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Abstract

The Kangan anticline in the Folded Zagros Zone contains phosphate deposits enriched in trace
metals. Field observations, petrography, X-Ray Diffraction, Scanning Electron Microscopy, and
whole-rock geochemistry are used to determine the petrogenesis of this phosphate deposit,
evaluate the mechanisms of deposition, and assess the implications for trace metal enrichment.
Phosphatic layers are grainstone—packstone with microfossils and contain green glauconite.
Carbonate rocks of the Early-Middle Eocene Pabdeh Formation host the phosphate units.
Glauconite, calcite, and fluorapatite are the primary minerals of the marine sedimentary phosphate
deposit in the Kangan anticline. Whole-rock compositions of phosphate layers indicate negligible
clastic components and show enrichment in U and HREE. Limestone and pelagic limestone units
in the Pabdeh Formation do not display enrichment of these elements. Carbonate fluorapatite is
the host mineral for REEs and uranium. Cation substitution into carbonate fluorapatite is
considered to be the main mechanism of trace element enrichment due to positive correlations
between P2Os and trace metals; ion adsorption did not play a crucial role in the metal enrichment

in these phosphates. Strong negative Ce anomalies, slight positive Eu anomalies and low



>LREE/XHREE ratios of phosphate layers indicate enrichment of the HREE relative to their
marine origin. The depositional environment of the phosphate units is interpreted as a basin margin
carbonate ramp in the reduced and suboxic-to-anoxic zone that had low detrital input but
occasionally high-energy erosional events. Ocean upwelling had an essential role in depositing the

sandy glauconite-bearing phosphate layers.
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1. Introduction

Sedimentary phosphates or phosphorites are chemical sedimentary deposits with high
concentrations of phosphorus (P); these rocks usually contain 18—-20% phosphate minerals (mainly
francolite (Cajo (PO4 CO3) F23)) (Daessle and Carriquiry, 2008; Dar, 2013). Francolite, also
known as collophane, is a type of cryptocrystalline carbonate fluorapatite and is generally <lmm
in size (Daessle and Carrigsuiry, 2008; Dar, 2013). Due to its crystalline structure, cation
substitution typically occurs due to Ca exchange for U, Sr, and the Rare Earth Elements (REE);
anion substitution of F for OH can cause F concentrations of F to reach 4 wt% in francolite (Tzifas
et al., 2017). Consequently, carbonate fluorapatite compositions are highly variable (Baioumy,
2011). Due to enrichment of trace metals in francolite, phosphates are a potential source of metals
of economic interest, including the REE and U (Zanin and Zamirailova, 2007; Dar, 2013;
Christmann, 2014; Emsbo et al., 2015; Hein et al., 2016). Of these metals, the HREEs are
particularly significant in renewable energy technologies and electronics (Humpbhries, 2010; Long

et al., 2010; British Geological Survey, 2011; Kato et al., 2011).



Marine sedimentary phosphates have highly variable REE patterns (Shields and Stille,
2001); these variations are generally attributed to changes in the chemical composition and debris
content related to their depositional environment as well as the composition and nature (e.g. redox,
pH) of the seawater from which they precipitate (Picard et al., 2002; Nasrollahzadeh Saravi et al.,
2015). These rocks also are enriched in U relative to most crustal rocks (Molnér et al., 2018). For
example, the average concentration of uranium in modern continental phosphorites is 75 ppm
(Baturin and Kochenov, 2001). High concentrations of U and Th can also create environmental
concerns (Long et al., 2010). Changing precipitation conditions or seawater compositions
combined with variable continental debris input results in variations in the concentrations of REE
and U phosphorites (Ismael, 2002). However, factors such as surface weathering (Hannigan and
Sholkovitz, 2001) and burial diagenesis (Shields and Stille, 2001) can modify the concentrations
of U and REE in phosphate deposits. Therefore, understanding the petrogenesis and the post-
depositional alteration of phosphate deposits is crucial for understanding their potential economic
significance.

Although sedimentary phosphates span a large portion of the geological record
(Precambrian to Holocene), the main periods of phosphate deposition occurred during the
Precambrian and Cambrian periods in China, Russia, and Australia; during the Permian in North
America; during the Jurassic and Early Cretaceous in Eastern Europe; from the Late Cretaceous
to Eocene in the Middle East and North Africa; and, during the Miocene in southeastern North
America (Van Kauwenbergh, 2010; Abed, 2013; Abed et al., 2016). The largest known
accumulation of phosphorites (>70 billion tons of phosphate) is found in the state of Tethys
(Jasinski, 2011; Abed et al., 2016). Phosphate deposits of the lower Paleocene-Oligocene Pabdeh

Formation in the Kangan anticline of Iran are part of the Tethys phosphate state and represent an



opportunity to understand the deposition of phosphate layers and elucidate the factors that can lead
to enrichment of REE and U in these rocks.

In this contribution, we document the distribution and abundance of REE and U in marine
sedimentary phosphates of the Kangan anticline of the Pabdeh Formation of Iran. We use
petrography, mineral composition analysis, and whole-rock major and trace element analysis to
constrain the depositional environment of these phosphate layers and to understand the

mechanisms that lead to enrichment of trace metals in these rocks.

2. Geological setting
The Folded Zagros sedimentary belt extends from Oman to the NW of Iran, Turkey, Iraq,
and Syria (Fig. 1). The Folded Zagros Zone (FZZ) resulted from the closure of the Neotethys ocean

and Cretaceous collision of the Eurasian (Irainian) plate with the Arabian plate.
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Figure 1. Generalized tectonic map of Iran (modified after File: ZagrosFTB.png." Wikimedia Commons)
and the surrounding regions



The Zagros fold-thrust belt is divided into several zones based on sedimentary history and
structural patterns. These zones include the Kirkuk Embayment, Lorestan, Dezful Embayment,
and Fars (Interior and Coastal) (Fig. 1) (Abdulnaby, 2019; Aghanabati, 2004).

Various stages of the evolution of the Neotethys ocean are recorded in the FZZ; many of
the rocks represent a typical carbonate platform that contains limestone, pelagic limestone and
phosphates (Motiei, 2003; Heydari, 2008; Ahifar et al., 2015; Senemari and Foroghi, 2019).

The Cretaceous—Tertiary Pabdeh formation is exposed across the Zagros Fold Belt in
southwestern Iran (Zarasvandi et al., 2021) in several anticlines, such as the Khormuj (Haddad et
al., 2023) and the Kangan anticlines (this study). They are located in the coastal Fars zone. The
distance between these two anticlines is ~100km. Both have almost similar stratigraphy and have
whole-rock compositions. The Kangan anticline of SW Iran contains carbonate and phosphate
units of the FZZ. The anticline has a width of ~10 km, a NW-SE trending fold axis, and extends
along the coast of the Persian Gulf for 60 km. This anticline is exposed to the southeast of Bushehr
city (Fig. 1). In this study, we focus on outcrops of the Kangan anticline to the northeast of the
village of Darak (Fig. 2) where exposures allow detailed stratigraphic sections to be constructed
that include phosphatic layers (Figs. 3, 4); Subsequently, compare the findings with the phosphate

layers of the Khormuj Anticline (Haddad et al., 2023).
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area from the Kangan anticline



Section 1 SES R Section 2

~ .

Pelagic carbonate Layer

Section 3 Section 4

Phosphate Layer iy o

Carbonate Layer ; N e

Carbonate Lnyer Y

Pelagic carbonate Layer B oy =

— S

i ]

Pelagic carbonate Layer | +

Pelagic limestone Lower limestone Phosphate Phosphate Upper limestone
low glauconite high glauconite

Figure 3. Sampling sections in the Kangan anticline accomplished hand samples taken from section 4. The
thickness of the phosphate layer ranges from 1.80 m to 3 m.



: ¥ = 3 E’ = g
S =38 S g 2y ?
g _g_‘\:: E Lithology ; ;&E é Lithology
: 3 = 5 2 3
R = S S S
T 14
L
24 12
< 10
3 3 S 3
2 - 6 g s &
~ N 2 2,
3 | << c | 38 )
g § S | = NN
=| < T = | § N s
S| & |=8 gl 5 N
= [ "o~ =
o el 3 gl < .
w| < 15
3 )
2 X
3 =
X 3 A
. T+ 1
1 HEEDE
2 -—_—-—_— ___
i [Rp—— '_‘
m| 12
: ol
< 10 @
S 2
= 1e% ® ’
Q ¥ oQ
S (38 8 14
3128
(o] & RIS
g| £ [%* * )
3| < 3 12
o & 6 < <3
o S s <
s | §l3s
3 S |s 10
3 4 «| g | Ss
¥ g ~ L
A g LE
3 8
2 Ay E
bmmam, g 3
2
TR TR S 1
0 e Y 3
Lo il Ll il o R 6
Pelagic Phosphate
- Limestone  Limestone Phosphate p
limestone
; ﬁ - m .
Limestone Phosphate sampling location
I * o
-

Figure. 4. Stratigraphic columns along with sampling locations from the Kangan anticline. Since the border
between the layers is gradual, the amount of phosphate decreases gradually while the amount of limestone
increases at the top and bottom of the phosphate layers. Based on the quantities of phosphate and limestone,



these sections have been named phosphate limestone (high phosphate) and limestone phosphate (high
limestone).

The stratigraphy exposed in the Kangan anticline varies from Cretaceous to Quaternary.
The oldest unit in the Kangan anticline is the Bangestan Group. The Cretaceous Bangestan Group
is made up of the Razak, Sarvak, and Ilam limestone formations; these are covered by the Gurpi
Formation (Early Maastrichtian- Late Paleocene), which is composed of marl, bluish-gray shale,
with interbedded clay limestone. This is covered by the Early Eocene- Middle Eocene Pabdeh
Limestone Shale Formation, which is an important phosphate-bearing formation in the region. The
boundary between the Gurpi and Pabdeh Formations is gradational, and no sharp discontinuities
are observed (Hadavi and Saboot, 2012). The Pabdeh Formation consists of marl, gray shale and
marine clay limestone with green glauconite-bearing phosphatic layers. Nodular phosphatic layers
of the Pabdeh Formation in Kangan anticline are surrounded by nodular limestone layers above
and below (Fig. 3 and Fig. 4). The Pabdeh Formation is conformably overlain by marly limestone
of the Early Tertiary Asmari—Jahrom Formation. The Asmari—Jahrom Formation is covered by
Miocene evaporites (Gachsaran Formation) that include marl, anhydrite and salt. These evaporites
are covered by early Miocene Guri member limestones. The Guri member (of the Mishan
formation) is covered by the Early Miocene Mishan Formation and includes limestone, marly
limestone and limestone marl. The Mishan Formation is overlain by Quaternary alluvial sediments

(Fig. 2).

3. Sampling and Methods
Forty-one samples were collected from the four locations (Fig. 2) by systematic sampling

(Figs 3, 4, and Appendix 1) perpendicular to the stratigraphic layering that included the pelagic



limestone, lower limestone, and sandy glauconite-bearing phosphate layers, and the upper
limestone layers covering the phosphatic layer. The pelagic limestone layer was not exposed in
section one; pelagic limestone samples were taken from the other sections. Phosphate limestone
and Limestone Phosphate are low grade Phosphates. Samples were used to evaluate the
mineralogical, petrographic, and geochemical characteristics of the phosphate, limestone and
pelagic limestone units. Using transmitted and reflected microscopy, all samples were studied in
thin sections to identify minerals and textures. Phosphatic layers were very hard and were sampled

as chips from outcrops.

Appendix 1. The studied samples list from Kangan anticline Phosphates with the used methods

Samples Methods
Section ID Features A B C D E
Section1 Ka-1 Dark gray pelagic limestone, under the footwall X X
Ka-2 Thin-bedded fresh limestone, footwall X X
Ka-3  Phosphate X X
Ka-4  Phosphate X X X X X
Ka-5  Phosphate X X
Ka-8  Thin-bedded fresh limestone, hanging wall X X
Section2 Ka-9  Dark gray pelagic limestone, under the footwall X X
Ka-10 Thin-bedded fresh limestone, footwall X X
Ka-11 Thin-bedded fresh limestone, footwall X X
Ka-12  Phosphate X X
Ka-13  Phosphate X X
Ka-14  Phosphate X X
Ka-15 Phosphate X X X X X
Ka-16 Phosphate X X
Ka-17 Phosphate X X
Ka-18 Thin-bedded weathered limestone, hanging wall X X



Section3 Ka-19 Dark gray pelagic limestone, under the footwall X X
Ka-21 Phosphate X X
Ka-23  Phosphate X X X
Ka-24  Phosphate X X X X X
Ka-25 Phosphate X X
Ka-26  Phosphate X X
Ka-27 Phosphate X X
Ka-28 Thin-bedded fresh limestone, hanging wall X X
Section 4 Ka-29 Dark gray pelagic limestone, under the footwall X X
Ka-31 Thin-bedded fresh limestone, footwall X X
Ka-32  Phosphate X X
Ka-33  Phosphate X X
Ka-34  Phosphate X X
Ka-35 Phosphate X X X
Ka-36  Phosphate X X
Ka-37 Phosphate X X X X
Ka-38 Phosphate X X
Ka-39 Phosphate X X
Ka-40 Phosphate X X
Ka-41 Thin-bedded fresh limestone, hanging wall X X

Legend: A. Petrographic microscope, B. X-Ray Diffraction (XRD), C. Scanning Electron Microscope equipped with
Field Emission (FE-SEM), D. Scanning Electron Microscope equipped with Energy Dispersive X-ray Spectroscopy
(SEM-EDX), E. Chemical analysis (ICP-Ms, ICP-OES)

X-Ray diffraction (XRD), field-emission Scanning Electron Microscopy (FE-SEM), and
SEM Energy Dispersive X-ray spectroscopy (SEM-EDX) methods were used to characterize
mineral compositions and microtextures. XRD was performed on five phosphate samples utilizing
Cu Ka with an optic Monochromator 60kV/60mA, EQUINOX curved detector at the Applied
Research Center of the country Geological Survey in Karaj, Iran. After covering with gold in the

Applied Research Center of the Geological Survey, Karaj, Iran, polished thin sections of six



phosphate samples were investigated by FE-SEM (SIGMA/VP ZEISS model at 10 kV). Four
phosphate samples were examined by an SEM-EDX model TESCAN-VEGA3 at 20 kV at the
Materials and Metallurgical Engineering Department of Shiraz University, Iran. The specific
analytical techniques applied to each sample are summarized in Appendix 1.

Four representative pelagic limestone samples, seven representative carbonates, twenty-
five representative phosphate samples, were analyzed for rare earth elements (REE) and other trace
metals (Y, Hf, Ga, U, and Th). The samples underwent preparation for analysis through a four-
acid digestion method, which included the use of HCl, HF, HNO3, and H>SO4 and analyzed by
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) at the Applied Research Center of the
Geological Survey, Karaj, Iran. Major element compositions and concentrations of select trace
metals (Fe, Al, P, K, Ti, Na, Mg, Mn, Ca, Cu, Pb, Zn, V, Yb, Ni, Ba, Sr, Cr, Zr, and Nb) for twenty-
five ore, seven carbonate, and four pelagic limestone samples were determined by Inductively
Coupled Plasma-Optical Emission Spectrometry (ICP-OES) at the Applied Research Center of the
Geological Survey (Karaj, Iran).

For calculating the quantities of the primary oxides including Al>O3, Fe>Os, P2Os, KO,
TiO2, NaxO, MgO, and MnO the OXDPPM software (Al-Mishwat 2016) was employed. To
conduct elemental analysis using ICP-MS and ICP-OES, the samples were prepared employing
four acid digestion methods. These methods involved the use of HF, HCIO4, HCI], and HNO3 as
the digestion acids. In this particular approach, the procedure began by weighing 1 g of the dry
sample and placing it into the crucible. Subsequently, 5 ml of concentrated HNO3; was added to
the crucible containing the sample. Following a 30-minute incubation period at room temperature,

10 ml of HCIO4 and 2 ml of concentrated HF were introduced to the sample in the crucible.

Subsequently, the crucible, with its contents, was heated to 100°C. Following steeped in for 30



minutes at room temperature, 10 ml of HC1O4 and 2 ml of concentrated HF were introduced to the
sample in the crucible. Subsequently, the crucible, with its contents, was heated to 100 °C. Then

the sample was left at the same temperature for 10 minutes, after the addition of 10 ml of HCIO4
to make it clear. The sample was waited at room temperature until cooling, distilled water was
then added to the sample until it reached a total volume of 50 ml and 100 ml flask. The analyses
were executed after the digestion procedure, in accordance with the ASTM-D4698 method. To
verify the accuracy of the results, replicate analyses were carried out. To verify the accuracy of the
results, Certified Reference Materials (CRM) were used in the analysis procedure. As a result of
the elevated Ca concentration exceeding 20 wt.% in the specimens, this particular element fell
beyond the scope of the calibration's dynamic range, rendering it unmeasurable. Furthermore, in
addition to this, while the four acids are being processed, a component of the Si in the samples is
extracted in the form of vapor. By reason of, the quantity of Si contained in the samples could not

be accurately ascertained.

4. Results
4.1 Petrography

Samples from the pelagic limestone layers, lower limestone layers, the sandy glauconite-
bearing phosphate layers (base of the Pabdeh Formation), and the upper limestone layers covering
the phosphatic layers were examined. Except for the lower pelagic limestone layers, all layers
contain phosphatic nodules with microscopic to several centimeters size which are particularly

relevant for exploration purposes (Bolourchifard et al., 2019).

4.1.1 Phosphatic layers



The phosphatic layers have a grainstone phosphorite texture, and contain phosphate grains
such as pellets, ooids, intraclasts, vertebrates bone fragments, shells, teeth, and fish scales
(biophosphate). Glauconite and clay minerals, quartz, pyrite, carbonate minerals (ankerite, and
dolomite), iron oxide (hematite and goethite) and gypsum comprise the non-phosphate grains in
these layers. Yellowish to dark brown pellets that lack internal structures are well rounded to semi-
rounded and represent the most common phosphate type (Fig. 5a); these are composed of
collophane. Phosphatic layers also contain oolites with concentric layers (Fig. 5Sb) and angular to
rounded phosphate intraclasts (Fig. 5c¢). Organic matters (Fig. 5f) and some bioclasts, including
fish teeth, bone, and skeletal fragments (Fig. 5d-e), have been wholly or partially phosphatized
(Fig. 5f) or replaced with microcrystalline silica or dolomite/ ankerite (Fig. 5d-e). Glauconite is
found in these layers (Fig. 5g-h-1 and Fig. 7a-b). Aragonite and secondary rhombohedral dolomite
and ankerite are numerous in phosphatic layers (Fig. 5j-d-e and Fig. 7cd-e). Framboidal and cubic

pyrite was also observed (Fig. 6a-b-c-d and Fig. 7f). Some foraminifera chambers are partially
filled by glauconite (Fig. 7g-h-1-j-k), apatite (Fig. 7h-1-1-k) and iron oxide (Fig. Sk and Fig.7¢c) (e.g.
Pufahl et al. 2013, Rajabzadeh et al. 2017, G4l et al. 2020). Green chert (Fig. 51) was also observed

in different sizes (20-80 pm). Some gypsum (Fig. 6e-f and Fig. 7a-m) was also observed.



Figure 5. (a) Phosphatic pelloids in sandy glauconite-bearing phosphate layer. (b) Mono and multilayer ooids in the
phosphate layer. (c) Phosphatic intraclast with phosphatization in microfossil chambers. (d) Dolomitization and
ankeritization in a skeletal fragment. (e) Higher magnification of part of the image (d) showing ankerite surrounded
by dolomite in the interior and surrounded by calcite. (f) Phosphatization on organic matter in sandy glauconite-
bearing phosphate layer. (g) Phosphatization on the edge of glauconite grains. (h) Phosphatization in the center of
glauconites. (i) Dendritic phosphatization in glauconite. (j) Dolomite crystal in the phosphate layer Mineral
abbreviations. (k) Microfossil with phosphatic shell in phosphate mud; the chambers now composed of Fe-oxides. (1)
Green chert in the phosphate layer. (m) Limestone layer with wackstone to packstone carbonate texture consisting of
planktonic foraminifera in the micritic matrix with a benthic fossil and few glauconite grains. (n) Morozovella fossil
with druze calcite cement in the limestone layer. (o) Pelagic limestone layer with a mudstone texture consisting of
pelagic Foraminiferous silicic shells and strong laminations. Dol: Dolomite, Cal: Calcite, Ank: Ankerite, Glt:

Glauconite, Cht: Chert, Ap: Apatite, OM: organic matter.



Figure 5. Continued.
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Figure 6. (a). Framboidal Pyrite in phosphate layer in transmitted light. (b) Reflective light image of (a). (c) Cubic
pyrite in phosphate layer in transmitted light. (d) Reflective light image of (c). (¢) Gypsum and Fe-oxide minerals in
phosphate layer in transmitted light. (f) Reflective light image of (e).



Figure. 7. Scanning electron microscope images and electron dispersive spectra of minerals in samples of phosphatic
layer: (a) Gypsum (Gyp) and glauconite (Glt). (b) Higher magnification of part of the image (a). (c) Fe-Oxide,
Dolomite (Dol) and Calcite (Cal). (d) Aragonite (Arg). (e) Higher magnification of part of the image (d). (f) Cubic
pyrite (Py). (g) Foraminifera chambers filled with glauconite and its shell is made of calcite. (h) Quartz (Qtz),
Foraminifera chambers filled with apatite and a glauconite the shell is made of calcite. (i) Higher magnification of
part of the image (h) Hexagonal crystals of apatite. (j, k) Foraminifera chambers filled with apatite and glauconite. (1)
Calcite foraminifera shell with a chamber filled with apatite. (m) Higher magnification of green square of the image
(a). (n) The pyrite crystal replaced by Fe-Oxide.
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Figure. 7. Continued.

4.1.2 Limestone layers

Lower and upper limestone layers are wackstone to packstone carbonate containing
benthos and plankton foraminiferal mats in a micritic matrix (Fig. Sm-n). More organic material
is found in these layers relative to the phosphatic layers. Green glauconite (containing Fe?*) is rare
in limestone layers. In the lower limestone layers, Morozovella, Conicotruncata Sp. (lower
Paleocene) (Fig. 5n), and other microfossils were replaced by calcite cement. Disseminated pyrite

grains is also found in the limestone samples (Fig. 5n, yellow arrows).

4.1.3 Pelagic limestone layers



Pelagic limestone layers are dominated by calcareous oozes and some clay; it shows fine

laminations (Fig. 50) and contained carbonate and silica skeletal material of pelagic organisms.

4.2 Mineral compositions

XRD analyzed mineral components of five phosphate samples. For all samples, the main minerals
include glauconite (mica—illite), calcite and carbonate fluorapatite (francolite); minor minerals
include quartz, dolomite, ankerite, hematite, and gypsum. Orthoclase and siderite occur in trace
amounts (Appendix 2). The presence of gypsum was also confirmed by petrographic study and
SEM analysis (Fig. 6e, f and Fig. 7a, m). Based on the XRD data, the dominant clay mineral was

the glauconite, and carbonate fluorapatite is the appropriate end-member of apatite.

Appendix 2. XRD analysis results.

Sample  Major minerals (>25%) Minor mineral(s) (5-25%) Trace mineral(s) (<5%)
Ka-4 Calcite, Glauconite, Fluorapatite Dolomite, Ankerite Orthoclase

Ka-15 Glauconite, Calcite, Fluorapatite Dolomite, Quartz Siderite

Ka-23 Glauconite, Calcite, Fluorapatite Hematite, Gypsum, Quartz =~ ----------

Ka-24 Glauconite, Calcite, Fluorapatite Dolomite Siderite

Ka-35 Glauconite, Calcite, Fluorapatite Dolomite, Quartz, Ankerite =~ ----------

4.3 Composition of phosphatic layers

Major and trace elements data for 41 phosphate, carbonate, and pelagic limestone samples are
listed in appendixes 3 and 6. Minimum, maximum and average concentrations of main elements (wt.%)
and trace elements (ppm) in samples taken from the base of Pabdeh formation, Kangan anticline are listed
in appendixes 4. The whole-rock compositional results are divided into elements related to

continental input followed by the elements (U and the REE).



Appendix 3. Phosphate layers chemical analysis results taken from the base of Pabdeh Formation, Kangan anticline

Concentration Wt% I ppm ppm
ALO3 Fe:0s  P20s K20 TiO2  NaO  MgO MnO Ca Cu Zn v Ni Ba Sr Cr Zr Yb Nb Y Ga Hf U Th

Samples
Phosphates
Ka-3 4.76 8.24 9.51 3.11 0.11 0.94 3.03 0.012 >20.0 12.2 52.5 210 31.0 216 787 638 244 18.88 27.6 422 1.15 0.28 4.36 0.80
Ka-4 1.83 2.21 1.27 0.81 0.07 0.52 2.38 0.014 >20.0 5.29 20.9 327 10.0 267 867 55.2 21.3 <5.00 7.26 63.2 9.47 1.54 34.8 7.77
Ka-5 1.27 1.06 0.41 0.42 0.05 0.24 1.00 0.013 >20.0 14.5 10.5 18.2 <10.0 520 1016 11.6 17.0 <5.00 <5.00 29.5 2.45 0.27 451 2.11
Ka-12 1.57 1.75 0.46 0.62 0.07 0.08 0.54 0.010 >20.0 5.00 173 28.7 15.9 12.4 707 439 24.7 <5.00 <5.00 15.8 3.82 0.57 11.2 1.35
Ka-13 1.75 2.51 3.89 0.85 0.05 0.23 0.84 0.009 >20.0 24.1 70.8 107 234 12.2 790 82.5 16.3 <5.00 13.0 64.1 1.30 0.40 4.34 0.85
Ka-14 4.50 8.18 11.11 2.77 0.12 0.31 1.72 0.013 >20.0 25.0 535 182 27.0 987 871 597 237 20.7 23.8 466 2.24 0.40 22.8 1.11
Ka-15 4.18 8.80 7.15 2.48 0.12 0.19 1.62 0.015 19.3 7.38 55.1 139 38.0 194 667 491 29.4 17.2 18.5 381 7.12 1.52 40.5 7.13
Ka-16 2.52 18.97 3.58 1.27 0.09 0.09 0.98 0.025 16.7 <5.00 29.6 62.9 74.4 52.8 469 183 58.0 10.1 7.56 192 7.65 1.15 19.9 7.39
Ka-17 2.30 4.01 2.48 1.06 0.08 0.10 1.20 0.016 >20.0 <5.00 20.5 46.8 14.7 573 579 139 25.1 6.85 6.44 138 4.11 0.31 8.80 3.96
Ka-21 1.77 2.35 2.16 0.81 0.06 0.06 0.62 0.010 >20.0 51.9 136 126 18.4 14.4 629 71.0 18.1 <5.00 15.4 53.8 2.50 0.42 9.01 0.53
Ka-23 4.62 8.07 9.38 2.75 0.12 0.21 1.66 0.014 18.4 115 80.8 176 26.9 167.5 656 567 28.2 15.7 22.4 365 1.97 0.20 12.6 1.09
Ka-24 427 6.85 6.99 2.32 0.12 0.20 1.52 0.014 19.7 154 58.1 143 39.4 199 682 463 15.1 15.4 18.5 342 7.50 1.45 39.8 5.50
Ka-25 3.83 5.47 4.79 1.91 0.12 0.16 1.30 0.014 >20.0 16.1 40.9 105 259 20.6 574 324 10.0 11.6 14.6 255 7.29 0.98 25.3 6.40
Ka-26 4.84 7.90 7.71 2.34 0.14 0.22 1.87 0.014 19.0 101 51.7 164 36.1 58.2 632 564 20.3 17.7 229 392 6.10 0.34 17.0 5.27
Ka-27 2.16 1.82 0.34 0.50 0.10 0.06 0.50 0.016 >20.0 65.1 24.0 333 13.6 191 880 23.1 28.4 1.86 <5.00 22.9 8.75 1.66 28.4 7.52
Ka-32 1.63 2.24 0.98 0.74 0.05 0.11 0.86 0.009 >20.0 6.14 <10.0 35.5 18.5 8.88 476 54.4 23.1 <5.00 5.25 20.7 4.52 0.74 7.26 0.72
Ka-33 0.83 0.95 0.53 0.32 0.04 0.02 0.37 0.009 >20.0 10.5 10.2 54.4 <10.0 8.74 472 26.3 13.4 <5.00 7.14 16.6 1.60 0.35 7.26 0.87
Ka-34 4.10 8.18 7.53 2.39 0.12 0.20 1.77 0.013 19.9 13.6 43.3 154 23.8 164 720 513 28.9 15.9 21.4 350 0.73 0.32 3.99 0.59
Ka-35 4.94 7.26 6.99 2.50 0.15 0.20 1.73 0.012 18.9 923 50.4 149 31.4 60.7 687 523 37.9 15.6 19.9 346 6.59 1.15 2277 5.78
Ka-36 2.59 291 1.53 0.91 0.10 0.09 0.77 0.018 >20.0 281 29.3 53.2 15.5 20.4 563 84.8 29.9 <5.00 8.12 84.0 8.11 1.73 26.6 7.00
Ka-37 4.48 6.15 5.60 2.16 0.14 0.20 1.69 0.018 >20.0 373 53.4 119 28.4 129 603 401 20.1 13.2 15.9 292 3.69 0.26 4.61 2.83
Ka-38 3.06 3.84 2.57 1.28 0.12 0.14 1.43 0.018 >20.0 383 39.9 751 17.4 51.9 567 166 27.5 7.07 115 140 7.52 0.74 21.6 6.17
Ka-39 1.75 1.90 0.81 0.58 0.07 0.07 0.75 0.019 >20.0 245 24.0 37.0 <10.0 226 542 30.6 24.8 <5.00 5.87 43.8 5.05 0.73 9.48 4.09
Ka-40 2.05 2.73 0.95 0.62 0.09 0.09 0.15 0.018 >20.0 168 27.6 20.5 22.8 24.8 513 21.8 34.2 <5.00 <5.00 61.4 2.25 0.39 1.71 1.98
Limestone
Ka-2 1.32 1.29 0.24 0.56 0.06 0.36 0.86 0.009 >20.0 5.65 92.8 31.0 14.9 15.7 692 26.0 20.7 <5.00 5.36 14.4 12.2 0.44 0.37 0.75
Ka-8 5.63 2.42 0.55 0.96 0.26 0.12 0.72 0.007 >20.0 36.3 54.8 75.9 38.2 33.9 835 94.0 70.0 <5.00 12.2 315 1.68 0.43 0.19 1.29
Ka-10 4.49 1.81 0.19 0.78 0.21 0.11 0.58 0.007 >20.0 59.1 50.6 56.5 27.6 40.7 834 48.7 52.9 <5.00 8.35 14.0 5.81 1.44 0.42 3.21
Ka-11 2.90 4.98 2.06 1.65 0.08 0.10 1.05 0.011 >20.0 52.3 325 67.0 22.3 68.6 635 187 30.9 <5.00 9.45 48.9 4.90 1.15 0.43 2.44
Ka-28 5.50 2.49 0.85 0.96 0.26 0.09 0.70 0.007 >20.0 25.0 116 74.5 33.8 40.9 809 86.1 70.1 <5.00 12.2 36.8 2.17 0.62 0.25 1.65
Ka-31 3.04 6.30 0.78 2.02 0.07 0.17 1.28 0.011 >20.0 5.43 353 65.7 27.1 35.7 507 221 37.9 <5.00 8.85 19.8 2.52 0.81 0.25 2.10
Ka-41 7.88 2.85 1.08 1.51 0.36 0.15 1.01 0.013 >20.0 10.0 17.0 87.1 19.9 86.0 523 79.5 98.5 <5.00 14.8 56.5 2.45 0.29 0.28 2.19
Pelagic limestone

Ka-1 1.17 1.23 0.27 0.52 0.05 0.37 0.51 0.009 >20.0 10.1 81.3 24.0 13.7 17.0 720 23.1 17.5 <5.00 <5.00 13.8 9.27 0.25 5.10 3.93

Ka-9 5.27 2.95 0.84 1.05 0.24 0.15 0.79 0.009 >20.0 523 73.5 74.6 35.2 35.4 809 93.4 68.1 <5.00 11.8 44.5 6.24 1.51 5.76 3.25

Ka-19 1.94 4.03 1.34 1.19 0.05 0.05 0.76 0.010 >20.0 13.3 76.5 51.9 15.4 8.17 546 134 24.6 <5.00 7.20 23.9 5.01 1.29 3.70 2.54

Ka-29 2.19 2.31 2.40 0.71 0.08 0.13 0.72 0.009 >20.0 7.53 133 59.3 17.0 25.4 694 71.5 17.6 <5.00 8.14 72.5 5.55 1.39 6.95 3.09




Appendix 4: Minimum, maximum and average concentrations of main elements (wt.%) and trace elements (ppm) in samples taken from the base of

Pabdeh formation, Kangan anticline

Element Min Max Mean Mean Mean Mean (Pelagic
(All samples) (Phosphate) (Limestone) limestone)

AlLO; 0.83 7.88 3.23 2.98 4.39 2.64
Fe O3 0.95 18.97 4.49 5.18 3.16 2.63
P,0s 0.19 11.11 3.13 4.12 0.82 1.21
K>;O 0.32 3.11 1.36 1.48 1.21 0.87
TiO» 0.04 0.36 0.11 0.10 0.19 0.11
Na,O 0.02 0.94 0.19 0.20 0.16 0.18
MgO 0.15 0.03 1.12 1.26 0.89 0.70
MnO 0.007 0.025 0.01 0.01 0.01 0.01
Cu 5.00 383.00 74.12 98.60 27.68 20.81
Zn 10.20 173.00 56.45 50.26 57.00 91.08
v 18.20 210.00 84.01 94.70 65.39 52.45
Ni 10.00 74.40 25.55 26.31 26.26 20.33
Ba 8.17 987.00 131.06 174.15 45.93 21.49
Sr 469.00 1016.00 672.94 664.54 690.71 692.25
Cr 11.60 638.00 204.30 253.34 106.04 82.00
Zr 10.00 98.50 31.67 24.99 54.43 31.95
Nb 5.25 27.60 13.05 14.65 10.17 9.05
Y 13.80 466.00 140.95 189.87 31.70 38.68
Ga 0.73 12.20 4.89 4.73 4.53 6.52
Hf 0.20 1.73 0.79 0.75 0.74 1.11
U 0.19 39.80 11.78 16.19 0.31 5.38

Th 0.53 7.77 3.29 3.70 1.95 3.20




Appendix5. Elements correlation table showing the correlation coefficients (R?).

Al Ba Cr Cu Fe K Mg Mn Na Ni P Sr Ti Ba \Y Zn Nb Y Zr Ga Hf Th U

Al 1

Ba 0.298 1

Cr  0.803** 0.297 1

Cu 0.282 0.002 0.115 1

Fe  0.785%* 0.31 0.886%** 0.056 1

K 0.830%* 0.332 0.982%* 0.154 0.905%* 1
Mg  0.608**  0.539%*  (.802%* 0.062 0.709%*  0.802%* 1
Mn 0.057 0.331 0.014 0.396 0.285 0.055 0.096 1

Na 0.371 0.502* 0.599%* 0.039 0.492* 0.609%*  (0.849%* -0.059 1

Ni  0.757** 0.062 0.764%** 0.052 0.815%*  0.782*%*  0.508** 0.028 0.376 1

P 0.682%* 0.302 0.958%** 0.168 0.898%*  0.950**  0.808** 0.045 0.676%*  0.734** 1

Sr 0.215 0.469* 0.105 -0.119 -0.072 0.139 0.274 -0.365 0.470* 0 0.072 1

Ti 0.920%* 0.277 0.645%* 0.341 0.566%*  0.688** 0.485%* 0.167 0.207 0.669%*  0.522%* 0.187 1

Ba 0.298 1.000%* 0.297 0.002 0.31 0.332 0.539%* 0.331 0.502* 0.062 0.302 0.469* 0.277 1

\% 0.759%* 0.168 0.917** 0.209 0.761%*  0.890**  0.629%* -0.178 0.469* 0.726%*  0.898%** 0.142  0.595%* 0.168 1

Zn 0.468* -0.11 0.455% 0.141 0.316 0.476* 0.119 -0.286 0.143 0.547%* 0.411* 0.332 0.408* -0.11 0.568%** 1

Nb  0.797** 0.217 0.931%#* 0.214 0.758%*  0.915%%  0.722%* -0.16 0.563**  0.715%*  0.907** 0.2 0.644+* 0217 0.978**  0.557** 1

Y 0.735%* 0.445%* 0.932%* 0.219 0.920%*  0.943*%*%  0.839%* 0.219 0.678**  0.716%*  0.965%* 0.107 0.606%*  0.445*%  0.832%* 0.314 0.861%* 1

Zr 0.323 0.082 0.058 -0.02 0.268 0.138 -0.068 0.307 -0.299 0.179 -0.062 -0.075 0.362 0.082 -0.044 0.025 -0.051 0.05 1

Ga 0.023 0.079 -0.106 0.079 -0.018 -0.108 -0.005 0.582%* -0.169 0.002 -0.204 -0.163 0.129 0.079 -0.303 -0.252 -0.255 -0.078 0.184 1

Hf -0.124 -0.11 -0.118 0.018 -0.013 -0.107 -0.116 0.328 -0.215 -0.009 -0.152 -0.102 -0.022 -0.11 -0.214 -0.154 -0.195 -0.092 0.17 0.798%* 1

Th 0.17 0.266 -0.037 0.074 0.082 -0.015 0.078 0.662%* -0.06 0.072 -0.124 -0.025 0.276 0.266 -0.236 -0.232 -0.17 0.063 0.288 0.892%*  0.661%* 1
U 0.218 0.23 0.232 0.065 0.199 0.218 0.173 0.359 0.028 0.179 0.152 0.053 0.268 0.23 0.097 0.057 0.132 0.237 0.057 0.792%*  0.766**  0.746** 1

*Correlation is significant at the 0.05 level.
**Correlation is significant at the 0.01 level.



4.3.1 Elements related to detrital input

The concentrations of major elements (and some trace elements) are proxies for detrital
(continental) input into phosphatic layers. Detrital clay minerals generally include Al.O3, Fe2O3,
TiOz, K20, Cr, and Th; these elements are relatively enriched in continental detritus compared
with chemical sedimentary rocks. In particular, Al>O3 is a useful proxy for clay content (Abed et
al., 2016). Phosphate samples have concentrations of Al>Oj3 that vary from ~0.83 to 4.9 wt.%, with
an average of ~3.7 wt.% (appendix 3). A positive correlation between Al and Fe, Ti, and K
(appendix 5 and Fig. 8) in the phosphate samples suggests that enrichment of these in the phosphate
layers are related to a higher fraction of clay detritus. Al2O3 concentration of limestone samples
with an average of ~4.4 wt.% is vary from 1.32 to 7.88 wt.% (appendix 3). Pelagic limestone has
also Al,O3 from ~1.2 to ~5.3 with ~2.5 average (appendix 3). There is a positive correlation
between Al and Ti (appendix 5 and Fig. 9) in the limestone and pelagic limestone samples,
indicating detrital clay minerals are present in these layers. Unlike the phosphate layers, a
significant positive correlation between Al with Fe and K is not seen in the limestone and limestone

layers of the pelagic (Fig. 9).
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Figure 9. Binary correlation diagrams for elements with a continental origin (Al,O3 with Fe;O3, TiO; and K>0) in
limestone and pelagic limestone samples of the base of Pabdeh Formation of Kangan anticline.

4.3.2 REE, U and Th Concentrations

The total concentration of REE (XREE) in all phosphate samples vary from ~32 to 792 ppm

(appendix 6 and appendix 7); phosphatic horizons is ~392 ppm. In phosphatic horizons of Khormuj

anticline, the average XREE value is 405.8 ppm (Haddad et al., 2023).



Appendix6. ICP-MS analysis results of the phosphate, limestone and pelagic limestone layers taken from the base of Pabdeh Formation, Kangan anticline

(ppm)
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y XREE XLRE XHREE SLREE/  Ce/Ce” Y/Y" EuwEu La/Yb EF

Samples E XHREE

Phosphate
Ka-3 9.87 5.57 1.69 8.33 1.20 032 1.25 021 132 032 094 0.20 bdl 0.19 422 31.42 26.99 443 6.09 0.31 51.20 1.25 - 0.17
Ka-4 206 149 47.4 181.2 417 9.83 38.3 6.73 398 895 257 3.86 18.8 3.05 63.2 780.12  634.80 145.33 4.37 0.35 0.27 1.16 10.90 422
Ka-5 34.7 245 7.36 293 6.27 1.71 7.19 1.14 697 1.68 445 0.77 bdl 0.67 29.5 126.63  103.78 22.86 4.54 0.35 0.69 1.20 - 0.69
Ka-12 23.4 17.2 4.74 21.7 4.29 0.97 4.33 071 423 1.02 282 040 bdl 0.38 15.8 86.11 72.22 13.89 5.20 0.38 0.61 1.06 - 0.47
Ka-13 9.17 6.99 1.37 8.55 1.13 0.26 1.15 019 1.15 028 089 0.11 bdl 0.13 64.1 31.37 27.47 3.90 7.04 0.45 9.02 1.09 - 0.17
Ka-14 30.8 27.0 6.63 27.7 5.89 1.52 6.41 090 563 137 385 055 bdl 0.51 466 118.76 99.54 19.22 5.18 0.44 13.36 1.16 - 0.64
Ka-15 220 138 48.0 190 41.2 9.3 380 646 391 939 255 368 207 3.09 381 791.92 64598 145.94 4.43 0.31 1.58 1.10 10.62 4.29
Ka-16 181 116 429 162 38.0 10.1 35.5 6.14 314 867 250 358 17.2 2.95 192 680.21  549.73 130.47 4.21 0.30 0.92 1.29 10.56 3.68
Ka-17 88.1 56.1 21.4 86.2 18.7 451 18.5 289 189 444 119 1.85 10.1 1.53 138 345.11  275.02 70.09 3.92 0.30 1.20 1.14 8.73 1.87
Ka-21 11.1 9.53 2.09 12.4 1.67 0.33 .52 030 1.61 041 1.27  0.18 bdl 0.17 53.8 42.64 37.19 5.45 6.82 0.46 5.26 0.97 - 0.23
Ka-23 25.7 25.7 5.32 244 4.61 1.13 4.95 079 495 1.15 328 045 bdl 0.44 365 102.82 86.81 16.01 5.42 0.51 12.16 1.11 - 0.56
Ka-24 168 124 38.3 150 320  7.81 304 562 305 739 182 270 15.7 2.33 342 633.86  521.11 112.75 4.62 0.36 1.81 1.18 10.72 3.43
Ka-25 164 113 37.4 146 30.5 8.58 30.7 540 31.0 7.67 200 287 15.4 2.62 255 614.47  498.74 115.73 4.31 0.33 1.32 1.32 10.65 3.33
Ka-26 124 84.3 28.4 109 246 553 19.5 378 21.8 540 15.1 2.17 11.6 1.90 392 457.51 376.11 81.40 4.62 0.33 2.87 1.19 10.68 2.48
Ka-27 191 131 45.4 165 38.2 8.58 28.3 589 357 854 218 347 17.7 2.94 22.9 70320 57891 124.29 4.66 0.32 0.10 1.23 10.84 3.81
Ka-32 9.26 10.2 2.19 10.3 1.84 045 170 031 177 047 124 0.20 bdl 0.17 20.7 40.17 3431 5.86 5.86 0.52 1.80 1.20 - 0.22
Ka-33 10.4 9.29 241 12.0 2.19 0.52 1.93 037 202 051 1.38  0.22 bdl 0.20 16.6 43.45 36.80 6.64 5.54 0.43 1.30 1.18 - 0.24
Ka-34 10.2 7.17 1.97 9.14 1.45 0.32 126 026 135 038 122 021 bdl 0.23 350 35.16 30.25 491 6.16 0.37 38.57 1.11 - 0.19
Ka-35 171 115 35.5 151 31.8 6.93 24.7 5.18 269 698 202 281 15.9 2.35 346 61631  511.37 104.94 4.87 0.34 2.00 1.16 10.75 3.34
Ka-36 171 115 38.6 149 34.8 7.81 28.8 5.66 31.0 807 20.1 3.27 15.6 2.67 84.0 631.39  516.27 115.12 4.48 0.33 0.42 1.16 10.99 3.42
Ka-37 43.5 30.7 10.7 37.1 8.67 2.03 9.12 1.50 889 230 582 092 bdl 0.84 292 162.09  132.68 29.41 451 0.33 5.12 1.07 0.88
Ka-38 143 97.9 35.8 125 30,6 692 28.7 535 295 722 193 290 13.2 2.41 140 54841 43991 108.50 4.05 0.32 0.76 1.10 10.90 2.97
Ka-39 70.9 50.0 17.9 63.8 154 343 154 267 153 383 100 1.53 7.07 1.39 43.8 278.60  221.36 57.24 3.87 0.32 0.45 1.05 10.02 1.51
Ka-40 24.5 15.9 5.16 19.5 4.29 0.86 4.13 074 435 113 299 050 bdl 0.50 61.4 84.49 70.17 14.33 4.90 0.33 2.20 0.96 - 0.46
PAAS 38.2 79.6 8.83 33.9 5.55 1.08 466 077 468 099 285 040 282 0.43 27 183.00  164.50 16.97 9.69 9.69 1.02 0.66

Limestone
Ka-2 9.49 5.05 1.30 9.21 0.89 0.22 0.82 0.15 0.79 0.19  0.63 0.10 bdl 0.15 14.4 29.01 26.16 2.84 9.21 0.33 2.92 1.23 - 0.16
Ka-8 17.8 10.6 3.82 15.6 3.22 0.91 2.83 0.52 3.45 083  2.18 0.40 bdl 0.41 31.5 62.57 51.95 10.62 4.89 0.30 1.49 1.42 - 0.34
Ka-10 26.2 25.2 5.31 24.1 4.52 1.07 4.52 0.77 4.44 097 298 0.38 bdl 0.37 14.0 100.82 86.39 14.44 5.98 0.49 0.54 1.11 - 0.55
Ka-11 11.0 13.6 2.12 10.4 1.56 0.34 1.43 0.23 1.38 031 084 0.15 bdl 0.15 48.9 43.57 39.07 4.50 8.69 0.65 5.91 1.08 - 0.24
Ka-18 69.86 43.64 1563 60.71 1446 3.62 1494 237 1434 358 9.84 1.42 6.85 1.24 10.9 262.51 207.92 54.59 3.81 0.30 0.12 1.16 10.20 1.42
Ka-28 14.5 8.04 2.87 14.4 2.27 0.43 1.74 0.38 2.03 052  1.63 0.27 bdl 0.25 36.8 51.21 42.53 8.68 4.90 0.29 2.84 1.01 7.82 0.28
Ka-31 34.7 30.2 8.37 31.1 7.85 1.60 6.40 1.24 6.68 1.66 475 0.70 bdl 0.60 19.8 135.93 113.91 22.02 5.17 0.41 0.47 1.06 - 0.74
Ka-41 33.6 20.8 7.25 30.3 5.87 1.37 6.15 1.13 6.38 1.65 470 0.73 bdl 0.68 56.5 120.66 99.25 21.42 4.63 0.31 1.38 1.07 - 0.65

Pelagic limestone
Ka-1 34.5 37.6 7.75 304 6.54 1.39 5.40 092 543 132 322 0.57 bdl 0.44 13.8 135.55 118.25 17.30 6.84 0.53 0.41 1.10 - 0.73
Ka-9 20.1 21.2 4.24 18.1 3.34 0.81 3.66 055 338 073 216 0.34 bdl 0.29 445 78.79 67.69 11.10 6.10 0.53 2.26 1.09 - 0.43
Ka-19 9.93 13.8 1.98 8.96 1.52 0.34 1.27 0.21 129 030 0.79 0.13 bdl 0.13 23.9 40.61 36.49 4.13 8.84 0.72 3.07 1.14 - 0.22
Ka-29 22.1 23.4 4.61 21.0 3.86 0.82 3.06 055 352 084 217 0.36 bdl 0.32 72.5 86.55 75.73 10.82 7.00 0.53 3.35 1.12 - 0.47

Sea water 20.8 9.64 21.1 432  0.823 5.2 5.61 4.94

bdl: below detection limit



Appendix 7. Minimum, maximum and average concentrations of rare earth elements (ppm) in samples
taken from the base of Pabdeh formation, Kangan anticline

Phosphate Carbonate Pelagic carbonate

Element Min Max Mean Min Max Mean Min Max Mean
La 9.17 219.66 8921 9.49 69.86 27.16 9.93 34.49 21.65
Ce 5.57 148.86 61.62 5.05 43.64 19.65 13.76 37.64 23.99
Pr 1.37 4797 2035 1.30 15.63 5.83 1.98 7.75 4.64
Nd 8.33 189.59 79.10 9.21 60.71 24.48 8.96 30.43 19.61
Sm 1.13 41.75 17.54 0.89 14.46 5.08 1.52 6.54 3.82
Eu 0.26 10.09 415 0.22 3.62 1.20 0.34 1.39 0.84
Gd 1.15 38.32  15.19 0.82 14.94 4.85 1.27 5.40 3.35
Tb 0.19 6.73 2.88 0.15 2.37 0.85 0.21 0.92 0.56
Dy 1.15 39.80 1647 0.79 14.34 4.94 1.29 5.43 3.40
Ho 0.28 9.39 4.07 0.19 3.58 1.22 0.30 1.32 0.80
Er 0.89 25.73 10.95 0.63 9.84 3.44 0.79 3.22 2.08
Tm 0.11 3.86 1.64 0.10 1.42 0.52 0.13 0.57 0.35
Yb 70.7 20.68 14.91 1.86 6.85 4.35 - - -
Lu 0.13 3.09 1.40 0.15 1.24 0.48 0.13 0.44 0.29
>REE 31.37 791.92 332.76 29.01 262.51 100.78  40.61 135.55 85.37
2LREE 26.99 645.98 271.98 26.16 207.92  83.40 36.49 118.25 74.54
XHREE 3.90 14594 60.78 2.84 54.59 17.39 4.13 17.30 10.84

YLREE/XHREE 3.87 7.04 4.99 3.81 9.21 591 6.10 8.84 7.19
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Figure 11. Variations of the total concentration of the Rare Earth Elements (SREE) vs. P20s% in marine sedimentary
phosphate samples of Kangan anticline’s Pabdeh Formation

YREE is also positively correlated with increases in P.Os (r=0.60) (Fig. 11). Enrichment
factors (EF) of the REE (XREEampiey/ XREEpaas)) at the base of the Paleocene Pabdeh Formation
vary between 0.28 and 5.54 (EF of Khormu;j anticline phosphatic horizons, 0.26 t03.71, Haddad et
al., 2023). REE concentrations of phosphate samples normalized to the average post-Archean
Australian Sedimentary Shale (PAAS) (McLennan, 1989) show similar patterns to those of
seawater, such as negative Ce anomalies, slight positive Eu anomalies and positive Y anomalies

(Fig. 12) that is similar to the Khormuj anticline phosphatic samples Haddad et al., 2023.
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Figure 12. Post-Archean average Australian shale (PAAS)-normalized Rare earth element patterns of samples from
the Kangan (this study) and Khormuj (Haddad et al., 2023) anticlines. Also plotted are the PAAS-normalized values
of modern Central Atlantic seawater from Hggdahl et al. (1968). PAAS values from Taylor and McLennan (1985).

Note that some values of Yb were below the detection limit an no symbols are plotted at Yb for these samples.

PAAS-normalized REE patterns of phosphate samples are nearly flat with a gentle and
positive slope from the LREE to the HREE (Fig. 12) like as Khormuj phosphatic samples.
Therefore, there is slight enrichment of HREE over the LREE in the phosphate layers compared
with PAAS. Fractionation of LREE from the HREE can be quantified by the ratio
(ZLREE/ZHREE)N (e.g. Mercadier et al., 2011). Phosphate layers in the Kangan anticline have
(ZLREE/ZHREE)N ratios ranging from 0.40 to 0.74 (appendixes 6 and 7) (Khormuj anticline
phosphatic horizons (XLREE/XHREE)N ratios, 3.5 to 5.1, Haddad et al., 2023) indicating
fractionation of the HREE relative to the LREE when compared with PAAS.

In the phosphate samples, concentrations of U vary from 1.7 to 40.5 ppm (appendix 3) (U

concentrations of phosphatic Khormuj samples 1.59 to 55.6 ppm, Haddad et al., 2023). Phosphate

U Th La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb




samples of the Kangan anticline show U enrichment (5.22) compared to PAAS values (3.10 ppm)
(McLennan, 1989) (U enrichment of phosphatic Khormuj samples 8.23, Haddad et al., 2023). Most
of phosphates are enriched in uranium relative to the PAAS (Fig. 10a). Carbonate samples do not
display uranium enrichment relative to PAAS (Fig. 10a). Pelagic limestone samples are slightly
enriched in U relative to carbonates and to the PAAS (Fig. 10a). Comparison of PAAS-Normalized
values of U in studied samples from the base of the Pabdeh Formation of Kangan anticline and
Khormuj anticline is illustrated in fig. 10b. Dissimilar to the Khormuj samples, the investigated
samples do not show a robust positive correlation between concentrations of U and P,Os (Fig.8
and appendix 4). Like as Khormuj phosphatic layers, Phosphatic layers of the Kangan anticline do
not show enrichment of Th compared to PAAS and neither do limestone or pelagic limestone

samples (Fig. 10a).
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b: Comparison of PAAS-Normalized values of U in studied samples from the base of the Pabdeh Formation of Kangan

anticline and Khormuj anticline.

5. Discussion

5.1 Paleodepositional environment

There are many factors that can influence the deposition of phosphate deposits. These factors
include depth of deposition (Khoshnoodi and Ziapour 2022; Dahlkamp 2009, Avilés et al., 2006),
oxidation and reduction conditions (Eh) and the pH of water, phosphate mineral assemblages, the

abundance of organic matter, phosphate grade, and paleoclimatic conditions (Baturin and



Kochenov 2001, Dahlkamp 2013) as well as weathering (Abed 2013). Furthermore, these factors
also influence REE and U substitution into francolite (Simandl et al. 2011, Voyseh, 2017), which
is the dominant mineral host for these metals in phosphate deposits (Zhang et al. 2021). Hence,
the depositional environment will influence the prospectivity of phosphate deposits for metals of
economic interest. Our analyses of phosphatic layers—as well as bounding pelagic limestone and
limestone layers—in the Pabdeh Formation of Kangan anticline can be used to infer depositional
conditions and to evaluate the mechanisms responsible for the enrichment of HREE and U in these
rocks.

The pelagic limestone layers beneath the lower limestone layers have mudstone textures
with microfractures, bioclasts, and insignificant pelagic foraminifera, organic matter with
laminations and no glauconite (Fig. 50). These textures are compatible with a low-energy and very
deep depositional environment. The pelagic limestone layers are covered by limestone across a
sharp but non-erosional boundary (Fig. 3 and Fig. 4).

Beneath and above the phosphatic layers are the limestone layers with wackstone to
packstone textures and abundant plankton foraminiferal shells in a micritic matrix (Fig. Sm-n). A
small number of green glauconite grains are present in limestone layers (Fig. Sm) in the Pabdeh
Formation of Kangan anticline. These textures are interpreted to represent an offshore depositional
basin connected to the open ocean (e.g. Flugel, 2004; Flugel and Munnecke, 2010). In the lower
limestone layers, the presence of Morozovella, Conicotruncata Sp. microfossils rimmed with
calcite cement (Fig. 5n) suggest tropical to subtropical conditions during deposition of the Kangan

anticline phosphate layers (e.g., Subbotina, 1947).



The phosphatic layers within the Kangan anticline represent a complex archive of biogenic
phosphate grains (pellets, ooids, intraclasts, vertebrate bone fragments, shells, teeth, and scales of
fish) (Fig. Sd—e), terrigenous inputs (such as clay minerals and quartz).

The depositional environment of the phosphate deposits can be inferred from grain textures
and internal zoning of the phosphatic grains. Pellets (Fig. 5a) and phosphate intraclasts (Fig. 5¢)
were likely derived from autogenous phosphates; they suggest turbulence during deposition and a
comparatively shallow environment (e.g., Benitez-Nelson et al., 2004). Oolites with concentric
layers (now broken due to diagenesis; Fig. Sb) are interpreted to record multi-stage deposition on
the seafloor, burial, and displacement (Benitez-Nelson et al., 2004). The presence of reducing
conditions during deposition is suggested by yellow- to the orange-colored organic matter in
phosphate layers (Fig. 5f) (e.g. Abed et al., 2016). In phosphorites, the phosphate mud (Fig. 5k)
probably precipitated from phosphorus ion-enriched solutions in pores (e.g. Felitsyn and Morad,
2002; Abed et al., 2016; Haddad et al., 2023). High proportions of organic matter along with
sulfide minerals such as pyrite (Fig. 5f) are observed in some samples (Fig. 6a-b-c-d and Fig. 71)
and are inferred to represent post-depositional sulfidation (e.g., Pestitschek et al., 2012). The
organic matter proportion in the phosphate samples is lower than the non-phosphate samples; this
is interpreted to represent the vestiges of organic matter decomposition during phosphatization
(Fig. 5f) (Balthasar, 2007; Hiatt et al., 2015).

Three forms phosphatization was observed in glauconate grains: phosphatization from the
margin of glauconite to the mineral center (Fig. 5g); phosphatization from the center of the
glauconite to the edge of the mineral (Fig. 5h); vermiculated phosphatization, where apatite is
scattered throughout the glauconite (Fig. 51). Glauconite also occurs in foraminifera chambers (Fig.

7g-h-j-k). Green chert, which is commonly associated with upwelling environments (Abed, 2013),



phosphorite formation (Abed, 2013) and of biochemical origin (Abed et al., 2016), were observed
in the thin sections (Fig. 51 and Fig. 7h).

Framboidal pyrite grains are disseminated across samples (Fig. 6a-b). Framboidal pyrite is
probably a product of the bacteria and fungi (Virtasalo et al., 2010) conversion of sulfate and in-
situ iron monosulfide (Fazio et al., 2007); this process was likely related to syngenetic reducing
conditions (G4dl et al., 2020; Liu et al., 2020). Pyrite may have been produced by sulfate-reducing
bacteria in seawater (e.g., Voronin, 2019). Cubic pyrite was also observed in samples (Fig. 6¢-d
and Fig. 7f); these were been created due to the reduced environment. Oxidation of syngenetic
pyrite is inferred to have produced diagenetic (secondary) iron oxides (hematite and goethite) (Fig.
Tc-n).

The paleodepositional environment can also be reconstructed using the pelagic limestone,
limestone, and phosphate samples compositions, particularly the REE pattern. Cerium anomalies
exist in the samples (Fig. 12), and probably formed by Ce deposition with redox-sensitive metals
(e.g., iron, manganese) under oxic seawater conditions (e.g. Tostevin et al., 2016). Nevertheless,
Ce anomalies are less pronounced in the phosphate samples (Fig. 12), indicating less oxidized
conditions than deposition of the pelagic limestone and limestone layers.

A paleodepositional model is presented based on the combination of the textures and
composition information of the Pabdeh Formation described above. Pelagic limestone layers were
deposited in the basin with higher depth than limestone layer. Moving upward from the pelagic
limestone to the bottom limestone layer, the basin depth gradually decreased. Subsequently,
phosphatization and accumulation of phosphate in the margin carbonate ramp environment was
caused by a depth increase and extreme upwelling currents of acidic (as a result of CO3> and PO4*

soluble ions presented as carbonic acid and phosphoric acid) (Long et al., 2011) and cold waters



enriched in phosphate ions (PO4>"); there was high biological activity, a large amount of plankton
growth, and production of organic matter on the continental shelf as a result of these upwelling
currents. (Mutti and Bernoulli, 2003; James et al., 2004; Trela, 2005; Brookfield et al., 2009;
Collins et al., 2014; Brandano et al., 2016; Messadi et al., 2019; Sanders and Grotzinger, 2021).
Due to the existence of planktonic foraminifera, green glauconite, green biochemical chert,
crystalline and framboidal pyrites, dolomite, ankerite, and the existence of organic matter, an
anoxic or suboxic environment with reduced Eh and slightly alkaline pH (~7.7-8) can be
considered for the time of deposition of the sandy glauconite-bearing phosphatic layer in the
Kangan anticline (Baioumy, 2002; Zeebe, 2012; Bolourchifard et al., 2019). Further phosphate
deposition occurred during regression and was followed deposition of the limestone layer above
the sandy glauconite-bearing phosphate layer.

Primaryphosphate and glauconite facies are generally spatially related (Odin and Letolle,
1980) in the studied sections, glauconite formation requires a relatively low-energy sedimentary
environment (e.g. Brookfield et al., 2009). In the following, High erosion rates, divided and
transportation of the phosphatic grains in inferred for the studied samples based on the low
proportion to absence of micrite in phosphatic packstones and grainstones, well-rounded pellets
and ooids, lack of concentric layers in composite ooids, absence of phosphatic cement, and
presence of intraclasts (Tarawneh, 2005; Arning et al., 2009; Bolourchifard et al., 2019; Haddad
et al., 2020; Haddad et al. 2023). The presence of pellets, ooids and glauconite in the phosphate
samples suggests deposition in a shallow coastal environment with low detrital input.

Phosphate horizons of the Pabdeh Formation in the Kangan anticline appear to have been
affected by syngenetic, and diagenetic, processes. The syngenetic processes in sedimentary rocks

refer to the processes that occur during the deposition and formation of them (Boggs 2014; Nichols



2009; Tucker 2001). Phosphatization, glauconitization and sulfidation (i.e., pyrite growth) in
samples containing organic matter and glauconite combined with the presence of laminated
phosphate provide evidence of syngenetic mineralization.

Diagenetic processes in sedimentary rocks encompass a wide range of post-depositional
changes that occur after the initial deposition of sediments (Boggs 2014; Nichols 2009; Worden
and Burley 2003; Tucker 2001). Diagenetic processes include glauconite formation due to an
increment in the concentration of K* ions and/or phosphatization in glauconite by increasing
concentrations of PO4?" in connate fluids during diagenesis (e.g. Banerjee et al., 2012; Baldermann
et al., 2015). Replacement of foraminifera chambers by glauconite, phosphate or iron oxide (Fig.
Sc-k and Fig. 7g-h-1-j-k) also suggest diagenetic mobilization of components. The presence of
gypsum (Fig. 6e-f and Fig. 7a-m) is also diagnostic of diagenetic formation (e.g. Pirlet et al.,
2010); gypsum mineralization may be the result of the oxidation of syngenetic sulfide minerals
(generating SO4%") coupled with the dissolution of carbonate that released Ca** into solution (Doner
and Lynn, 1977, Liu et al., 2018). Furthermore, the development of euhedral hematite crystals and
hematitization along pyrite margins (Fig. 6e, f and Fig. 7n) could possibly be attributed to subaerial

oxidative weathering as part of a diagenetic process.

5.2 Mineral hosts of trace metals

It is essential to understand the minerals that contain trace metals in phosphate deposits to
assess their economic potential (Abed et al., 2016; Hein et al., 2016; Robb, 2020). These metals
can be adsorbed onto various minerals such as Fe-Mn oxides, clay minerals, apatite, sulfide

minerals, and organic matter, and cation substitution in apatite can also store these metals (Emsbo



et al., 2015; Hughes and Rakovan, 2015; Zhu and Jiang, 2017). Francolite in phosphate rocks can
substitute various cations and accommodate a significant portion of the total REEs (Chen et al.,
2010; Hughes and Rakovan, 2018).Before we can evaluate whether ion adsorption or cation
substitution is the predominant concentration mechanism of trace metals in the Pabdeh Formation
phosphate deposits, we must first rule out the possibility that enrichment of trace elements are
caused by an increase in the clastic component of individual samples. The presumption that all of
the clay minerals —other than glauconite, which may be diagenetic in origin—are clastic in origin,
like as Khormuj samples (Haddad et al., 2023) the Kangan analyzed samples have an average of
lesser than 5% clastic material (as a result of Al,Os3 value in the table 3). Fe.O3 and K20, depending
on the type of clay minerals, can also exist in the mineral structure (Weaver and Pollard, 1973). In
addition, the elements of TiO2, Al203, MgO, K20, Ba, Hf, Nb, and Zr are generally transported in
ferromagnesian minerals, quartz, heavy minerals and clays (Armstrong-Altrin et al., 2004; Rahman
and Suzuki, 2007). Heavy minerals like tourmaline and thorite, which have the detrital origin for
Th, were not seen in this deposit. A strong correlation coefficient has been observed between Al,0O3
and TiO2 (>0.85), Al203 and Fe>O3 (>0.91), and Al2O3 and K20 (>0.93) (see appendix 4, Fig. 8).
This is consistent with the findings of the Khormuj samples (Haddad et al., 2023), suggesting an
increase in these elements attributable to the rising detritus component within the Pabdeh
Formation.. Nevertheless, a positive correlation exists between P2Os with some elements such as
MgO, Na;O, U, Y (appendix 5, Fig. 8) and the REE (Fig. 11) in both of the deposits.

Apatite precipitation can occur directly from seawater P>Os, and the positive correlation
between P>Os and other elements indicates that they were also deposited with carbonate-
phosphorite materials from seawater (Fig. 8). Cation replacement in apatite as a mechanism for

trace metal enrichment and we test this hypothesis by examining the correlation between the



essential structural constituents of apatite (mainly CaO and P>Os) and other elements that have a
positive correlation with these elements. Calcium is distributed in addition to carbonate
fluorapatite between biogenic carbonates and detrital minerals. Marine sedimentary phosphate
samples of Kangan anticline have ~0.34—-11.11 wt.% P>Os with the average concentration of 4.11
wt.% (Khormuj anticline phosphatic horizons P20s 0.40—10.59 wt.%, average: 5.56 wt.%; Haddad
et al., 2023). A positive correlation exists between Na,O and P>Os in the Pabdeh formation's
phosphate samples (Fig. 8) which indicates the substitution of Na* for Ca* in francolite (Jiang et
al., 2020). Between Y (appendix 5 and Fig. 8, r= 0.94) and REEs (Fig. 11, r = 0.60) also has a
positive correlation with P2Os, indicating that these elements substituted for Ca in the carbonate
fluorapatite structure. Unlike Khormuj phosphate samples, the studied samples do not have a
strong positive good correlation between U with P>Os with correlation coefficient 0.15 (Fig.8 and
appendix 5). Similar to Khormuj phosphate samples, REEs positively correlate with P2Os (Fig. 11)
in the phosphate samples. Phosphate horizons are moderately enriched in the REE contrasted with
the limestone and pelagic limestone horizons. Due to the positive correlation between REE and
P>Os (Fig. 11) in the Pabdeh Formation phosphate units and, lack of no U- or REE-rich minerals
except for the carbonate fluorapatite in our samples in thin sections or through XRD, FE-SEM and
SEM-EDX, it can be concluded that carbonate fluorapatite is most likely the main REE-bearing
minerals in the Kangan deposit. Despite the Khormuj deposit where carbonate fluorapatite is the
main U-bearing and REEs mineral, in the Kangan phosphate deposit, carbonate fluorapatite is not
the main U-bearing mineral. Instead, it seems that adsorption of uranium by clay minerals and

organic matter also plays a role.



The correlation between Y anomaly and (La/Nd)n ratio (Fig. 14) can be used to express
post-depositional variations, as these parameters are not affected by changes in redox conditions

(Molnar et al., 2018; Kechiched et al., 2020).
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Figure 14. The binary diagram of Y anomaly versus (La/Nd)x for the studied phosphate samples in the Khormuj and

Kangan anticlines (modified after Molnar et al. 2018; Kechiched et al. 2020).

Fig. 14, shows that the plotted phosphate samples from the Kangan (this study) and
Khormuj (Haddad et al., 2023) anticlines fall within the range of seawater, although the values of
some Kangan samples lie within the field of mild diagenesis. The sedimentary phosphate deposit
of the Kangan anticline has been slightly affected by diagenesis compared to the deposit in the
Khormuj anticline (Fig. 14). This suggests that the primary diagenetic processes have influenced
the concentration of uranium. Consequently, the direct relationship between P2Os and U has been
disrupted, leading to the scattering of the uranium element. Between the upper and lower sections
of the phosphatic and pelagic limestone layers in the Pabdeh Formation, variations in U

concentrations exist. Samples from the lower part of phosphatic sedimentary layers (Kal2- Ka21-



Ka23- Ka33- Ka34) and from pelagic limestone layers (samples Kal- Ka9- Kal9- Ka29) are more
enriched in U than the samples taken from the upper layers. A possible reason for these higher
concentrations of U is supergene enrichment. During supergene enrichment, U%* is released and
leached from the oxidized (due to weathering) upper layers, then deposited in the lower phosphate
and pelagic limestone layers. The presence of organic matter, reduced environment, and surface
adsorption in pelagic limestone layers would create a relatively reducing environment that would
facilitate U deposition. In the effect of the oxidized water penetration into the sulfide-bearing units
and reacted with pyrite, an acidic environment is obtained by producing H* and SO+ ions. SO4*
is reacted with Ca®* and provided gypsum. As a result of this acidic (as a result of H" ion) and
oxidizing environment, uranium can remove from the phosphate layers either from the dissolution
of apatite or from the dissolution of uranium on the surface sorption on the minerals, especially
clay minerals and organic matter in phosphatic and pelagic limestone layers. Due to the U%*-
enriched fluid transition via the phosphatic layers and its gradual reduction, fine-grained uranium
minerals (e.g., Baturin and Kochenov, 2001) or U substitution into phosphate minerals would
deposit. Insomuch fine-grained U-rich minerals are not present there, it can be concluded that
adsorption and substituting the phosphate minerals in phosphates from the Pabdeh Formation were

U enrichment process.

5.3 Genetic model for phosphate deposition

The Cretaceous—Tertiary Pabdeh formation is exposed across the Zagros Fold Belt in
southern Iran (Alipour, 2024) in several anticlines, including the Khormuj anticline (Haddad et al.,
2023) and the Kangan anticline (this study). Both have similar stratigraphy and have whole-rock

compositions that suggest REE and U substitution into phosphate minerals and not ion substitution.



An integrated genetic model (Fig. 15) for the deposition phosphate layers rich in elements of
economic interest in the Pabdeh Formation of the Kangan and Khormuj anticlines is presented.
This model fuses observations and inferences about the paleodepositional environment and host

minerals of trace metals.
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Figure 15. A genetic model for the deposition phosphate layers in the Pabdeh Formation of the Kangan and Khormuj

anticline

The pelagic limestone layers beneath lower limestone layers with mudstone textures
microfractures have rare bioclasts, significant pelagic foraminifera (such as Globigerinas and
Globorotalias), strong laminations and do not contain glauconite. These textures and the presence
of plankton suggest sediment deposition below the open ocean photic zone in a moderately low-
energy and deep depositional environment; the pelagic limestone layers are covered by carbonate
with the sharp boundary.

The limestone layers probably formed as a result of the transgression. Having pelagic
foraminifera in the open sea suggests that these microfacies were formed in an outer ramp

environment with a deep depositional environment and relatively low energy.



Due to seawater regression, upwelling currents and deep cold acidic seawater movement
enriched with organic matter, HCO; and HPO4* ions towards the continental shelf, sandy
glauconite-bearing phosphate layers with grainstone textures of the Pabdeh Formation were
deposited in a relatively shallow, turbulent and energetic environment. As a result of K™ enriched
seawater and pore waters, simultaneously with phosphatic layers deposition in the Pabdeh
Formation of the Kangan and Khormuj anticlines, primary and secondary glauconites were
precipitated.

As a result of re-transgression, in an environment with lower energy and greater depth in
the offshore basin formation related to the open sea, the upper limestone layers with wackstone to
packstone carbonate texture, comprising planktonic foraminifera, were deposited in the micrite
matrix. Nodules with various sizes are phosphatic pieces separated from phosphatic layers then
rounded by turbidity currents distributed throughout the lower and upper limestone layers. Due to
the greater depth of formation environment, the paleoredox conditions, and the absence of
phosphatization process, in the time formation of limestone layers, organic matter has been finely
preserved in them. Negative Ce anomalies and slight positive Eu anomalies are in normalized REE
patterns of Pabdeh Formation phosphate samples in Kangan and Khormu;j anticlines; it suggested
phosphate precipitation in a relatively oxidized situation (Zarasvandi et al., 2021). The REEs
pattern was also shown slightly enriched in HREEs (Fig. 12) and enriched in MREEs (Fig. 12 and

Fig. 13) in the phosphates of the Pabdeh Formation.
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Figure 13. Plotting the relationship between (Sm/Pr)n and (Sm/Yb)n in the samples studied in the Kangan sections
Khormuj (Haddad et al., 2023) and comparing them with other phosphates (modified from Sasmaz et al., 2023).

Significant fractionation between the LREEs and the HREEs in both of the deposits
occurred; this is indicated by the low (XLREE/XHREE)x ratios of the Pabdeh Formation phosphate
samples.

The samples of Pabdeh Formation marine sedimentary phosphatic layers of the Kangan
anticline show uranium enrichment and thorium depletion (Fig. 10a). As a result of the supergene

enrichment, more U enrichment has been occurred in the lower part of these marine sedimentary



phosphatic layers than in the upper portions. Francolite is probably the dominant host of the U and
REE because no minerals with essential structural components of uranium or the REEs were
observed in samples. Rare earth element-rich phosphate deposits are controlled by the depositional
environment because, during precipitation, trace amounts of Na;O, Cr, U, Sr, Th, REEs, and Y
were partitioned. As a result of this partitioning, economic interest trace metals were enriched.

In the samples from the Pabdeh Formation of the Khormuj anticline (Haddad et al., 2023),
the Th/U ratios range from 0.1 to 0.94, while in the Kangan anticline, the ratio ranges from 0.05
to 1.16 (Appendix 3). The Th/U ratio can be utilized to determine the environmental conditions
prevalent during the formation of the marine sedimentary phosphate deposit. According to Molnar
etal. (2018), a Th/U ratio of less than 2 signifies an anoxic environment, while a ratio greater than
7 indicates an oxic one, and a ratio in the range of 2 to 7 suggests a suboxic environment. The
Th/U ratio in the phosphate samples of the Pabdeh Formation of the Khormuj anticline indicates
formation in a suboxic to anoxic environment under reducing conditions, while the Th/U ratio in
the sample from the Kangan anticline signals formation in an anoxic environment. Contrary to
expectations, the Khormuj anticline sedimentary phosphate deposit exhibits higher U
concentrations than the Kangan anticline deposit, potentially attributed to reduced inflow of U®*
ions from the continent to the ocean by the river during the formation of the Kangan anticline
marine sedimentary deposit (Fig. 10b). This lower U input could be due to several factors,
including the low concentration of uranium in weathered continental mother rocks, low chemical
weathering in continental parent rocks, and the presence of a reducing environment along the river
before entering the sedimentary basin. Despite the more suitable sedimentary environment for
uranium deposition at the Kangan anticline, higher U concentrations are observed in the Khormuj

anticline (Fig. 10b).



The Pabdeh formation’s sedimentary marine phosphate of the Kangan anticline is
potentially a large resource of the REE and uranium. The enrichment of these elements relative to
other chemical sedimentary rocks is due to appropriate ocean and deposition conditions for
phosphate mineralization. Phosphate-rich horizons that experienced similar deposition conditions
to the Pabdeh formation are important exploration targets for REE and U mineralization. Given
the current mining technologies, the Khormuj and Kangan deposits are not economically viable at
the moment. However, with the continued progress of science and technology, these deposits may
have the potential to be exploited for the extraction of uranium (U) and rare earth elements (REE)

in the future.

6. Conclusions

Marine phosphate deposit of Kangan anticline Pabdeh formation (Early Eocene- Middle
Eocene) were deposited in carbonate host rock in the stable carbonate ramp connected to the open
ocean. These deposits are enriched in trace metals of economic interest, such as U and the HREE.
Phosphorus grainstone—packstone with microfossils and green glauconite are present in the
phosphatic layer. The phosphate whole-rock chemical analysis shows they had a minimal detrital
component and were enriched in U and HREEs compared with carbonate layers. As a result of
interpreting phosphate layers textures and trace element compositions could be suggested a basin
margin carbonate ramp for formation environment with the reduced and suboxic-to-anoxic
situation and low detrital input but occasionally high-energy erosional events. Negative correlation
between P>Os and U in this deposit suggests that absorption in clay minerals is the main mechanism
for U enrichment. Positive correlations between P>Os and REEs in this deposit suggest cation

substitution into carbonate fluorapatite structures is the main metal enrichment mechanism.



Moderately enrichment of HREEs related to their marine origin is evident. Phosphate layers have

REEs patterns that exhibit low ((XLREE/XHREE) n) ratios and strong negative Ce anomalies.
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