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Abstract: The redeposition of pristine phosphorite plays an important role in phosphorus accu-
mulation, which created reworked phosphorite extensively on the continental shelf. This paper,
using geochemical analysis combined with data from petrology and diagenesis, focuses on the
reconstruction of the formation processes of the Late Cretaceous Thaniyat phosphorite deposition
in northwestern Saudi Arabia, which is a part of the famous large Neo-Tethys Ocean’s phosphorite
deposit. The results of our study illustrate that the phosphorites represent the reworked products
from the north, close to the edge of the Neo-Tethys Ocean’s shelf, where upwelling had accreted the
pristine phosphorite. The reworked phosphatic grains were redeposited near the shore in sandstone,
forming sandy phosphorite and on a carbonate platform and creating calcareous phosphorite. The
microscale sedimentological and geochemical information hosted in the eroded phosphorite grains
indicates that the source sediment, pristine phosphorite, occurred under a fluctuating geophysical
condition and in a relatively limited geochemical environment. They were physically crushed and
transported landward and deposited under oxic conditions, forming the Thaniyat phosphorites.
Early diagenesis in the Thaniyat phosphorite was evidenced by recrystallization of the phosphate
minerals, geochemical depletion, and C and O isotope excursion.

Keywords: depositional processes; diagenesis; sedimentary environment; reworked phosphorite;
Saudi Arabia

1. Introduction

As one of the three major macronutrients, phosphorus is a crucial element for the
growth of organisms [1,2] and plays an important role in the origin of life, e.g., [3]. Phos-
phorite is a marine sedimentary rock type containing at least 18 wt.% P,O5 and is the main
ore of the element phosphorous [4]. At present, phosphorite ore serves as the backbone
of phosphate fertilization, which fertilizes global agriculture, e.g., [5-8]. The Middle East
hosts the majority of the global phosphorite reserves; exhaustive mining of phosphate has
appeared in the northern part of Jordan, etc.; China, which has less than 5% of the global
phosphorite reserves, also dominates the global phosphate products [9-11]. There is no
doubt that the global phosphate supply security is extremely urgent.

As the majority of the phosphorite, reworked phosphorite commonly occurred in
offshore environments near the west coast of the ocean, such as Namibia and Peru in the
west of the Atlantic and Pacific Ocean [12,13]. These reworked phosphorites were related
to upwelling, which brought in an abundance of nutrients and accumulated phosphorus
via blooming and burial of plankton [12,14-16]. Hydrolysis and microbial catalysis of
the buried phosphorus-rich organic matter form the precursor of the pristine phospho-
rite [17,18] and the fluctuation of the sea-level are possible causes of erosion and physical
transportation of the pristine phosphorite landward, forming reworked phosphorite [19].

Minerals 2021, 11, 350. https:/ /doi.org/10.3390/min11040350

https:/ /www.mdpi.com/journal /minerals


https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0001-8315-0650
https://orcid.org/0000-0003-4711-7663
https://doi.org/10.3390/min11040350
https://doi.org/10.3390/min11040350
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/min11040350
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/2075-163X/11/4/350?type=check_update&version=2

Minerals 2021, 11, 350

2 0f 29

The upwelling driving and physical erosion and transportation is a generally accepted
depositional process of reworked phosphorite. However, the formation details and the sed-
imentary environment evolution of the reworked phosphorite are still not well understood.

Thaniyat phosphorite in northern Saudi Arabia developed in the Late Cretaceous and
is part of the world’s largest Neo-Tethys Ocean’s phosphorite deposit. Occurring near the
south coast of the Neo-Tethys Ocean, Thaniyat phosphorite is a typical reworked phos-
phorite consisting of detrital quartz grains, reworked phosphorite grains, and carbonate
cements. Abundant reserves and convenient mining conditions enable the phosphorite in
northern Saudi Arabia to be industrially produced [20]. However, the poor understanding
of the formation mechanism of the Thaniyat phosphorite has significantly obstructed the
prediction and exploration of buried phosphorite in depth. This has a negative impact
on the phosphate supply in Saudi Arabia. Additionally, reworked phosphorite is widely
deposited in the south coast of the Neo-Tethys Ocean, such as in Algeria and Tunisia [21,22].
The investigation of the Thaniyat phosphorite could shed a light on understanding the
formation of reworked phosphorite in the Noe-Tethys Ocean’s phosphorite deposit.

Geochemical and sedimentological data were used to decipher the detailed informa-
tion of the Thaniyat reworked phosphorite in this research to reconstruct the depositional
processes and sedimentary environment that the Thaniyat reworked phosphorite has un-
dergone. Additionally, the diagenetic events were recognized, which occurred after the
deposition of the Thaniyat phosphorite. Finally, we established a scenario to interpret the
formation mechanism of the Thaniyat phosphorite.

2. Geological Setting
2.1. Tectonics and Paleogeography

The Sirhan-Turayf basin is located on the north side of the Arabian Shield, and
adjacent to the Palmyra fold belt in the north, and the Dead Sea transform in the west. The
movement of the Arabian Plate created Zagros thrust and Bitlis suture in the northeast [23].
A microplate, named Anatolian Plate, which is also the north branch of the Neo-Tethys
Ocean, is located between the Arabian Plate and the Eurasian Plate. The subduction of
the Anatolian Plate to the north indicated the tectonics is characterized by the gradual
closure of the Neo-Tethys Ocean in the Late Cretaceous [24,25]. The Sirhan-Turayf basin is
in the south of the Neo-Tethys Ocean, which is a shallow marine depositional basin, and
the research area in the south part of the Sirhan-Turayf basin is near the shore in the Late
Cretaceous [26]. Located in the east of Sirhan Arc, which is developed in the N-S direction,
the research area is on a carbonate platform, where upwelling occurred frequently [27].

2.2. Stratigraphy

The research area is located in the northwestern part of Saudi Arabia that borders
Jordan on the south and is adjacent to the Arabian Shield (Figure 1a). Sedimentary phos-
phorite was identified in 1965 in commercial quantities in the Sirhan-Turayf basin within
the northwestern corner of Saudi Arabia (Figure 1a). More than six phosphorite localities
had been identified within this basin, and the Thaniyat is one of them (Figure 1b) [20]. The
outcrops of the Thaniyat escarpment and drillings revealed the sedimentary stratigraphy
in this area.

The Thaniyat phosphorite occurred in the Late Cretaceous, which overlies the Late
Cretaceous Zallum Formation. The Zallum Formation consists of white to mottled brownish
red, lavender, and purple unconsolidated sandstones (Figure 1b), and is different from
the contemporary formation to the north, such as the Amman Formation in the middle
of Jordan, which developed chert deposits [28]. Unconformably underlaying the Zallum
Formation is the Devonian Jubah Formation and Jauf Formation, which are dominated by
limestone and dolomite.

The Thaniyat Phosphorite Member is in the bottom part of the Jalamid Formation
(Figure 1c). These thin phosphorite beds consistently extend to the north, crossing toward
Jordan [20,29-31]. At its base is a bed of phosphorite that is largely friable to semi-friable.
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The upper part of the type section is composed of thin beds of phosphorite, which is
semi-friable to calcareous and hard, in addition to chert, micrite, and dolomicrite [32,33].
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Figure 1. Geological background of the Arabia Plate and stratigraphy of the Sirhan-Turayf basin: (a) geologic map of the
Arabian Peninsula and its surroundings, marked with the location of the research area in the northwestern part of Saudi
Arabia modified after [34]. (b) geological map of the research area, south part of the Sirhan-Turayf basin. The sampling
work was conducted on the escarpment in the south of the basin (marked by red triangles), and drill hole samples were
used for C- O-isotope analysis; and (c) the general stratigraphy of Sirhan-Turayf basin in the northwestern part of Saudi
Arabia, showing the Thaniyat Phosphorite Member occurred in the late Cretaceous sequence modified after [32].

Mira Formation, consisting of marl and micrite, unconformably overlies the Thaniyat
Phosphorite Member (Figure 1c), which initiated the start of the early Eocene and is marked
by a very thin layer of chert. The Eocene carbonates spread out over the entire margin of
the northern Arabian Peninsula [35].

2.3. Phosphorite Occurrence

The phosphorites in the northwestern part of Saudi Arabia and south Jordan form
an important part of the Late Cretaceous—Eocene Tethys Ocean’s phosphorite deposit
that extends from the eastern Mediterranean through North Africa to Columbia and
Venezuela [36-38]. The Thaniyat Phosphorite Member in the northwestern part of Saudi
Arabia had developed in interbedded thin layers, in which phosphorite layers are domi-
nated. The thickness of the Thaniyat Phosphorite Member ranges from 3 to 5 m [20]. Two
types of phosphorite were recognized based on the rock component—sandy and calcareous
phosphorites. The sandy phosphorite, consisting of quartz grains and phosphatic grains, is
dominantly occurred in the bottom part of the Thaniyat Phosphorite Member and usually
lacks interlayers. In contrast, the calcareous phosphorite, consisting of phosphatic grains



Minerals 2021, 11, 350

4 0f29

and calcareous cements, developed after the sandy phosphorite and contains interlayers of
chert, mudstone, and micrite. In the most upper part of the Thaniyat Phosphorite Member,
a chert breccia layer insistently occurred.

Phosphatic grains dominate the phosphate components, which include pellets, ooids,
and bone fragments. The phosphatic grains are medium to coarse and can be usually identi-
fied easily by their white-gray color, round shape, or organic texture. The phosphorite beds
can be described as being well-packed, sorted, friable and semi-friable, sandy phosphorite
to friable, chalky, or locally hard, calcareous phosphorite.

3. Materials and Methods

Samples were collected along the escarpment in the south of the Sirhan-Turayf basin,
where the Thaniyat Phosphorite Member was outcropped, and from the cores in the drill
holes near the escarpment to the north (Figure 1b). A total of 12 outcrop samples and
14 core samples were collected. The samples are mainly sandy phosphorite and calcareous
phosphorite, and some phosphatic chert and phosphatic mudstone samples were collected
from cores. The samples presented the Thaniyat phosphorite, which is several meters
in thickness, occurred in the very late of the Cretaceous, and dominated the Thaniyat
Phosphorite Member in the Sirhan-Turayf basin.

Thin sections of the Thaniyat phosphorite were analyzed using a Leica DM4 P micro-
scope and were also analyzed using a Zeiss Sigma 300 scanning electron microscope (SEM)
with a Bruker XFlash 6130 (Carl Zeiss Microscopy Ltd., Cambridge, UK) probe for energy
dispersive spectrometry (EDS) analysis after carbon-coated by using a Leica EM ACES500.
The SEM analysis was conducted under the energy of 20 kV and the work distance for the
probe was 8-10 mm.

The phosphate samples were analyzed for their major, minor, trace, and rare earth
element contents. The major elements were determined using X-ray fluorescence (AB104L,
AxiosMAX, PANalytical, Almelo, Netherlands), and for their in-situ measurement, electron
probe microanalysis (EPMA, JXA 8100, JEOL, Tokyo, Japan) was used. The trace and rare
earth elements were determined using inductively coupled plasma mass spectrometry
(ICP-MS, NexlIon300D, Perkinelmer, Waltham, MA, USA). The samples were digested
using hydrochloric and nitric acids, and after sufficient dissolution, they were centrifuged
and filtered. Standard reference materials were also analyzed, together with the samples,
and the accuracies of the obtained values for the major and trace elements were +5% and
£3%, respectively.

For each sample, about 100 mg were weighed and dissolved by using acetic and
hydrochloric acids for the measurements of their carbonate and phosphate fractions and
then were dried. Afterward, the sample was dissolved with nitric acid and with Rh as an
internal standard for analysis. The rare earth elements were analyzed using an ICP-MS
(NexIon300D, Perkinelmer, Waltham, MA, USA). The Ce, Eu, Y, and Pr anomalies in both
the carbonate and phosphate fractions were calculated using the following equations:
Ce/Ce* = 3CeN/(2Lay + Ndn); Eu/Eu*= 2Eun/(Smy + Gdn); Y/Y* = 2YN/(Dyn + Hon);
and Pr/Pr* = 2PrN/(Cen + Ndy) [39-41], where N refers to the normalization of the
concentrations using the Post-Archean Australian Shale (PAAS) standards [42].

The C and O isotopes were analyzed according to the methods for carbonate C and O
isotope analyses. The powdered sample was digested with HNO3 and was analyzed using
a Kiel IV device attached to a Thermo MAT 253 mass spectrometer that is equipped with a
dual inlet system. The liberated CO2 was carried by He. All conventional stable isotope
values are expressed using the standard per mil notation and are reported here based on
the Vienna Peedee Belemnite (VPDB) standard. The accuracy of the measurement is +0.1%
for the §!'3C and 4-0.2% for the §%0.
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4. Results
4.1. Petrography of the Phosphorite
4.1.1. Sandy Phosphorite

The sandy phosphorites are composed of quartz and phosphatic grains, matrix, and
slight carbonate cement (Figure 2). The densely and randomly packed phosphate pellets
and coated grains are round or sub-round, deposited with clay matrix and organic matter
(Figure 2a). The compacted phosphate grains are crushed and partially cemented by calcite
(Figure 2b). The diameter of the phosphate grain varies from 0.1 to 1.0 mm. The differences
are set in a phosphatic matrix, excluding quartz grains and terrestrial matrix (Figure 2c).
Few grains show significant biological characteristics. They may be derived from bone
fragments, deposited with the quartz grains and the calcite cement (Figure 2d). The matrix
in sandy phosphorite is clay and organic matter, and some interstitial space is filled by
calcite cement, which was formed after deposition (Table 1).

Figure 2. Assembled backscattered scanning electronic microscopy (BSEM) photographs of the sandy
phosphorite from the Sirhan-Turayf basin in the northwestern part of Saudi Arabia: (a) phosphatic
pellet (PhP), quartz grains (Qtz), clay matrix, and calcite cement (Cal) are the main components;
(b) phosphatic pellet (PhP) and phosphatic ooid (PhO), cemented by calcite (Cal); (c) phosphatic
grains with different grain sizes and morphology; the boundary-clear grain and the amorphous
grain (Ph, dotted line) aggregated together with phosphatic matrix, filling in the pores; and (d)
phosphatized bio-fragment (bone) and quartz grains cemented by calcite.
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Table 1. Sedimentary characteristics of the sandy and calcareous phosphorites from the Thaniyat

Phosphorite Member in northern Saudi Arabia.

Sediment Features

Calcareous Phosphorite

Sandy Phosphorite

Bedding

Phosphate fraction

Vertebrate fragments

Allochthonous
non-phosphate clasts

Carbonate fraction

Diagenesis affection

Spatial distribution

Relative thin, interbedded

with thin chert, carbonate, and

mudstone layers
Pellet grains, ooids,
amalgamated greater grains
and boundary-unclear
concretions, and bio-derived
particles
Sporadic

Rare or absent

High (calcareous matrix)
Apatite and calcite cemented
densely, distinguished
compaction, hematite, and
pyrolusite cement.
Spreading under the
carbonate and over the sandy
phosphorite

Thick, varies in the top part of the

Devonian sandstones
(unconsolidated).

Same with calcareous
phosphorite, fewer ooids but
more pellets.

Sporadic
Often present, quartz grains and
terrestrial matrix (clay minerals
etc.)

Low (carbonate cement)
Calcite and clay minerals
cemented partially, apatite
re-crystallization, hematite, and
pyrolusite cement
In the uppermost part of the
sandstone layer, beneath the
calcareous phosphorite

4.1.2. Calcareous Phosphorite

The calcareous phosphorite deposited overlying the sandy phosphorite contains dif-
ferent forms of phosphatic grains and calcareous cement. The grains are mainly phosphatic
ooids, pellets, and bio-fragments. They are compacted tightly, with some cortex peeled off,
or the grains are crushed (Figure 3a). The content of the phosphatic component is higher
than, and the texture is significantly different to, that in the sandy phosphorite estimated
by using an optical microscope. The different grains are tightly cemented by calcite, and
the amount of organic matter is lesser than sandy phosphorite. The phosphatic ooids may
contain multiple cores, and the cores are also coated ooids (Figure 3b). There are also some
minor forms of phosphate, such as phosphatic grains with unclear boundaries (Figure 3c),
and bio-fragments, possibly chips of bones or shells (Figure 3d). The phosphatic grains in
the calcareous phosphorite are cemented by calcite (Table 1).

According to the lithology research on the outcrops and microscale observation us-
ing optical and electron scanning microscopes, a brief comparison between the sandy
phosphorite, which is dominated the lower part of the Thaniyat Phosphorite Member,
and the calcareous phosphorite, occurred after the sandy phosphorite was made (Table 1).
The composition, sedimentary structure, and lithological association are all significantly
different between the sandy phosphorite and the calcareous phosphorite. These differ-
ences reflect the variation of the sediment source, sedimentary dynamic environment,
and potential diagenesis that occurred after deposition from sandy phosphorite to the
calcareous phosphorite.
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Figure 3. Assembled BSEM and polarized microscope photographs of calcareous phosphorite from
the Sirhan-Turayf basin in the northwest of Saudi Arabia show significant carbonate growth, exten-
sively filling the pores and fractures in the phosphatic grains: (a) BSEM image shows a phosphatic
ooid (PhO) compacted with calcite cement. Its cortex has been crushed and peeled off; (b) polarized
microscope image shows a multiple core ooid grain. The cores are also phosphatic ooids; (¢) BSEM
image shows that the shape of an amorphous phosphatic grain (Ph) is determined by the ambient
grains; and (d) polarized microscope image shows that the phosphatic grains and the phosphatized
bio-fragments are cemented by pore-filled calcite.

4.1.3. The Phosphatic Component

The phosphatic components are dominated by coated grains and phosphatic pellets.
The chemical composition of the phosphatic component was confirmed by the EDS. The
coated grains are phosphatic ooids. They have distinct concentric zonation, consisting of
alternating light gray and dark gray phosphatic layers (Figure 4a). The cores of the ooids
are structureless phosphatic pellets, and they are usually tens to hundreds of microns in
diameter. Multiple ooids could serve as the core of a new larger ooid (Figure 4b). The abun-
dant microscale observation results reveal that ooids are more common in the calcareous
phosphorite than in the sandy phosphorite. The phosphatic pellets show a structureless
interior pattern and are deposited chaotically with the ooids (Figure 4c). The size of the
pellets and the ooids varies, and they are the majority of the phosphatic components.
During the growth of an ooid, other grains, including bio-fragments (Figure 4d) or quartz
grains (Figure 4e), can serve as a core in forming an ooid. These ooids lack concentric
zonation. One layer of cortex surrounds the irregular core and creates a new round grain.
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Figure 4. BSEM photographs of phosphatic grains from the Sirhan-Turayf basin: (a) a phosphatic ooid
(PhO) has several unconformable cortices (dotted white line); (b) a multi-stage integrated phosphatic
grain includes phosphatic ooids with concentric zone texture; (c) different grain-sized phosphatic
pellets have structureless interior; (d) a phosphatic ooid has a bio-fragment core, rounded and pitted
on the surface; and (e) a phosphatic ooid has a core of fissured detrital quartz grain. Fractures occur
in the apatite cortex (AP).

Phosphatic components could also be present in other minor forms. The deposited
phosphates are commonly poorly crystallized, and their growth occurs near the surface
of the sediments undersea [18,43]. Their deformation and transportation could create
integrated grains that are rich in phosphate. The interior structure of an integrated grain is
complex, and these grains usually have larger sizes (Figure 5a). Most integrated grains show
unclear boundaries, which are directly associated with the integration of the phosphatic
pellets near the boundary (Figure 5b). Phosphatized bones and shells still show their
original structures, and their chambers are filled with apatite (Figure 5c). The reassembled,
phosphatized, and tiny bio-fragments are cemented together, set in a phosphatic matrix,
and shown as a solid, internally complex grain (Figure 5d). Partially, these phosphatized
bio-fragments remain in their original forms without cement or reassembled as grains.
They were deposited in different sizes and irregular shapes (Figure 5e).
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Figure 5. Assembled BSEM photographs show the various phosphate components in the phosphorite
from the Sirhan-Turayf basin: (a) a multi-stage integrated complex phosphatic grain, including
various sizes of phosphatic pellets and structureless larger phosphatic grains (possibly collophane).
This integrated grain is significantly larger than the other grains that surround it; (b) a relatively large
phosphatic grain, including the phosphatic pellets on its rim, ambiguous in the grain boundary; (c) a
phosphogenized bio-fragment. The grain has crushed, and the chamber was filled with apatite; (d) a
phosphatic grain contains the small-scale bio-detritus; and (e) bio-debris in different sizes and shapes.

The main minerals of the phosphatic component are likely fluorapatite, carbonate
fluorapatite, and hydroxyapatite, but occurring in crystallite or amorphousness, which is
hard to recognize the crystalloid of the minerals according to the morphology using the
SEM. However, the chemical information worked out by EDS and more precisely confirmed
by EPMA indicated the consistent chemical component of the phosphatic ooids and pellets
to be the phosphate minerals, and the previous research concluded that fluorapatite, car-
bonate fluorapatite, and hydroxyapatite dominated the phosphorite in the phosphogenetic
province where the Sirhan-Turayf basin is located in [44].

4.2. Element Distribution
4.2.1. Major, Minor, and Trace Elements of the Phosphorite
Commonly, the major elements of the shelf sediments can be grouped into two.

The “siliciclastic” group represents the terrestrial influx, including Si, Ti, Al, Mg, and
K. The “authigenic” group represents the marine-derived fraction, which includes P, Ca,



Minerals 2021, 11, 350

10 of 29

and Na, e.g., [41,45]. Petrographically, quartz dominates the siliciclastic components,
which are exemplified by the terrestrially supplied quartz grains. The SiO; content in the
sandy phosphorite varies from 33% to 56%, with an average of 42%, while the calcareous
phosphorite has a relatively lesser SiO, content, which ranges from 3% to 21%, with an
average of 9%. The calcareous phosphorite contains 32% P,Os5 and 46% CaO contents on
average, which is more than half of those found in sandy phosphorite, with 19.5% P05
and 29% CaO on average. These three components consist nearly 90% of the bulk of the
phosphorite. The amounts of Al,O3, MgO, Na;O, K;O, Fe;O3, MnO, and TiO; are less
than 1% in both types of phosphorite, presenting as minor components (Table 2).

Table 2. The concentration of major and minor elements (wt.%) in sandy and calcareous phosphorite from the Sirhan-Turayf

basin, in northern Saudi Arabia.

Sample ID Lithology SiO, AlLO3; Fe;O3 MgO CaO NayO K,O MnO TiO, P,05 LOI?
C-Ph-16 1283 1.19 292 135 424 082 0104 0029 0074 2857 5.64
C-Ph-17 338 0893 0204 0657 4206 7.03 0124 0022 005 2935 13.70
C-Ph-21 Caloarcous 2132 0958 0891 0278 406 0497 0067 0017 0062 2831  3.00
C-Ph-22 321 0797 0437 0323 50.67 0791 0052 0015 004 3591 322
C-Ph-24 phosp 1022 2.06 0399  0.644 4604 0511 0119 0039 0116 325 331
C-Ph-26 83 1.11 0404 063 4671 119 0067 0.009 006 33.08 441
C-Ph-53 429 0927 171 029 5015 037 0058 0021 0062 3542 2.6
C-Ph-25 3333 0502 034 028 3068 353 0059 0007 005 2093 7.8
C-Ph-45 Sandy 3324 126 0573 0493 33.62 0473 0263 0023 0081 2313  3.13
C-Ph-46 oY o 4237 0393 0285 0353 2948 0361 008 001 003 198 311
C-Ph-49 phosp 4662 0134 0648 019 272 0706 0.028 0.02 0037 1881  2.60
C-Ph-50 5574 0187 0433 026 2191 0751 0036 0047 002 1492 267

The trace element group is mainly made up of V, Cr, Ni, Cu, Zn, and Sr, and their con-
centrations range from tens to hundreds of ppm. The trace element contents of calcareous
and sandy phosphorites show slight differences (Table 3).

Table 3. Trace element concentration (x 10~¢) of sandy and calcareous phosphorite from the Sirhan-Turayf basin, in northern

Saudi Arabia.

Sample ID Lithology \% Cr Co Ni Cu Zn Sr Mo V/Ni V/Cr Ni/Co V/Mo
C-Ph-16 428 106 797 438 766 291 914 128 977 404 550 33438
C-Ph-17 240 789 874 50 873 241 552 206 480 304 572 11650
C-Ph-21 Caloarcous 833 58 898 35 624 206 215 58 252 152 390 15.22
C-Ph-22 bl 178 123 853 318 567 147 214 652 560 145 373 27.30
C-Ph-24 phosphon 811 134 807 282 515 171 169 196 288 0.6l 3.49 41.38
C-Ph-26 827 156 835 40 468 127 155 067 207 053 479 12343
C-Ph-53 186 130 856 541 407 253 155 656 344 143 632 28.35
C-Ph-25 587 453 696 248 731 148 198 352 237 130 356 16.68
C-Ph-45 Sand 56 712 482 224 603 195 296 496 250 079 465 11.29
C-Ph-46 o hg’rite 601 532 453 776 489 89 211 176 077 113 1713 3415
C-Ph-49 phosp 127 72 45 385 506 205 155 288  3.30 176 856 44.10
C-Ph-50 747 373 258 116 275 878 122 <0002 644 200 450  37350.00

4.2.2. Rare Earth Elements

Rare earth elements (REEs) are normalized against the Post-Archean Australian Shale
(PAAS) values [42]. The normalized REE patterns in both sandy and calcareous phospho-
rites show a slight hat-shape pattern (Figure 6a,b). Classifying the REEs into Light rare
earth elements (LREEs, La-Nd), middle rare earth elements (MREEs, Sm-Ho), and heavy
rare earth elements (HREEs, Er-Lu) [46], the values of normalized MREEs/LREEs and
MREEs/HREEs ratios range from 2 to 2.52 and from 1.13 to 1.77, respectively. The Ce
anomalies of the sandy and calcareous phosphorites are similar. The anomaly value varies
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from 0.4 to 0.66, illustrating a negative anomaly. Europium anomaly value ranges from
0.98 to 1.14, which shows negligible anomaly levels (Table 4).

The REEs in the chert and the mudstone, which are interbedded with the calcareous
phosphorite layers in the upper part of the Thaniyat Phosphorite Member, show distinc-
tively different patterns comparing to that of the phosphorite (Table 4 and Figure 6). The
REE pattern of the chert varies from “seawater-like” to one that is enriched with MREEs
and HREEs (Figure 6¢), while the patterns from the mudstone demonstrate the lack of
HREEs (Figure 6d). The chert samples show a strong negative anomaly of Ce and a slight
positive anomaly of Eu. The mudstones show negligible anomalies of Ce and Eu.

1.0q a

0.0-
037 C
] C-Ch-56
0.2
C-Ch-02
0.14
C-Ch-03
_ C-Ch-55
C-Ch-01
0.0/ C-Ch-52
0.9
d
0.71
0.5
C-M-18
| C-M-23
3 +——

LaN CeN PrN NdN SmN EuN GdN TbN DyN HoN ErN TmN YbN LuN

Figure 6. PAAS-normalized REE pattern of the phosphorite and ambient rocks of the Sirhan-Turayf
basin, see [42]: (a) sandy phosphorite; (b) calcareous phosphorite; (c) chert interbedded with the
phosphorite; and (d) mudstones interbedded within the phosphorite.
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Table 4. The concentration of rare earth elements (ppm) of sandy and calcareous phosphorite from the Sirhan-Turayf basin, in northern Saudi Arabia. The average
Post-Archean Australian Shale (PAAS) values used for rare earth element (REE) normalization are after McLennan (1989) and marked by N.

Lithology Calcareous Phosphorite Sandy Phosphorite Chert Mudstone
C- C- C- C- C- C- C- C- C- C- C- C- C- C- C-
Sample ID P Ph- P  Ph- P~ Ph-  Ph-  Ph- P Ph- P~ Ph-  Ch- Ch Ch-  Ch- v G G v
17 21 22 24 26 53 25 45 46 49 50 01 02 03 52
Lan 0.521 0.631 0.688  0.654  0.788 0.51 0728 0516  0.665 0283 0356 0244 0055 0.137 0.027 0.058 0.118 0.259 0.798 0.751
Cen 0.18 0265 0369 0245 0357 0275 0302 0304 0412 0119 0.158 0.08  0.022  0.055  0.022 0.03 0.05 0.107 0.649 0.648
Pry 0.292 0.413 0.49 0.369 0.554 0.391 0.533 0.381 0.53 0.168 0.227 0.149 0.034 0.094 0.022 0.036 0.069 0.153 0.674 0.681
Ndn 0.313 0.437 0.522 0.383 0.584 0.413 0.587 0.404 0.543 0.181 0.233 0.166 0.037 0.094 0.023 0.035 0.071 0.163 0.646 0.655
Smy 0.323 0503  0.618 0441 0676 0447 0701  0.461 0.672 0195  0.288 0.2 0.054 0109  0.036  0.036 0.078 0.182 0.751 0.751
Eun 0413 0.663  0.727 0582  0.891 0.564 0.88 0.53 0.8 0248 0333 0228 0072 0135 0.034 0.091 0.075 0.226 0.797 0.78
Gdn 0.472 0.708  0.777 0.62 0.891 0.633 0921 0562 0803 0273 0373 0264 0037 0156 0.024  0.026 0.076 0.247 0.835 0.794
Tbn 0.477 0.718 0.776 0.62 0.897 0.597 0.925 0.537 0.76 0.278 0.37 0.271 0.043 0.151 0.045 0.017 0.085 0.252 0.792 0.736
Dyn 0.489 0.731 0.797 0.665 0.889 0.579 0.968 0.553 0.756 0.314 0.374 0.28 0.053 0.161 0.047 0.032 0.093 0.276 0.69 0.637
Hon 0.555 0792 0829 0745 0956  0.631 1.029 0565 0772 0.363 0.43 0295  0.064 0.182  0.072  0.039 0.105 0.311 0.612 0.595
Ern 0.586 0.849 0.86 0814  1.039  0.688 1.07 0.604  0.807 0421 0449 0297 0.059 0205 0.084  0.055 0.099 0.304 0.653 0.6

Tmy 0.385 0.696 0.63 0.64 0.847 0528 0953 0479 0714 0326 0319  0.202 0.04 0.158  0.059  0.005 0.067 0.249 0.484 0.375
Ybn 0.422 0.73 0.695 0.677 0.879 0.585 0.869 0.489 0.695 0.387 0.372 0.208 0.035 0.159 0.078 0.017 0.084 0.214 0.539 0.447
Lun 0.353 0.654  0.691 0.693 0.91 0545 0949 0485 0.697 0346  0.381 0.162  0.042 0.178 0.079  0.005 0.053 0.24 0.453 0.381
YN 1.47 1.73 1.707 1.915 1.885 1.333 217 1.226 1.381 0.826 1.026 0.767 0.127 0.378 0.159 0.129 0.271 0.73 1.041 0.881

Y REEs 58.194  80.262 95682 75.846 104.03 72746 98.103 73.782 99.358 35.125 44.896 29.252  6.62 17.328 4967 6909 13495  31.162 127192  124.649
(MREEs/LREEs)x 2.09 2.36 2.19 222 2.28 2.17 2.52 2.00 2.12 2.23 2.23 2.37 217 2.35 2.72 1.52 1.67 2.19 1.62 157
(MREEs/HREEs)n 1.56 1.40 1.57 1.30 1.41 1.47 1.41 1.56 1.57 1.13 1.43 1.77 1.84 1.28 0.86 295 1.69 1.48 2.10 2.38
Eu/Eu* 1.04 1.10 1.04 1.10 1.14 1.04 1.08 1.03 1.09 1.06 1.01 0.98 1.58 1.02 115 295 0.98 1.05 1.01 1.01
Ce/Ce* 0.40 0.47 0.58 0.43 0.50 0.58 0.44 0.64 0.66 0.48 0.50 0.40 0.45 0.45 0.86 0.59 0.49 0.47 0.87 0.90
Y/Y* 2.82 2.27 2.10 2.72 2.04 2.20 217 2.19 1.81 2.44 2.55 2.67 2.18 2.20 2.69 3.59 2.73 2.49 1.60 143
Pr/Pr* 1.19 1.18 1.10 1.17 1.18 1.14 1.20 1.07 111 1.12 1.16 1.18 1.16 1.26 0.98 1.12 1.14 1.13 1.04 1.04
(La/Sm)n 1.62 1.25 1.11 1.48 1.17 1.14 1.04 1.12 0.99 1.45 1.23 1.22 1.02 0.76 1.61 1.51 1.42 1.06 1.00
(La/Yb)n 1.23 0.86 0.99 0.97 0.90 0.87 0.84 1.05 0.96 0.73 0.96 117 1.57 1.26 0.35 3.33 141 1.21 1.48 1.68
(Dy/Sm)n 1.52 1.45 1.29 1.51 1.32 1.30 1.38 1.20 1.13 1.61 1.30 1.40 0.98 1.48 1.30 0.90 1.19 1.51 0.92 0.85
(La/Nd)n 1.66 1.44 1.32 1.71 1.35 1.23 1.24 1.28 1.22 1.56 1.53 147 1.49 1.46 1.17 1.66 1.66 1.59 1.24 1.15

Y/Ho 72.18 59.49 56.08 70.05 53.75 57.60 57.45 59.11 48.76 61.94 65.02 70.89 54.44 56.67 60.56 88.97 70.29 63.96 46.37 40.34
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4.2.3. Element Distribution in a Phosphatic Grain

Overall, 23 EPMA data were assayed on different phosphatic grains. The concen-
trations of major elements, phosphorus, and calcium vary in a narrow range in both
phosphatic ooid and pellet in outside—in direction, except near the central part of the
pellet, which shows relatively low concentrations of P,Os, CaO, F, Na,O, and MgO con-
tents (Figure 7c—e). Generally, the fluorine content varies and increases slightly from the
inside of both grains (Figure 7c). The other minor elements show a dramatic variation
in their concentrations, including Na,O, MgO, and FeO (Figure 7f-h). They have very
low concentrations, and therefore, will be easily affected by the changes in the ambient
geochemical environment.

<
a PhOSphatIC opn*f-‘_—
7 4 o

e

—&— Phosphatic pellet
—& Phosphatic ooid

P20s

Data location

Figure 7. The geochemical variations in the phosphatic ooid and the pellet as detected by electron
probe microanalysis (EPMA). The analysis was conducted from the rim inwards and the curves show
nearly consistent contents of Ca, P, and F in both the ooid (a) and the pellet (b), which only drop
down in the center of the pellet (c,d,e); the minor elements, Fe, Mg, and Na vary extensively in the
different cortices or according to position (f,g,h).
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4.3. Isotope Composition

The Thaniyat phosphorites from the Sirhan-Turayf basin have variable C and O
isotope values (Table 5). The §!'3C values vary between —11.1%o to —2.8%0 (—8.3%> on
average), and the 5180 values range from —8.5%o to —2.4%0 (—6.5%0 on average). The
negative excursion of C and O isotopes is similar to other phosphorites from Jordan and
Tunisia [47,48].

Table 5. 513C (%o, Vienna Peedee Belemnite (VPDB)), 6180 (%o, VPDB) of the Thaniyat phosphorite
from the Sirhan-Turayf basin, in northern Saudi Arabia.

Sample ID Lithology s13C 8180
C-Ph-24-04 Phosphatic chert -9.6 -7.5
C-Ph-24-05 Phosphorite -9.2 —8.2
C-Ph-24-06 Phosphorite -9.8 —7.8
C-Ph-24-07 Phosphatic sandstone —6.5 -5
C-Ph-24-50 Phosphorite -5.7 -8.1
C-Ph-24-52 Phosphorite —6 —4.1
C-Ph-24-54 Phosphorite —2.8 —2.4
C-Ph-24-76 Phosphorite -7.7 -85
C-Ph-24-77 Phosphatic mudstone -84 —7.8
C-Ph-24-80 Phosphorite —9.8 —7.5
C-Ph-24-81 Phosphorite -8.7 —6.9

C-Ph-18 Sandy Phosphorite —10.1 —7.8
C-Ph-20 Sandy Phosphorite —11.1 —6.8
C-Ph-22 Sandy Phosphorite —10.8 —8.2

5. Discussion
5.1. Major Elements Component

The geochemical component is an indicator of sediment source and petrographic
component. A positive correlation between TiO; and Al,O3 contents generally suggests
source control of the TiO; content, in which the Al,O3 is dominated by terrigenous input
(Figure 8a). The plot of the geochemical proxies for sediment provenance indicates a
varying range of sediment supply (Figure 8b). The terrestrial influx and marine-derived
components show a nearly strictly negative correlation. The calcareous phosphorites
are dominated by sediments of marine origin with less than 20% siliciclastic sediments,
while the sandy phosphorites contain mostly terrestrial sediments and marine materials
(Figure 8c). This suggests that the phosphates that occur in both the carbonate and the
sandstone rocks were derived from marine sources. The SiO; and CaO contents are the key
components that represent the terrestrial sediments that were deposited near the shoreline
and the carbonate platform, respectively. The negative correlation between the SiO; and
P,0Os5 contents and the positive correlation between the CaO and P,Os contents indicate that
CaO content is determined by the content of phosphate, and the phosphate is negatively
related to terrestrial input (Figure 8d). Furthermore, these correlations support that the
phosphates mainly precipitated from the seawater rather than were derived from terrestrial
detrital input.
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Figure 8. The correlations between the major elements and the element groups of the phosphorite from the Sirhan-Turayf
basin: (a) the positive correlation between TiO, and Al,O3 contents suggests their close deriving relationship; (b) the
provenance of the phosphorite falls into a wide range from pelagic to coastal facies, based on the classification established
by Murray [49]; (c) the authigenic group and the terrestrial group elements show negative correlation; and (d) CaO has a
positive correlation and SiO, has a negative correlation with P,Os.

5.2. Trace Elements Implications

The trace elements V, Ni, Mo, U, Cu, and Cr are usually used as proxies for sedimentary
environments, particularly in describing redox conditions and productivity [50-52]. We
used V, Ni, Co, Mo, and Cr as proxies for a sedimentary environment in this study.

Nickel behaves as a micronutrient and occurs in soluble forms, Ni%* or NiCl*. Under
moderately reducing conditions, Ni is released from the sediments into the overlying
water, and under sulfate-reducing conditions, Ni forms insoluble NiS within pyrite [53].
Chromium is present mainly as Cr** in oxic environments and is reduced to Cr*>* under
anoxic conditions, easily precipitated into the sediments [54]. Vanadium occurs as V°*,
and under mildly reducing conditions, it is present as V4* and is reduced further to V3*.
Vanadium starts precipitating in suboxic environments. Compared to Ni and Cr, V is
more effectively fixed in sediments under anoxic conditions. Therefore, V/Ni and V/Cr
ratios can be used to indicate the level of oxygenation of the depositional environment.
Higher V/Ni and V/Cr ratios indicate more strongly reducing conditions [51,52,55]. Mo
precipitates under euxinic conditions. Thus, when the V /Mo ratio in sediments is close to
the seawater ratio, it indicates an anoxic condition, and an increasing ratio indicates higher
oxygenation levels [56,57]. Cobalt can be diffused out of the sediments under reducing
conditions [58], which increases the Ni/Co ratio, and thus, the Ni/Co ratio can be used as
a redox proxy [51,59]. Statistic results (Figure 9) classify most samples into the oxic and
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suboxic domain, defining a depositional environment that had sufficient oxygen during
the time the Thaniyat phosphorite was deposited. This conclusion is consistent with the
lithological data.
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Figure 9. Statistical results of the trace element proxies indicate oxic- and suboxic-dominated environments during the
deposition of the phosphorite. The brown trend signifies oxic conditions, and the grey trend presents anoxic conditions:
(a) plot of V/Cr and V/Ni ratios and (b) plot of Ni/Co and V/Mo. Less than 2 V/Cr values represent oxic conditions,
between 2-4.25 values indicate suboxic conditions, and greater than 4.25 values indicate anoxic conditions [55]. V/Ni values
higher than 3 indicate anoxic conditions, between 1.9 and 3 values indicate suboxic conditions, and less than 1.9 values
indicate oxic condition [60]. Jones and Manning [59] assigned Ni/Co values of <5 for oxic conditions, 5-7 for suboxic
conditions, and >7 for anoxic conditions. V/Mo values of less than 2 indicate anoxic conditions, between 2 and 10 values

indicate suboxic conditions, and greater than 10 values indicate oxic conditions [56].

5.3. REE Patterns and Their Implications

The phosphorite deposits contain a significant enrichment in the REEs [61]. Many
marine phosphorites, especially those belonging to the Tethys phosphogenesis provenance,
such as the lower Maastrichtian phosphorites in the Gafsa Basin, Tunisia [45], and the
Morocco phosphorites [62], show flat patterns without any enrichment of their LREE over
their HREE, whereas in the Hazm Al-Jalamid phosphorites, the REE patterns show a
progressive enrichment toward the heavier REEs [20]. The concentrations of the REEs in
the Thaniyat phosphorite from the northwest of Saudi Arabia vary widely (Figure 6a,b).
Their statistics indicate that all of these phosphorites are rich in MREESs, and the content
of HREEs is higher than LREEs (Figure 10). The patterns and variability of the REEs in
phosphorite may be modified by lithogenous, biogenic, and other hydrogenous phases after
their deposition because the REEs are generally more concentrated in the marine apatites
than in the bulk phosphorite [63]. The authigenic chert bed adjacent to the phosphorite
shows a highly variable REE pattern (Figure 6c), indicating the variation in the seawater
REE concentration. Moreover, the sources of the REEs fundamentally determine their
final pattern. Except for the seawater itself, the riverine, eolian, volcanic, and bio-inputs
could influence the REE concentration in the sediments, and the terrestrial input provides a
large flux of REEs to the marine sediments, which are commonly released to the sediment
pore waters [40,61,64]. When the REEs are used as proxies for paleo-redox estimation,
the validity of the data should be considered, because only the seawater-sourced REEs
have more exact paleo-redox information [40]. The brown mudstone interbedded with the
phosphorite indicates the significant terrestrial characteristics by enriching the LREEs and
MREE:s distinctively (Figure 6d).
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Figure 10. Cross plot between PAAS-normalized MREEs/HREEs and MREEs/LREEs illustrate the
enrichment of MREEs both in the sandy and calcareous phosphorites from the Thaniyat Phospho-
rite Member.

To estimate the validity of the REE data as indicators for paleo-ocean redox, two
approaches were employed. Here, yttrium (Y) and holmium (Ho) are used, which act as
a twin pair due to their similar charges and radii. Silicate rocks or clastic sedimentary
rocks generally have chondritic Y/Ho values, which implies that there is no apparent
fractionation of Y from Ho. In contrast, seawater is generally characterized by a superchon-
dritic Y/Ho ratio, which results from Ho being scavenged faster than Y [65]. Using the
Y/Ho ratio is a valid approach to separate the influence of terrestrial input from that of the
oceanic REEs, which differ from the detritally sourced REEs (~25-30), and the hydroge-
nously sourced REEs (~60) [66]. The cross plot of the Y/Ho ratio and the } REEs of the
phosphorite show that the plots of the samples cluster around the domain of the modern
ocean, which implies the effects of seawater-dominated REEs (Figure 11a). The detrital ori-
gin of REEs always produces a positive correlation with Th or Al, which are dominantly of
terrestrial origin [66]. This relationship can also be illustrated by the diagenetic integration
of REEs [40]. The plot of Th versus ) REEs indicates the negligible control of the terrestrial
influx of the REEs on the phosphorite (Figure 11b). Consequently, the occurrence of REEs
in the phosphorite is mostly controlled by the seawater source. The REEs in seawater could
be concentrated into phosphate by absorption and ion exchange, which is hardly occurred
in the terrestrial sediments [40,67]. Thus, we can reasonably infer that the occurrence of
REEs is mostly due to the phosphatic components of the sediments.



Minerals 2021, 11, 350

18 of 29

75

704 @ © .

657 <

60+ Seawater

e

O 50 &

> 454
40+
35+
301
25 T
100

Detrital

101 r‘h,x}g.
€

SREET
Q14 &
= 003 o090
- R __,.-'Esj"
= < LeTERE

< Sandy phosphorite
4 Calcareous phosphorite

0.01+ '
10 100 1000

2. REEs (ppm)

Figure 11. REE ratios and trace elements reveal that the provenance of the REEs is seawater rather
than the terrestrial sediment supply: (a) the Y/Ho ratios have a wide range but are scattered around
the seawater field and (b) The } REEs has a weak correlation with Th, which is dominated by
terrestrial sediment supply.

5.4. Redox Conditions during the Reworked Phosphorite Deposition

Cerium (Ce) is highly sensitive to changes in redox conditions. Ce (IIl) is readily
oxidized to Ce (IV) under oxic conditions, creating a potential fractionation pattern relative
to the other REEs, e.g., [40,68]. This Ce response to redox condition results in a negative Ce
anomaly relative to La and Pr in well-oxygenated seawater. In anoxic seawater, Ce (III) is
similar to the other REEs and shows a weak fractionation pattern. The Ce anomaly (Ce/Ce*
ratio) decreases in the upper oxic water and increases in the suboxic water at depths in
the modern ocean, which demonstrates its sensitivity to redox conditions, e.g., [41,68,69].
The negative anomaly of Ce is relative to the concentrations of La and Pr, and thus, it
could be masked by high La concentrations. To correct this, the Pr/Pr* ratio can be used
to assess the degree of La effect [39]. The cross plot between the Ce/Ce* and the Pr/Pr*
ratios confirms that Ce in the northern Saudi Arabia phosphorite has a negative anomaly
(Figure 9a; see [39]. The negative trends of Ce/Ce* and Pr/Pr* values show the variations of
Ce anomalies. Compared with the modern coastal waters [64], less negative Ce anomalies
(higher Ce/Ce" values) are displayed by the sandy phosphorite, which underlies the
calcareous phosphorite with a relatively lower Ce/Ce" value.

The bivariate plot of (La/Sm)n-Ce/Ce* was used to refine the Ce/Ce* ratio. Morad
and Felitsyn [47] proposed that, when there is a lack of correlation between (La/Sm)yn and
Ce/Ce* and the ratio of (La/Sm)y is less than 0.35, the Ce anomalies are unlikely affected
by artifacts due to the calculations. The (La/Sm)y values of the phosphorite samples have
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a range of 0.80-1.62, and the (La/Sm)N-Ce/Ce* plot shows a weak correlation (Figure 12b).
Therefore, the Ce negative anomalies may be weakly influenced by artificial calculation.
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Figure 12. Ce and Eu anomalies versus other REE ratios: (a) Ce/Ce* against Pr/Pr* indicates negative Ce anomaly;
(b) cross plot of Ce/Ce* against PAAS-normalized La/Sm excludes the artificial calculation influences on the Ce anomaly;
(c) correlation between Ce/Ce* and PAAS-normalized Dy/Sm indicates the effects of diagenesis on the REE distribution;
(d) Ce/Ce* has a slightly positive correlation with } REEs, indicating a possible post-depositional redistribution of the REEs
in the phosphorite; and (e) the Eu/Eu* values are plotted around 1, indicating negligible Eu anomaly.

Post-depositional processes may also affect the fractionation of the REEs, such as
diagenesis, e.g., [40,56,70]. (Dy/Sm)N-Ce/Ce* and REEs-Ce/Ce* are two geochemical
criteria that are used in determining the effects of diagenetic processes on the Ce anoma-
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lies, e.g., [46,71]. The negative correlation between Ce/Ce* and (Dy/Sm)y (* = 0.67)
(Figure 12¢) and a slightly positive correlation between the REEs and Ce/Ce* (Figure 12d)
suggest that diagenetic processes have influenced the variation of Ce anomaly values in
these phosphorites.

Europium is another redox-sensitive REE. It could be reduced from Eu (III) to Eu (II)
and causes fractionation relative to the other REEs under reducing conditions, e.g., [40,46,72].
The strong negative Eu anomalies in the phosphorite indicate extremely reducing con-
ditions [46,73], and positive Eu anomalies indicate the contribution of allochthonous
sediment sources [13] or suggest oxic depositional conditions [46]. The Eu/Eu’ values of
the phosphorite from northern Saudi Arabia clustered around 1, indicating negligible Eu
fractionation (Figure 12e).

5.5. Formation of the Reworked Phosphorite
5.5.1. Depositional Processes

The geochemical information discussed above illustrates the basic environment, where
the phosphorite was deposited, and the potential post-depositional processes that it has
undergone. The authigenic phosphate grains form below the sediment-water interface [74].
In the suboxic zone of the sediments in upwelling areas, high rates of supersaturation in
the pore water with respect to carbonate fluorapatite (CFA) occur due to the decomposition
of the P-enriched organisms, e.g., [13,75,76]. This supersaturation leads to the rapid
precipitation of CFA via an amorphous metastable precursor, which is transformed into a
stable apatite by involving the uptake of fluoride from the seawater [13,77-79]. This forms
pristine phosphorite, and the oscillations in environmental conditions cause the formation
of phosphatic ooids and pellets in the pristine phosphorite deposit [13,44,80,81]. Although
the variations in the environment, both geochemical and redox, are the main controls in the
variation of the composition between the cortices [13], the nearly consistent concentrations
of the major elements from the inside to the surface in both the phosphatic ooids and
the pellets demonstrate an almost constant geochemical environment for the formation
of the phosphate (Figure 7c—e). Only the variation in minor elements could indicate the
slight difference in the ambient environment during the formation of the different cortices
(Figure 7f-h).

The phosphatic ooids with numerous cortex unconformities are interpreted to have
formed through multiple episodes of phosphatization, exhumation, and erosion, followed
by reburial into the zone of phosphogenesis (ZOP) (Figure 4a). Conversely, the conformable
cortices indicate the precipitation of pristine francolite within the ZOP, accompanied by
changes in pore water redox potential [13,80]. The ooids inside of a larger grain serving as
cores exhibit nearly conformable cortices (Figure 4b), while they are winnowed to form
new larger grains. This indicates that the environment for the growth of phosphatic grains
varies hydrodynamically and geochemically (Figure 4a,b). The pristine phosphogenesis
province prefers to occur near the margin of the shelf and is potentially dominated by
upwelling [31,79,82,83]. However, the phosphorite host rocks are carbonate and sand-
stone in the northwestern part of Saudi Arabia, implying that the pristine phosphorite
has been reworked and transported landward. The grains are all raised up from the ben-
thal sediments, in which the pristine phosphates occurred, and then were transported
by transgressive currents to their present location [31,84,85]. This interpretation is also
supported by the presence of rock fragments derived from the pristine phosphorite, which
are larger in grain sizes, show complicity in composition, contain phosphatic matrix, and
were deformed by transportation (Figure 5a,b). Their incompatible grain sizes imply the
effects of storm currents, or at least, a variable current. The bio-related components also
provide information about the depositional processes that acted on the deposits. Vertebrate
fossil fragments (Figure 5c), reassembled organisms in phosphatic grains (Figure 5d), and
cluttered biological skeletons (Figure 5e) all indicate intensive reworking and redeposition.

Chemical redox proxies indicate adequate oxygen during the deposition. It is the
characteristics of pervasively reworking current that occurred in a shallow-water shelf.
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Y/Y*

The yttrium anomaly (Y/Y") and the (La/Nd)y ratio closely relate to post-depositional
changes, such as weathering processes [45,46]. The cross plot of Y/Y* and (La/Nd)y values
shows a strong positive correlation (Figure 13a), which indicates the close relationship
between Y and La behavior in the pore water [41]. This trend presumably results from the
reworking processes that have enriched Y and La in the phosphorite by absorption [45,71].
Reworking is also an effective agent in preferential leaching of the MREEs relative to the
rest of the REEs [86], which gives rise to the positive correlation between the Y/Y" and
the (La/Sm)y [46]. Although the distribution pattern of the REEs normalized to the PAAS
generally indicates the enrichment of the MREEs (Figure 6a,b), the less likely hat-shape
pattern implies the fractionation of the MREEs. The strong positive correlation of the Y/Y"
and the (La/Sm)y (Figure 13b) suggests that reworking occurred [46,71].
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Figure 13. The correlations between REE ratios indicate that diagenesis may have occurred; however, the effects of apatite
precipitation and the effects of the events after deposition have overprinted the effects of diagenesis: (a) positive correlation
between Y/Y" and (La/Nd)y suggests that diagenesis or weathering had occurred; (b) Y/ Y plotted against (La/Sm)y may
relate to the reworking process; and (c) the plot of (La/Yb)y against (La/Sm)y fits the modern coastal and estuarine water
signature, indicating the possible environment of deposition when the alterations are not taken into account.

5.5.2. Diagenesis

The (La/Yb)y and (La/Sm)y ratios are considered as indicators of LREEs and MREEs
enrichment, respectively [41,87]. Reynard, Lécuyer, and Grandjean [87] proposed that
the adsorption by moderate diagenesis and recrystallization processes are two ways with
respect to the REE fractionation. The (La/Yb)n values would increase compared to those
of the seawater due to the preferential sorption of the LREEs. The (La/Sm)y ratio would
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show a significant decrease if the substitution through the recrystallization of apatite pre-
dominates. The (La/Yb)yn and (La/Sm)y ratios in the calcareous and sandy phosphorites
from the northwestern part of Saudi Arabia (Figure 13c) plot into the field of oceanic
water of Reynard, Lécuyer, and Grandjean [87]. This is consistent with the preservation
of an original surface seawater REE pattern [45], indicating that limited post-depositional
recrystallization and adsorption took place in these phosphorites [41]. However, the trend
shown by the Ce anomaly is considered as the result of diagenesis (Figure 12a), indicating
that post-depositional alteration had occurred [71]. The formation of apatite or fluorapatite
affects the concentrations of the REEs during the very early stage when it occurred near
the interface between the sediments and the seawater [17,71,88].

The petrologic analysis and the presence of authigenic minerals in these phosphorites
demonstrate early diagenetic events that occurred after their redeposition. Weak apatite
recrystallization and precipitation around the phosphatic grains occurred during the very
early stage (Figure 14a) and was followed by the formation of calcite cement (Figure 14b,c).
The apatite cement is sporadically distributed. On the other hand, calcite recrystallized
extensively and is more intense in the calcareous phosphorite, caused by tight and local
cementation (Figure 3). It precipitated in the sandy phosphorite as a pore-filling (Figure 2).
Subsequently, pyrolusite and hematite precipitated as replacement of apatite (Figure 14d),
or they sporadically filled the pores (Figure 14e,f). The diagenetic processes and the
precipitated minerals imply a relative oxygen-sufficient environment that the phosphorite
has undergone after being redeposited.

.Authigenetic
' .
~hematite -

Figure 14. BSEM images show the effects of diagenesis, particularly the cement that formed after the redeposition of the

phosphorite: (a) authigenic apatite on the rim of a phosphatic grain; (b) an eroded phosphatic grain compensated by calcite

cement; (c) authigenic calcite filled a fissure in a quartz grain and crossed the authigenic apatite rim; (d) replacement of

authigenic pyrolusite in a phosphatic grain; (e) pore-filling cementation of pyrolusite; and (f) pore-filling cementation and
replacement of hematite. PhO, phosphatic ooid; PhP, phosphatic pellet; Ph, amorphous phosphatic grain; Qtz, quartz.



Minerals 2021, 11, 350

23 of 29

-15

The fractionation of C and O occurred during the precipitation of the minerals and
is affected directly by the environment where they developed, e.g., [62,71,89]. Compared
to other phosphorites in the world, the pristine phosphorite has stronger negative C and
O excursions [22,55], which was explained by organic matter participation. The northern
Saudi Arabia phosphorite has a very close relationship with the Jordanian reworked
phosphorite [28,31] and with the reworked Egyptian phosphorite [48]. They show a very
similar distribution of C and O isotopes. This indicates that the carbonates precipitated with
the reworked phosphorite are affected by the seaward transport of the pristine phosphorite
and this effect works in spreading the C and O isotopes in a wide range (Figure 15).
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Figure 15. The plot of the carbonate C and O isotopes of the phosphorite, compared to those of other data from phospho-

rites worldwide.

5.5.3. Scenario of Phosphorite Occurrence

The formation of the phosphorite in the northwest of Saudi Arabia is explained in
three scenarios (Figure 16). Originally, they formed in the north, near the margin of the
slope, where it was the favorable location for the deposition of pristine phosphorite due to
the upwelling in this area (Figure 16A). This is evidenced by the preserved phosphorite
in the north [90,91]. The palaeogeographic location indicated that the phosphorites in the
Jordan and other places in the north were developed closer to the slope, where pristine
phosphorites were preferred, which could be the source of reworked phosphorite in the
Sirhan-Turayf basin. The information derived from the phosphatic grains implies that
the current was variable during the deposition of the pristine phosphorite [13,80], but the
geochemical environment, however, was relatively consistent (Figure 7).
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Figure 16. A sketch of phosphorite depositional scenario in the Sirhan-Turayf basin: (A) pristine phosphorite deposited

by the ocean productivity-driven phosphogenetic mechanism and hydrodynamic oscillation. Phosphate precipitates

at depths near the surface of the sediments, named zone of phosphogenesis (ZOP); (B) landward transport of various

phosphatic grains deposited near the shore, mixed with the terrestrial sediment influx, forming the sandy phosphorite; and

(C) Transgression driving the sea-level rise had stranded the phosphatic grains on the carbonate platform, producing the

calcareous phosphorite. Both types of phosphorites experienced similar diagenetic events after their deposition.

The pristine phosphorite was reworked and transported landward due to the eustatic
changes [31,85]. The reworked phosphorite grains were transported to nearshore areas,
where the research area was in a shallow marine nearshore environment in the Late
Cretaceous, which was redeposited with the siliciclastic sediments that were derived from
terrestrial sources, forming the sandy phosphorites (Figure 16B). This occurred at the
very beginning of the transgression event during the Late Campanian [44,84,91]. The
evolution of the transgression caused the sea-level rise, and the research area evolved
from a nearshore environment to a carbonate platform, in which the water was relatively
deeper. The accumulation of unloaded phosphatic grains on the carbonate platform,
deposited with the carbonate matrix simultaneously, leads to the formation of calcareous
phosphorites (Figure 16C). After deposition, compaction, phosphate precipitation, and
calcite cementation, the formation of pyrolusite and hematite occurred in both types of
phosphorite. These are supported by petrological, geochemical, and isotopic analyses
(Figures 2, 3, 5, 14 and 15), and caused by the uplift of the Arabian Plate from the Late
Eocene [92].

The scenario about the processes of phosphorite deposition can explain the occur-
rences of sandy and calcareous phosphorites. However, the very thin nature of these
deposits (Figure 1) indicates a very low supply of reworked primary phosphorites. This
condition relates to the transition in the sedimentary environment that was affected by the
transgression. The pristine phosphorites sensitively depended on the primary productivity
of the ocean and were closely related to the decay of organisms and phosphogenesis in
the pores near the water and sediment interface [91]. The complexity of the primary phos-
phorite origin demands a rigorous sedimentary environment, which can allow the rapid
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growth of the phosphates. Thus, an industrial phosphorite deposit requires a consistent
and narrow range of sedimentary conditions. The reworked phosphorite accumulation is
regulated by the sedimentary facies that is elongated along the coastline.

6. Conclusions

(1) The transgression and storm events of the Tethys Ocean reworked the pristine
phosphorites of the northern margin of the Arabian Plate in the Late Cretaceous sequence.
The reworked phosphate was transported to the shelf near the shoreline, mixed with the
terrestrial input and the precipitated carbonate, which created thin layers of Thaniyat
phosphorite in the Sirhan-Turayf basin;

(2) The evidence from the various phosphatic grains, which contains original infor-
mation on the phosphorite, indicates that the pristine phosphorite was deposited in a
fluctuating hydrodynamic condition and a relatively consistent geochemical environment,
which implies a narrow range of geochemical environment of phosphogenesis;

(3) The bulk geochemical data suggest oxic conditions for the Thaniyat phosphorite
formation in the Sirhan-Turayf basin, compared to the relative phosphorite deposits in the
north of Jordan, where the redox conditions tend to be suboxic and anoxic;

(4) A model was established to illustrate the formation of the phosphorite in the
research area, including the source of the pristine phosphorite in the north, the transporta-
tion of the Neo-Tethys’ transgression, which may relate to tectonic movement, and the
deposition result variation according to the changes in the sedimentary environment and
sediment sources;

(5) Diagenesis, including compaction, recrystallization, and cementation, was initiated
after the deposition of the phosphorites. These processes partially account for the depletion
of REEs and the excursion of C and O isotopes in the Thaniyat phosphorite;

(6) The detail of the mudstone and chert interbedded with the calcareous phosphorite
contains information of the environment’s evolution in a smaller scale, which implied that
the sea level changed frequently.
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