).
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Strontium and sulfur isotopes have been widely used to exam-
ine the source and origin of barite and differentiate between bar-
ites of different origins (e.g., Valenza et al., 2000; Marchev et al.,
2002; Scotney et al., 2005; Wagner et al., 2005; Marchev and
Moritz, 2006; Schwinn et al., 2006). Using the two isotopes sys-
tems (Sr and S isotopes) should help to distinguish between differ-
ent fluid sources, and obtain information about changes in the fluid
composition, transport and precipitation mechanisms. Fluid inclu-
sions analysis (e.g., Luders et al., 2001; Gültekin et al., 2003;
Bozkaya, 2009) and rare earth elements geochemistry (e.g.,
Guichard et al., 1979) were also used to examine the source and
origin of barite but in less extensive compared to the strontium
and sulfur isotopes.

Several deposits of iron ores are located in Bahariya Oasis,
Egypt, in El Harra, El Heiz, Ghorabi, El Gedida, and Nasser areas.
Nakhla and Shehata (1967) classified these iron ores into four
types; (i) pisolitic ores, (ii) hard goethitic ores, (iii) soft ores with
relatively high Mn contents, and (iv) ochreous ore. Due to their
geological and economic importance, the genesis of these ores
has been a matter of scientific discussions for a long time. The ori-
gin of these ores is controversial and includes epigenetic-super-
gene (e.g. El Shazly, 1962; Dabous, 2002), to epigenetic-hypogene
(e.g. Nakhla, 1961; Basta and Amer, 1969), volcanogenic (e.g.
Tosson and Saad, 1974), hydrothermal-metasomatic (e.g. El
Sharkawi et al. (1984), karstification of the pre-existing limestone
(e.g., El Aref and Lotfy, 1985), hydrogeneous (e.g., Baioumy et al.,
2013), and mixed hydrogeneous and hydrothermal (e.g., Baioumy
et al., 2014) origins.

Origin of barite in these iron ores is also the debatable due to its
occurrence in some ores (e.g., El Gedida ores) and absence from
other ores as well as a source of high barium and sulfur required
to precipitate barite in these ores. In addition, no systematic
investigations have been performed to examine the origin of these
Fig. 1. (A) Generalized geological map of the Bahariya Oasis, Western Desert, Egypt wi
geological map of El Gedida iron ores mine (from El Aref et al., 1999).
barite mineralizations and their genetic relationship with the host
iron ores. Therefore, this work was designed to utilize the geology,
rare earth elements geochemistry and S and Sr isotopic signatures
of the barite mineralizations from the iron ores of the Bahariya
Oasis to examine their source and origin. The origin and source
of these barite mineralizations were also used to discuss the possi-
ble origin of the host iron ores.

2. Geology and stratigraphy of the barite-bearing iron ores

The Bahariya Oasis is a large depression in the Western Desert
of Egypt located about 270 km SW of Cairo (Fig. 1A). Within the
depression, the Lower Cenomanian fluviomarine sandstone of the
Sabaya Formation (Morsy, 1987) is covered by the sandstone,
shales and glauconite of the Lower Cenomanian Bahariya
Formation (Soliman and El Badry, 1980). The Bahariya Formation
is unconformably overlain by the Upper Cenomanian fluviomarine
shale, dolomitic limestone and calcareous sandstone of El the Heiz
Formation as well as by the Campanian cherty dolostone, cross-
bedded sandstone and phosphatic limestone of the El Haufhuf
Formation (Morsy, 1987). The succeeding chalk of the
Maastrichtian Khoman Formation overlies conformably El
Haufhuf Formation and extends southward with increasing thick-
ness. The Eocene rocks are represented by the limestone of the
Lower Eocene Qalamoun Formation (El Shazly, 1962), and the gray
and pink crystalline limestone of the Middle Eocene Naqb Qazzun
Formation (El Bassyony, 2005). The sandstone, quartzites, shale
and silt of the Oligocene Qatrani Formation cover the Bahariya
Formation at the top of the conical hills (Morsy, 1987). North of
Gebel El Haufhuf, the Oligo-Miocene basaltic and doleritic extru-
sions are recorded (Meneisy and El Kaleubi, 1975).

Economic sedimentary iron ores with an average of 47.6 wt.% Fe
(Said, 1990) occur in the northern part of the Bahariya depression
th the location of the studied iron ores (from Catuneanu et al., 2006). (B) Detailed
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in the lower part of the Middle Eocene limestone of the Naqb
Qazzun Formation covering an area of 11.7 km2 with a thickness
varying from 2 to 35 m, 9 m on averaging (Said, 1990). The iron
ores occur in three areas including the Ghorabi (3.5 km2), El
Harra (2.9 km2) and El Gedida (15 km2) areas. According to
Baioumy et al. (2013), the iron ores of the Bahariya Oasis are com-
posed mainly of hematite and goethite with some detrital quartz.
Mn-bearing minerals in the Mn-rich iron ores occur either as pyr-
olusite or fine-grained cement-like materials that are dominated
Fig. 2. Stratigraphic columnar section of the iron ores in the Eastern Wadi of El Gedida mi
samples locations.
by a mixture of manganese oxides and hydroxide minerals such
as bixbyite, cryptomelane, aurorite, romanechite, manjiroite, and
pyrochroite. Barite mineralizations, the target of this study, occur
mainly in the iron ores of El Gedida mine.

The El Gedida iron mine area is an oval shaped depression up to
15 km2 in area, situated within the degraded cone hills of the Naqb
Qazzun Formation (Fig. 1B). The central part of the depression
comprises the Cenomanian sandstone and sandy clays of the
Bahariya Formation at the base and is overstepped by the Middle
ne area (A) (From El Aref et al., 1999) with position of the barite mineralizations and
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Eocene (Lutetian) iron ores of Naqb Qazzun Sequence. In the
Eastern and Western Wadi areas of the depression, the iron ore
successions are truncated unconformably by Late Eocene (Late
Lutetian-Bartonian) glauconites with lateritic ironstone interbeds
of the Hamra Formation (e.g., El Aref et al., 1999). The iron ores
attain their maximum thickness in the Western and Eastern
Wadi areas (up to 35 m), and it is strongly reduced to 11 m in
the high central area. The iron ores consist of a pisolitic–oolitic
ironstone unit followed by bedded iron ores intercalated with fer-
ruginous mudstones (e.g., El Aref et al., 1999). The thickness of the
overlying glauconitic sandstone of the Hamra Formation varies
from 25 m in the Western and Eastern Wadis areas to 1 m in the
high central area (Fig. 2).
3. Methodology

Nine samples have been collected from the fragmented, inter-
stitial and disseminated barite mineralizations at El Gedida iron
ores mine. Representative samples of these barites were subjected
to detailed petrographic, mineralogical, and geochemical analyses.
Polished and thin sections were prepared from the three barite
types and investigated under the optical microscope. A Philips
PW 1730 X-ray generator with Fe-filtered Co Ka, run at 40 kV
and 30 mA, was used to analyze barite samples. Petrographic and
mineralogical analyses were conducted at the Central
Metallurgical R & D Institute (CMRDI), Cairo, Egypt.

Fused discs prepared from the three types of barite have been
analyzed for major oxides (SiO2, TiO2, Al2O3, Fe2O3, MgO, MnO,
CaO, K2O, Na2O, and P2O5) by XRF using Philips PW 2400 X-ray
spectrometer at Tohoku University, Japan. Tube voltage and cur-
rent for W target was 40 kV and 60 mA, respectively. Loss of igni-
tion (L.O.I.) was obtained by heating sample powders to 1000 �C for
6 h.

Rare earth elements (REE) concentrations of the same samples
were determined by an SCIEX-ELAN DRC II ICP-MS at Tohoku
University, Japan. The samples powders were digested using alka-
line fusion (NaOH–Na2O2) (e.g. Bayon et al., 2009). About 100 mg of
sample powder were weighed carefully, then placed in the crucible
with 1.2 g Na2O2, 0.6 g NaOH and fused in a muffle furnace at
650 �C for 15 min. After cooling the crucible (�3 min), the melt
was dissolved by adding 10 ml of ultra-pure water, then trans-
ferred into a PTFE beaker. The crucible was rinsed with an addi-
tional 20 ml of ultra-pure water. The PTFE beaker heated at
130 �C on a hotplate for two hours. The solution was then rinsed
into a pre-cleaned centrifuge tube and centrifuged for 3 min at
3000 rpm. The clear supernatant was decanted and the centrifuge
tube was filled with 15 ml of ultra-pure water, stirred, and then
centrifuged again. The samples were then dissolved in 6M HCl,
transferred into acid-cleaned HDPE bottles, and stored as ‘mother’
solution (�20 ml). Finally, a few hours before measurement, an ali-
quot of the ‘mother’ solution was dried down, taken up in 200 ll
concentrated HNO3 acid, and diluted with 10 ml ultra-pure water.

For sulfur isotopes measurements, the barites samples were
rinsed with warm di-ionized water to remove the halogens in salts,
and samples were dried and measured directly on the instrument.
The samples were combusted in an elemental analyzer to form SO2

gas which was introduced into the mass spectrometer. Analyses
were standardized using NIST 127 in the Stable Isotope Research
Facility (SIRF), Indiana University, USA and two internal laboratory
standards to bracket the range of isotopic values observed in the
samples. Sulfur isotope values are reported relative to the Vienna
Canyon Diablo Troilite (VCDT) and in terms of a d34SVCDT‰ (e.g.
Jiang et al., 2008). The samples were analyzed in duplicate where
sample abundance permitted and the replicates were ±0.3 per
mil or less.
To dissolve barite for the determination of Sr isotopes, the pro-
cedure (i.e. aqueous sodium carbonate digestion technique) pro-
posed by Breit et al. (1985) was followed. 10 mg of purified
barite, 100 mg of sodium carbonate (Suprapur�, Kanto Chemical),
and 2 ml of Milli Q water were placed in a 7 ml Teflon PFA screw
cap vial (Savilex Corp., Minnetonka, Minnesota). The tightly closed
vial was kept on a hot plate for 12 h at 90 �C; then, the solid residue
was washed thoroughly with Milli Q water to remove sodium and
sulfate. The residue was then dissolved with 1 ml of 2 M HNO3.
Strontium separation was carried out using a shrink fit Teflon col-
umn filled with 0.3 ml of Sr spec resin (50–100 lm particle size;
Eichrom Technologies, Inc., Darien, Illinois). The column was
washed with 1 ml of Milli Q water and conditioned with 0.5 ml
of 2 M HNO3. 0.5 ml of sample solution (2 M HNO3) was loaded
on the column that was washed with 1.2 ml of 8 M HNO3 to
remove Ba. The column was then treated with 0.4 ml of 2 M
HNO3. Sr was stripped with 1 ml of 0.01 M HNO3, and the Sr frac-
tion was evaporated to dryness. The residue was dissolved with
10 ll of 1M H3PO4, 1 ll of which (corresponding to �2 lg of Sr)
was loaded onto a previously outgassed Ta filament. Sr isotopic
compositions were determined using Finnigan MAT262 at the
University of the Ryukyus, Japan. The Sr standard NIST 987 gave
87Sr/86Sr = 0.710247 ± 0.000020 (2r; n = 12).
4. Results

4.1. Field occurrence and mineralogy of barite

Based on their occurrences and relation to the host iron ores,
barites in El Gedida area occurs in three modes. From bottom to
top of the iron-bearing sequence, they are the fragmented, intersti-
tial and disseminated barite. Fragmented barite occurs as pebble to
sand-size white to yellowish white barite along the unconformity
surface between the sandstone of the Bahariya Formation and
the iron-bearing horizon of the Naqb Qazzun sequence (Fig. 3A).
Geologists at El Gedida iron ores mine call this type as detrital bar-
ite. The thickness of this barite horizon ranges between 20 cm and
1 m as horizontal bed-like. Interstitial barite is present as pockets
and lenses ranging in diameter from few centimeters to 50 cm
inside the iron ores of the Naqb Qazzun sequence (Fig. 3B). Barite
of this type occurs as aggregates of white or colorless large crystals
(up to 5 cm long) and is exploited for commercial uses by oil com-
panies due to its purity and high specific gravity. The disseminated
barite occurs at the top of the iron-bearing horizon of the Naqb
Qazzun sequence as beds and lenses 50 cm to 2 m thick of rela-
tively large crystals of barite embedded in hematite and goethite
matrix (Fig. 3C). This type of varies in color from reddish to yellow-
ish white based on the contents of iron.

XRD analysis of the three types of barite shows that the intersti-
tial barite is composed entirely of barite. Fragmented barite is com-
posed of barite with traces of quartz, while the disseminated barite
is composed of hematite and goethite in addition to barite. Under
optical microscope, interstitial and fragmented barite occurs as
almost pure barite with some Fe-rich veinlets in the fragmented
barite. The disseminated barite occurs as large grey crystals inside
the Fe-bearing minerals (hematite and goethite).
4.2. Major oxides and rare earth elements

Distribution of major oxides in the fragmented, interstitial and
disseminated barites is summarized in Table 1. Except from the
BaSO4 contents that range between 75 and 97.5 (wt.%), barite sam-
ples exhibit low concentrations of major oxides such as SiO2 (0.17–
1.49 wt.%), Al2O3 (0.3–0.9 wt.%), TiO2 (0.13–0.44 wt.%), MgO (0.07–
0.15 wt.%), K2O (0.14–0.25 wt.%), Na2O (0.54–0.71 wt.%), P2O5
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Fig. 3. Field photos show the modes of occurrences of barite in the iron ores at
Bahariya Oasis. (A) Fragmented barite along the unconformity between the
Bahariya Formation and Naqb Qazzun iron-bearing sequence (red arrows). (B)
White barite as small lenses and interstitial (red arrows) inside the iron ore
(Hammer length is about 25 cm). (C) Disseminated barite at the top of the iron ores
horizon at El Gedida mine (arrows). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Table 1
Major oxides distributions (wt.%) in the three types of barite mineralizations from the
Bahariaya Oasis measured by XRF.

Major oxides Fragmented barite Interstitial barite Disseminated barite

BaSO4 95.99 97.45 75.02
Fe2O3 0.19 0.19 23.29
SiO2 1.49 0.49 0.17
Na2O 0.71 0.54 0.61
MgO 0.15 0.10 0.07
Al2O3 0.90 0.30 0.38
P2O5 0.14 0.05 0.18
K2O 0.25 0.15 0.14
CaO 0.01 0.01 0.01
TiO2 0.13 0.37 0.44
MnO 0.08 0.08 0.08
Sum 100.04 99.73 100.39

Table 2
Rare earth elements contents (ppm) in the three types of barite mineralizations from
the Bahariaya Oasis measured by ICP-MS.

Rare earth
elements

Fragmented
barite

Interstitial
barite

Disseminated
barite

La 10.23 11.37 4.15
Ce 0.51 0.56 1.34
Pr 0.08 0.09 0.20
Nd 0.28 0.31 0.80
Sm 1.41 1.57 0.61
Eu 3.48 3.87 3.35
Gd 2.32 2.58 1.05
Tb 0.00 0.00 0.05
Dy 0.03 0.04 0.32
Ho 0.01 0.01 0.07
Er 0.03 0.04 0.17
Tm 0.01 0.01 0.02
Yb 0.15 0.17 0.20
Lu 0.29 0.32 0.11
RREE 18.83 20.94 12.44
Ce/La 0.05 0.05 0.32
(La/Yb)N 44.99 44.99 14.27
Eu/Eu⁄ 5.88 5.88 12.81
Ce/Ce⁄ 0.03 0.03 0.18
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(0.05–0.18 wt.%). CaO and MnO occur in very low concentrations
lower than 0.1 wt.%. The disseminated barite shows relatively high
Fe2O3 content (23.29 wt.%) compared to the interstitial and frag-
mented barite samples (0.19 wt.%). On the other hand, fragmented
barite has slightly higher SiO2 and Al2O3 compared to interstitial
and disseminated barite samples probably due to the occurrence
of silicates inclusions from the underlying sandstone of the
Bahariya Formation.
Rare earth elements (REE) concentrations in the fragmented,
interstitial and disseminated barites are summarized in Table 2.
It shows that the RREE contents in the barite samples are very
low ranging between 12 and 21 ppm. There is no significant differ-
ence in the REE concentrations among the fragmented
(RREE = 19 ppm) and interstitial (RREE = 21 ppm) barites.
Disseminated barite shows lower RREE contents
(RREE = 12 ppm) compared to the fragmented and interstitial bar-
ites probably due to the higher Fe2O3 content in the disseminated
barite that might have diluted the REE contents in this barite. The
REE patterns were normalized to the chondrite REE concentrations,
which are average and reference values (e.g. Boynton, 1984;
McLennan, 1989). The Eu anomaly is calculated as E/E⁄ = (Eu/
EuN)/[(Sm/SmN)0.5 � (Gd/GdN)0.5], the Ce anomaly is calculated as
Ce/Ce⁄ = (Ce/CeN)/[(La/LaN)0.5 � (Pr/PrN)0.5] and LREE enrichment
relative to HREE as (La/Yb)N = (La/LaN)/(Yb/YbN) following Braun
et al. (1998). Chondrite-normalized REE patterns for the three bar-
ite types (Fig. 4) exhibit LREE enrichment relative to HREE as
shown by (La/Yb)N ratios range between 14 and 45. They also show
pronounced negative Ce anomalies ranging between 0.03 and 0.18.
4.3. Strontium isotopes

The 87Sr/86Sr ratios of samples represent the fragmented, inter-
stitial and disseminated barites are shown in Table 3. Although the



Fig. 4. Chondrite-normalized REE patterns for the fragmented, interstitial and
disseminated barites from the Bahariya iron ores.

Table 3
Strontium isotopic compositions (‰) for the three types of barite mineralizations
from the Bahariaya Oasis.

Barite
mineralization

Sample Sr isotopic
composition
(‰)

Sr isotopic composition (‰) of
Middle Eocene seawater (e.g.
Veizer, 1989)

Fragmented 1–2 0.710808 0.70773–0.70778
1–3 0.711067
2–1 0.709688
2–2 0.709715
2–3 0.709760
Average 0.710208

Interstitial 5–1 0.708704
5–2 0.708936
5–3 0.708696
6–1 0.712055
6–2 0.711464
6–3 0.709194
Average 0.709842

Disseminated 3–1 0.707422
3–2 0.711120
3–3 0.709664
4–1 0.709827
4–2 0.710543
4–3 0.712237
Average 0.710136

Table 4
Sulphur isotopic compositions (‰) for the three types of barite mineralizations from
the Bahariaya Oasis.

Barite
mineralization

Sample Sulfur
isotopes
(‰)

S isotopic composition (‰) of Middle
Eocene seawater (e.g. Claypol et al.,
1980; Paytan et al., 1998; Bottrell and
Newton, 2006)

Fragmented DB 1 15.16 20–22
DB 2 15.62
DB 3 15.31
DB 4 14.39
DB 5 15.60
Average 15.22

Interstitial AB 1 15.98
AB 2 16.81
AB 3 15.55
AB 4 16.87
AB 6 18.92
AB 7 14.94
Average 16.51

Disseminated IB 1 18.09
IB 2 16.69
IB 3 18.19
IB 4 17.34
Average 17.58
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87Sr/86Sr ratios in the studied samples are slightly variable, no par-
ticular trend in these values among the different types of barite
mineralizations. The 87Sr/86Sr ratios vary between 0.707422 and
0.712237. The 87Sr/86Sr ratios in the fragmented barite range from
0.709688 to 0.711067, while the 87Sr/86Sr ratios range
from 0.708696 to 0.712055 in the interstitial barite and the ratios
vary between 0.707422 and 0.712237 in the disseminated barite.
4.4. Sulfur isotopes

The sulfur isotopic composition d34S of samples represent the
fragmented, interstitial and disseminated barites are listed in
Table 4. Although the d34S values in the studied samples are vari-
able, no definite trend in these values among the different types
of barite mineralizations. The d34S values in the analyzed samples
vary between 14.39‰ and 18.92‰. In the fragmented barite the
ratios range from 14.39 to 15.62 ‰, while in the interstitial barite
the d34S values range from 14.94‰ to 18.92‰ and in the dissemi-
nated barite the ratios vary between 16.69‰ and 18.19‰.
5. Discussion

5.1. Barium source for the barites

Source and origin of the three studied barite types will be dis-
cussed here based on their rare earth geochemistry as well as sul-
fur and strontium isotopes.

According to Guichard et al. (1979), the mineral barite (BaSO4),
which occurs in both terrestrial and marine environments, could
offer a rewarding system to study the rare earth geochemistry
because: (1) The REE pattern for sea water has a characteristic ‘V’
pattern and negative Ce anomaly (Hogdahl et al., 1968). (2)
Marine sediments are distinct from basic rock or hydrothermal
patterns (Goldberg et al., 1963; Haskin et al., 1968) and may distin-
guish the marine versus magmatic modes of barite formation. (3)
The enrichment of Eu(II) at the expense of Eu(III) in barite could
reveal redox conditions at the loci of formation. (4) The natural
fractionation of rare earth elements by low temperature aqueous
minerals such as barites might be useful in interpreting crystalliza-
tion chemistry, rare-earth solution complexing and the utilization
of rare earths for interpreting both diagenetic and late stage mag-
matic events.

Both the concentrations and patterns of rare earth elements
have been applied to distinguish between the marine and non-
marine barites. Deep-marine barite is characterized by high con-
centrations of rare earth elements while land and hydrothermal
barites exhibit lower total REE concentrations. In general, deep-
marine barites contain 10–100 times more REE than those found
on the continents (Guichard et al., 1979). Hein et al. (2007) also
reported very low concentrations of REE in the rifted continental
margin barite from Southern California that formed from low-tem-
perature hydrothermal fluids that circulated along faults. The three
types of barites from the iron ores of the Bahariya Oasis have low
rare earth elements concentrations suggesting their possible
hydrothermal origin. According to Church and Bernat (1971), the
Ce/La ratio is very low in deep-marine barite (Ce/La = 0.33) com-
pared to the terrestrial barite (Ce/La = 1.37). The Ce/La ratios in
the three barites analyzed in this study (0.05–0.32) are very close
to those of the deep-marine barite, which in turn indicates a
deep-marine origin of these barites.

As to the rare earth pattern, deep-marine barites present the
chondrite-normalized Eu minimum, but not the negative Ce



Fig. 5. d34S versus 87Sr/86Sr binary plot shows that the studied barites can be
classified into two groups based on their Sr isotopic compositions.
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anomaly, of sea water, while chondrite normalized positive Eu
anomalies are displayed by those varieties of reducing sedimentary
and metamorphic origin (e.g. Guichard et al., 1979). Hein et al.
(2007) used the light REE enrichment in the Chondrite-normalized
REE patterns of the rifted continental margin barite from Southern
California to indicate a typical marine hydrothermal origin of this
barite. Chondrite-normalized REE patterns for the studied barite
samples show LREE enrichment relative to HREE with pronounced
negative Ce anomalies. This pattern is very similar to the character-
istic ‘V’ shape pattern of deep-marine barite as does fish bone deb-
ris and calcareous oozes (Bernat, 1975). Although Guichard et al.
(1979) pointed out that Ce appears to display no characteristic
anomaly in any barite type, including those found in the deep
sea, the studied barites in the Bahariya iron ores exhibit pro-
nounced negative Ce anomalies. This negative anomaly has been
used to characterize the marine (versus volcanogenic) origin of
authigenic metalliferous precipitates on mid-ocean ridge systems
(Bender et al., 1971).

The 87Sr/86Sr ratios don’t fractionate during crystallization or
dissolution of hydrothermal minerals (Matter et al., 1987) and
87Rb, the parent of 87Sr, cannot be incorporated in the crystal lat-
tice of barite at concentrations higher than 100 ppb (Hofmann
and Baumann, 1984), and therefore cannot significantly change
the Sr composition of barite over time. Therefore, the Sr isotopes
in barite can be used safely to reflect the isotopic ratio of the fluid.
If the studied barite precipitates from seawater at that time
(Middle Eocene), Sr isotopic composition of barite should be the
similar to those of seawater at that time (87Sr/86Sr = 0.70773–
0.70778, e.g., Veizer, 1989). Sr isotope ratios of the three types of
barite (0.7087–0.7122, except for one data of 0.7074) are higher
than those of seawater. Substantial deviation of the Sr isotope
ratios of barites from seawater were attributed to modification of
the strontium from other sources such as older marine sediments,
terrigenous material, meteoric water (e.g. Torres et al., 1996;
Aquilina et al., 1997; Canet et al., 2014). According to Staude
et al. (2011), barites of hydrothermal origin exhibit relatively high
Sr isotopes ratios (0.709–0.720). Fluid-mixing scenario has been
postulated as a possible source of barite and mixing ratios from
the different sources were calculated based on Sr isotopes (e.g.
Staude et al., 2011). Therefore, the higher Sr isotopes ratios in the
studied barites compared to the Middle Eocene seawater could
support the conclusion derived from the rare earth elements that
these barites have a mixed source of seawater and hydrothermal
fluid.

The sulfur isotopes ratios are more or less homogeneous and
have no significant variations in the three studied barites suggest-
ing a homogeneous or single (common) source for these barites.
The S isotopes values of the studied barites range between 14‰

and 19‰, which are lower than those of the Middle Eocene sea-
water (20–22‰, e.g. Claypol et al., 1980; Paytan et al., 1998;
Bottrell and Newton, 2006). According to Staude et al. (2011), bar-
ites of hydrothermal origin in general show relatively low S iso-
topes ratios (1.5–20.0‰). Therefore, the low d34S of the studied
barites compared to the coeval seawater at Middle Eocene might
be due to a contribution from hydrothermal fluid that lowered
the S isotopes ratios of these barites.

Staude et al. (2011) used a binary plot between Sr and S isotope
ratios to distinguish between different barite groups. Barites from
the Bahariya Oasis can be distinguished into two groups using this
plot (Fig. 5). A group of five analyses have more radiogenic Sr iso-
topes values compared to others, although they still have similar S
isotopes values. The heterogeneous Sr ratios among the studied
barites may indicate a multiple source of the hydrothermal fluid.
According to Staude et al. (2011), high Sr isotopic compositions
reflect basement-derived brine, while the lower radiogenic Sr com-
positions represent sedimentary cover fluid. The underlying
clastics of the Bahariya Formation as well as the unexposed
Basement Complex can be considered the sources of the
hydrothermal fluid for the barites in the iron ores of the Bahariya
Oasis. Following findings of Staude et al. (2011), clastics of the
Bahariya Formation is the possible source of low radiogenic Sr
compositions, while the Basement Complex is the possible source
of the high Sr isotopic compositions in the studied barites.
5.2. Implication for the origin of the host iron ores

Although the sedimentary iron ores in the Bahariya Oasis have
been extensively studied previously with respect to their geology
and geochemistry, their origin is still unclear. Barites, the subject
of this work, associate these iron ores either underlying or dissemi-
nated inside them which indicates a genetic relationship between
the barites and host iron ores. Rare earth elements distribution and
patterns, as well as strontium and sulfur isotopes, suggested mixed
marine and hydrothermal sources of the barite mineralizations.
The seawater source of the barites has been indicated from the
low Ce/La ratios, ‘‘V’’ shape of the rare earth pattern and pro-
nounced negative Ce anomalies. On the other hand, the hydrother-
mal source contribution was evident from the low concentrations
of rare earth as well as the modification of both S and Sr isotopic
compositions of the seawater at the time of barite formation (i.e.
Middle Eocene).

Geological observations indicate the close association of barites
with the iron ores at their base, inside and at the top of them. This
in turn suggests a genetic relationship between these barites and
the host iron ores. Therefore, the same mixed seawater and
hydrothermal fluid model for the barites can also be applied for
the source of the host iron ores. The hydrogeneous origin of these
iron ores have been postulated by Baioumy et al. (2013) based on
detailed mineralogical, petrographic and geochemical investiga-
tions on the high-Mn iron ores in the same area (El Gedida iron
mine). Moreover, a mixed source of seawater and hydrothermal
fluids were suggested for the iron ores in the Bahariya Oasis by
Baioumy et al. (2014) based on trace and rare earth elements geo-
chemistry of these ores.
6. Conclusions

Barite mineralizations that associate the iron ores in the
Bahariya Oassis occur in three modes, namely; fragmented barite
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underlying the iron ores, interstitial barite inside the iron ores and
disseminated or disseminated barite at the top of the iron-bearing
succession. Rare earth elements distribution and patterns as well
as strontium and sulfur isotopes of these barites suggest mixed
source of seawater and hydrothermal fluid for the barite mineral-
izations. The seawater source has been indicated from the low
Ce/La ratios, ‘‘V’’ shape of the rare earth pattern and pronounced
negative Ce anomalies. In the meantime, the contribution from
the hydrothermal fluid was evident from the low concentrations
of rare earth elements and deviation in both S and Sr isotopic com-
positions from those of the seawater at the time of barites forma-
tion (Middle Miocene). The clastics of the Bahariya Formation and
Basement Complex can be the source of the hydrothermal fluids.
The three types of studied barite probably form simultaneously
as indicated from the similarity in their REE as well as S and Sr iso-
topic compositions. As the geology and occurrence of the barites
suggest a genetic relationship between these barites and the host
iron ores, the same mixed seawater and hydrothermal fluid model
for barites is still applicable for the source of the host iron ores.
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