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Abstract

The present study aims to evaluate the mineral potential of rare earth elements (REEs) in phosphate
horizons of the Bahram Formation in Hutk Section, east of Zarand, Kerman province, and their economic
importance as well as their genesis for the first time. Based on the 18 wt% P,Os borderline concentration,
these horizons can be separated into two groups: phosphatic limestone and phosphorite in terms of
petrology and phosphorus concentration. Based on microscopic studies and XRD analysis, calcite,
dolomite, quartz, fluorapatite, and goethite are the most abundant minerals identified in the studied
horizons. Phosphorites have shown extractable geochemical anomalies of XREEs up to ~ 3700 ppm, and in
phosphatic limestone ZREEs reached up to ~ 750 ppm with the highest enrichment for light rare earth
elements (LREESs). A strong positive correlation coefficient between P,Os and REEs concentrations (r =
0.84) in this study indicates that fluorapatite is the probable host for REEs in the studied phosphatic
horizons. The studied phosphorites have shown positive Ce (0.88 to 1.33) and Eu (1.03 to 1.44) anomalies,
indicating the deposition of phosphate and associated REEs under semi-reduced conditions, which is
confirmed by their close spatial association with silicate-type oolitic iron horizons and black shales. Based
on the present study, the phosphatic and phosphorite rocks of the Bahram Formation in the Hutk section
have high mineral potential for the extraction of REEs. These deposits have considerable potential for the
simultaneous recovery of phosphorus and rare earth elements.
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1-Introduction

Determination of the bulk chemical composition of the samples, especially in terms of phosphorus
concentration (weight percent P,Os) as well as the concentration of rare earth elements and other elements.
The bulk mineralogy of the samples was analyzed by XRD, and the chemical composition of the samples
was analyzed by XRF and ICP-MS. The petrography of the samples was performed using a polarizing
optical microscope. Based on the P,Os content and petrographic results, the samples were separated into
two groups: phosphatic (P,Os between 1 and 18 wt%) and phosphoritic (POs more than 18 wt%) samples,
and the results of mineralogical and geochemical analysis data for these two groups were described and
analyzed.

2-Results and discussion

Phosphorite samples, which include 3 samples, have P,Os concentrations ranging from 21 to 27 wt% and
total REE concentrations ranging from 1185 to 3694 ppm, with an average of 2222 ppm, which are higher
than the average seawater (700 ppm; Hein et al., 2016). Total LREEs (La-Ce-Pr-Nd) concentrations in these
samples range from 704 to 2342 ppm, total MREEs (Sm-Eu-Gd-Y) concentrations range from 352 to 977
ppm, and total HREEs (Tr-Dy-Er-Tm-Yb-Lu-Sc) concentrations range from 129 to 375 ppm. U
concentrations in these samples range from Clark values (ppm5) to threshold-grade values (12ppm). The
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same situation applies to Th (up to 14 ppm). The Ce/Ce* ratios are 1.1 to 1.33; the Eu/Eu* ratios are 1.17
to 1.44 in these samples. Phosphate components in phosphorite horizons are often present as abundant
phosphate pellets with sparite cement, ooids, brachiopod shells and spines, gastropod remains, and
echinoderms, which are light yellow to dark brown in color. In addition to phosphate and bioclasts (BC),
non-phosphate minerals such as quartz, calcite, and dolomite are also visible. Phosphate microclasts (MC)
account for approximately 5%, phosphate particles for approximately 85%, and bioclasts for 10% of the
total phosphate particles, which mainly consist of phosphated residues.

The phosphate samples, which include 4 samples, have P,Os concentrations ranging from 1.04 to 13.92
wt% and total REE concentrations ranging from 119 ppm to 756 ppm, with an average of 361, which are
lower than the average seawater (700 ppm). The total LREE concentrations in these samples range from 79
ppm to 438 ppm, the total MREE concentrations range from 30 ppm to 231 ppm, and the total HREE
concentrations range from 10 ppm to 88 ppm. The phosphate samples show low concentrations of U (max.
3 ppm) and Th (max. 6 ppm), ranging from values below the Clarke values to values close to the Clarke
values for these elements. The Ce/Ce* ratios are 0.88 to 1.07, and the Eu/Eu* ratios are 1.03 to 1.33 in
these samples. These samples were actually phosphatic limestones in which the phosphate particles and
fragments were mainly ovoid in shape, scattered phosphate and carbonate bioclasts from brachiopods,
bryozoans, brachiopod spines, and echinoderms, and about 40% are feldspars; 25% are lithoclasts
containing 10% quartz. The phosphate clasts are angular to elliptical, and their size varies from sand to
gravel. Most of the phosphate mudclasts and lithoclasts are pale brown in color and isotropic and usually
lack internal structure. In all samples, there are traces of fractures filled with calcite, dolomite, quartz, and
phosphate in the phosphate pellets. Other phosphate components, as well as traces of bay corrosion resulting
from selective dissolution, indicate diagenetic pressures.

Phosphorites and phosphate rocks in the lower siliciclastic and upper carbonate parts of the Bahram
Formation represent a shallow, upward-facing sequence deposited in a nearshore, mixed-energy, wave- and
tidal-dominated environment, from estuarine to open marine environments, on a gently sloping continental
ramp at the northern margin of Gondwana (Sharafi et al., 2016). These two members may reflect two major
progradational-regressive cycles during the Famennian sea-level changes (Becker et al., 2012). Each cycle
begins with marine advance, which is suitable for the deposition of organic matter and phosphates, and the
cycle ends with a lowering of sea level, which leads to erosion, sieving, re-transportation of sediments, and
an increase in the density of phosphate particles (Salama et al., 2018). Hassani et al., (2020) have considered
phosphate deposits in the Sarashk and Hutk sections of the Bahram Formation in northern Kerman to be
the result of (1) direct deposition of phosphorites from upwelling currents and the flourishing of life on the
continental shelf, (2) the poisoning of continental shelf waters due to oxygen deficiency caused by the
flourishing of biological communities and their subsequent high mortality, and (3) the result of diagenesis.
Given the abundant fossil content and phosphate bioclasts in the phosphate horizon of the Hutk section of
the Bahram Formation, the origin of phosphorus in these deposits could have been similar to that in the
Zagros phosphorite deposits. The origin of phosphorus in the Zagros phosphorite horizon has been
attributed to microbial decomposition of organic compounds under conditions of rising sea levels and
subsequent release of phosphate organic compounds into pore waters (Zarasvandi et al., 2021).

The distribution pattern of REEs well reflects the conditions governing the formation of phosphorites at
the time of formation (Tzifas et al., 2014). Changes in Eu anomalies (Eu/Eu*) indicate conditions varying
from oxygenic to anoxic (Jiang et al., 2007; Zarasvandi et al., 2019). Phosphorites and phosphate rocks of
the Bahram Formation show slightly positive Eu anomalies with Eu/Eu* ranging from 1.3 to 1.44. The
presence of calcite and dolomite in the phosphorites and phosphate rocks of the Bahram Formation suggests
that the pH was likely above 8 (Garrels and Christ, 1965). Therefore, the pH was probably high enough to
allow the reduction of Eu™® to Eu'?. In the Bled El Hadba phosphorites, substitution with Ca+2 in phases
such as “francolite” and other elements of glauconite minerals, in addition to adsorption, are the main
mechanisms controlling the adsorption of REEs and other trace elements (such as Sr and U) (Laouar et al.,
2024). The substitution of rare earth cations in fluorapatite can be evaluated as a mechanism for the
enrichment of these elements by examining the correlation between the essential structural components of
fluorapatite and other elements that are positively correlated with P,Os. Given the similar ionic radius of
Ca and REEs and the positive correlation between REEs and P,Os (r = 0.84) in the studied phosphate and
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phosphorite samples, as well as the positive correlation between U and P,Os (r = 0.92), the main minerals
containing U and REEs in the Bahram Formation are most likely fluorapatite. Organic matter seems to be
essential for phosphatization because it provides a source of phosphate and energy for oxidation-reduction
changes (Jarvis, 1992). In the phosphates of the Zagros zone, high concentrations of REEs have been
reported in parts of the phosphorites that were richer in organic matter. These materials play an important
role in the surface adsorption and concentration of trace and rare earth elements in phosphorites (Tzifas et
al., 2014; Zarasvandi et al., 2019).

3-Conclusions

1. The phosphate horizons of the Bahram Formation in the Hutk section can be divided into two petrological
groups, phosphorite and lime phosphate, based on the weight percentage of P,O:s.

2. Based on microscopic studies and general mineralogy based on XRD analysis, calcite, dolomite, quartz,
fluorapatite, and goethite are the most abundant minerals identified in the studied samples in both
phosphate rock and phosphorite groups.

3. Microscopic studies on the studied phosphorite samples showed that the phosphate components in the
phosphorite and phosphatic horizons are often in the form of abundant phosphate pellets with sparite
cement, ooids, shells and brachiopod spines, gastropod remains, and echinoderms that appear in light
yellow to dark brown.

4. Phosphorites with a P,Os content of more than 18 wt% to 27 wt% had extractable geochemical anomalies
of rare earth elements (from more than 1000 ppm to about 3700 ppm for ZREEs), while phosphatic
limes with a P,Os content of less than 1 to 18 wt% exhibited significant geochemical anomalies of rare
earth elements (up to about 750 ppm for XREEs).

5. Among these elements, LREEs in both phosphate and phosphorite sample groups have shown enrichment
up to about 2 times compared to MREEs and up to about 4 times compared to HREEs, and both
petrological groups are devoid of U and Th and insignificant.

6. The normalized pattern of rare earth element concentrations in phosphate horizons relative to the values
of the mentioned elements in the Australian Post-Archaean shale, in all profiles related to phosphorite
samples, Eu and Ce have exhibited a weak to moderate positive anomaly, while in profiles related to
phosphate samples, Eu has shown a weak positive anomaly but Ce has shown no anomaly to a weak
negative anomaly. The positive anomaly in all phosphorite samples indicates a change in conditions
from oxidic at the time of phosphate deposition to semi-reductive-reduced due to the destruction and
decomposition of organic compounds by microorganisms and the provision of conditions for the entry
of trace elements into the apatite crystal structure.

7. The moderate to strong positive correlation coefficients obtained between phosphorus concentration and
REEs in this study suggest that fluorapatite is a probable rare earth element-bearing phase in the
phosphate horizons of the Bahram Formation in the Hutk section. Accordingly, the phosphate and
phosphorite rocks of the Bahram Formation in the Hutk section have high mineral potential for the
extraction of REEs.

The phosphorite deposits of the Bahram Formation in the Hutk section may be considered a potential

economic source of rare earth elements (REEs) and phosphorus, and their exploitation potential could be

evaluated through further exploration and beneficiation studies.
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Table 1. Bulk mineralogy of the studied samples based on the results of XRD analysis.

Sample Bulk mineralogy based on XRD analysis
Sample type
no. Major phase Minor phase
HTK-7 | Phosphatic rock Calcite Dolomite Hematite - Fluorapatite Quartz Goethite Chlorite
HTK-8 | Phosphatic rock Calcite - - Dolomite Quartz Goethite | Fluorapatite
HTK-9 | Phosphatic rock Calcite Quartz Fluorapatite - Dolomite Chlorite
HTK- . . . . . .
10 Phosphorite Calcite Fluorapatite Quartz Chlorite Dolomite Goethite
HTK- . . . . .
1 Phosphorite Fluorapatite Calcite Quartz Chlorite Goethite -
HTK-
112 Phosphatic rock Calcite - - Quartz Fluorapatite | Goethite
HTK-
. Phosphorite Fluorapatite Quartz - Goethite Calcite Kaolinite Muscovite
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Fig. 2. (a) Alternation of marly limestone and coralline - anchoid limestone in the middle of the sequence, (b) Boundary
of quartz-arenite and bioturbated limestones at the beginning of the sequence, (c¢) Sandy limestone and shale in the middle
of the sequence, (d) Sandstone and quartz-arenite layers in the middle of the sequence, (¢) Upper boundary of oolitic iron
horizon and bioturbated limestone in the middle of the sequence, (f) Fossiliferous oolitic iron-bearing limestone with
diagonal bedding and (g) 10 cm phosphorite layer (sample HTK-11) above shale and below bioturbated limestone in the
middle of the sequence.
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Table 2. Results of the XRF and ICP-MS analysis for assaying of phosphorus (as weight percent P205), REEs (ppm),

U (ppm), and Th (ppm) in phosphatic (+) and phosphorite (*) samples from the Bahram Formation in the Hutk section.

Elements

P20s (wWt%)
La
Ce
Pr

Nd

Sm
Eu
Gd
Tb
Dy
Er
Tm
Yb
Lu
Y
SC

YREE-+(Y-Sc)

2LREE
(La-Ce-Pr-Nd)
XMREE
(Sm-Eu-Gd-Y)
YHREE
(Tb-Dy-Er-Tm-Yb-
Lu-Sc)
U
Th

*HTK

-7

2.61
25
63

8.65

35.60

8.40
2.16
9.16
1.50
12.40
7.40

6.34
0.90
58.50
10.90
250.9

132.2

78.22

40.44

1.20
9

*HTK

-8

1.04
19
36

4.59

19.40

3.70
0.83
3.80
0.40
4.10
2.30
0.40
1.86
0.30
21.8
0.50
118.9

78.99

30.13

9.86

0.60
2.30

*HTK
-9
13.92
86
221
25.36
105.3

24.80
7.19
25.55
4.10
31.90
18.80
2.30
13.39
1.90
173.5
15.40
756.4

437.6

231.0

87.79

3.10
6.20

*HTK-
10
20.88
143
359
39.24

162.70

38.10
10.97
38.47
6.20
49.30
28
3.40
20.64
2.70
264.6
19
1185.3

703.94

352.14

129.24

4.90
8.70

*HTK-
11-1
27.09
228
559
52.14

219.30

50.90
13.54
56.81
9.20
74.70
44.20
5.30
31.89
4.30
423.20
13.90

1786.38

1058.44

544.45

183.49

8.70
13.90

Samples

*HTK-
11-2
3.83

48
103
10.28

42.10

8.80
2.31
9.65
1.40
11.20
7

0.90
5.01
0.70
64.30
430

318.95

203.38

85.06

30.51

1.70
2.80

*HTK-
12
26.59
479
1299
104.98

458.70

105.40
33.62
112.46
21.60
123.80
74.80
9.30
73.71
6.90
725.70
64.80
3693.7

2341.6

977.18

374.91

12.20

Average of
*phosphorite
samples (n=3)

24.85
283.33
739
65.45

280.23

64.8
19.38
69.25
12.33
82.63

49
6
42.08
4.63

471.17
32.57

2221.82

1368.02

624.59

299.21

8.6
9.2

Average of
*phosphatic
samples (n=4)

535
445
105.75
12.22

50.6

11.42
3.12
12.04
1.85
14.9
8.87
1.15
6.65
0.95
79.52
7.77

361.33

21291

106.11

42.15

1.65
5.07
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Fig. 3. Comparison of P,Os (wt%) content, total concentration of rare earth elements (XREEs), uranium (U) and thorium
(Th) values in phosphate and phosphorite rocks of the Bahram Formation in the Hutk section.
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Fig. 4. (a) Comparison of P,Os content (wt%), total concentration of rare earth elements (ZREEs), (b) total concentration

of light rare earth elements (XLREEs), (c) total concentration of moderate rare earth elements (XMREEs), and (d) total
concentration of heavy rare earth elements (XHREEs) in phosphate and phosphorite rocks of the Bahram Formation in

the Hutk section.
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Table 3. Calculated geochemical ratios of REEs in phosphate and phosphorite samples from the Bahram Formation in the
Hutk section.

HTK-7 | “HTK-8 | *HTK-9 | *HTK-10 | *HTK-11-1 | “HTK-11-2 | *HTK-12 | posphorite “Phosphatic

Elemental ratios samples (n=3) samples (n=4)
LREESHREEs | 327 8.01 4.99 5.45 577 6.67 6.25 5.82 574
La/Sm 2.98 514 3.47 3.75 4.48 5.45 4.54 426 426
(La/Sm)x 0.44 0.76 0.51 0.55 0.66 0.8 0.67 0.63 0.63
La/Nd 0.7 0.98 0.82 0.88 1.04 1.14 1.04 0.99 0.91
Lan/Ndx 0.59 0.82 0.69 0.74 0.88 0.95 0.88 0.83 0.76
La/Yb 3.94 1022 | 642 6.93 7.15 9.58 65 6.86 7.54
(La/Yb)x 029 0.76 0.47 0.51 0.53 0.7 0.48 0.51 0.56
(Sm/Pr)y 155 127 155 1.54 155 135 1.59 1.56 1.43
(Sm/Yb)x 0.66 1 0.93 0.92 0.8 0.88 0.71 0.81 0.87
EwEw® 115 1.03 133 1.34 1.17 1.17 1.44 132 1.17

Ce/Ce*® 0.97 0.88 1.08 11 118 1.07 133 12 1

Ceanomaly® | -0.01 | -0.07 0.03 0.03 0.05 0.01 0.09 0.06 20.01
Pr/Pr+® 1.02 0.98 0.94 0.92 0.85 0.89 0.77 0.85 0.96
Y/Y*O 1.54 1.74 1.77 1.75 1.85 1.87 191 1.84 1.73

1. [(Bux)/NSmnxGdn], 2. 2(Cen)/(Lan+Prv), 3. log(3Cen/(2Lan+Ndn)), 4. (2Prn)/(Cent+Ndn), 5. (2YN)/(Dyn+Hon)

Salama et al., ) ;> ;o oo aud g olpl slaca iws o Y/Y* Eu/Eu* Ce/Ce* La/Sm La/Yb ,olic sauwslic -f Jgox
.(2018; Zarasvandi et al., 2021; Valetich et al., 2022; Haddad et al., 2023; Peng et al., 2025

Table 4. Comparison of La/Yb, La/Sm, Ce/Ce*, Eu/Eu*, Y/Y* values in Iranian phosphorites and phosphorites around
the world (Salama et al., 2018; Zarasvandi et al., 2021; Valetich et al., 2022; Haddad et al., 2023; Peng et al., 2025).

ke La/Yb La/Sm Ce/Ce* Euw/Eu* Y/Y*
Jeirud
(Paghalch) 2.6-5.8 1.5-4.3 0.87-1 1.1-1.56 0.89-1.03
Pabdeh. 9.26-10.58 - 0.24-0.6 0.99-1.61 1.15-1.83
(Khormuyj)
Pabdeh
(SheykhHabil) - - 0.77-0.97 1.16-1.35 1.40-2.03
Georgina Basin 0.16-1.01 0.27-1.28 0.35-0.89 - -
South China - - 0.32-0.50 0.83-1.33 1.6-3.27
Bahram
(Hutk) 6.5-7.15 3.75-4.45 1.1-1.33 1.17-144 1.75-1.91
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(Salama et al., 2018; Zarasvandi et al., 2021; Haddad et al., 2023) (59, sb,s <1
Fig. 5. Ideal plots of REEs with origin application in the studied phosphatic horizons, (a) REEs profiles normalized to
Post-Archaean Australian Shale (PAAS) for phosphorites and phosphatic rocks of the Bahram Formation of the Hutk
section, (b) Enrichment of the studied phosphorites and phosphate rocks in HREEs and MREEs relative to the Post-
Archaean Australian Shale (PAAS) in the (Sm/Pr)x - (Sm/Yb)x plot (base diagram from Kechiched et al., 2016; Samala
et al., 2018), (c) Ce-anomaly and Pr/Pr* relationship (base diagram from Bau and Dulski, 1996) in the studied phosphate
horizons; phosphorites exhibit true positive Ce anomaly while phosphate rocks have shown no Ce anomaly or negative
Ce anomaly, (d) Reduced environment for formation of the studied phosphate and phosphorite rocks based on the
Lan/Smn-Ce anomaly plot (base diagram from Morad and Felitsyn 2001), (e) The deviation of the Lan/Ndy and Y/Y*
signatures of the studied phosphate and phosphorite rocks from those of seawater, and the alignment of these signatures
with the progression of diagenesis (base diagram from Shields and Stille 2001), (f) Adherence of the REEs fractionation
pattern in the studied phosphatic rocks to the trend of the final stages of their diagenesis (base diagram from Reynard et
al., 1999), and (g) Comparison of the normalized REEs patterns of the studied phosphatic and phosphorite rocks with

phosphates of other regions of Iran and present-day seawater (Salama et al., 2018; Zarasvandi et al., 2021; Haddad et al.,
2023).
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Valetich et al., 2022; ) ez julyw 10 ogm, Glind sla luils 5 Sogn (o 50 ple wijle sloce ind sl Shs awlic -0 Jgus
(Laouar et al., 2024; Peng et al., 2025; Wang et al., 2025

Table 5. Comparison of the characteristics of the phosphorites of the Bahram Formation in the Hutk section and
sedimentary phosphate deposits around the world (Valetich et al., 2022; Laouar et al., 2024; Peng et al., 2025; Wang et

al., 2025).
deposit Country Age P,0s (wt%) > REE (ppm)
South China  China Early 13.21-41.27 52-1882
Cambrian
Zhijin China Early 1.09-37.38 41 - 1960
Cambrian
Bled El . Paleocene-
Hodba Algeria Eocone 17.57-24.08 194 - 1858
Georgina  \\\cralia  Cambrian  23.07-31.09 176 - 1689
Basin
Hutk Iran Upper 1.04-27.09 119 - 3694
Devonian

Hell’l et al, 2016, Lgl.boé‘é udJLAJ‘ » U‘JJ‘ aslaws Lgllbw d]a..o.ero 9 axJlas 0)9.4’ Lglmw]M 6[&6?))3 d.M.JLnA —?de}
Moghaddasi et al., 2016; Salama et al., 2018; Zarasvandi et al., 2021; Haddad et al., 2023; Khoshnoodi and

Ziapour, 2023

Table 6. Comparison of the characteristics of the studied phosphorites and the most important phosphate deposits of Iran
based on data from Hein et al., 2016; Moghaddasi et al., 2016; Salama et al., 2018; Zarasvandi et al., 2021; Haddad et al.,

2023; Khoshnoodi and Ziapour, 2023.

Zones Formation Age Ore deposits Ge]i) fggﬁl;;cal Lithology P20s (wt%) > REE (ppm)
Gray shale and
Cretaceous - . Northeast of :
Zagros Pabdeh Tertiary SheykhHabil Dehdasht phosphorlte 21 11-332
limestones
Phosphorite
mineralization,
Zagros Pabdeh Cretaceous - Kuh-e- East of oxide minerals 12.42 19-367
Tertiary Sefid Ahvaz
and hydrocarbon
shale
Paleocene- Khormuyj Southeast of Limestone with
Zagros Pabdeh . ormuy phosphate 1.5-11 102 - 682
Oligocene anticline Bushehr ;
interlayers
Between the
shale and
Central Jeirud Devonian Shemshak Northeast of sandstone layers 21-27 331-570
Alborz Valley Tehran
there are
phosphate layers.
Dolomitic
limestone, black
Central 5t d Devonian  Paghaleh Northeast of = 1 With layers 27 -31 201-731
Alborz Firouz-Kuh
of granular
phosphorite
Shale, black
Central . Proterozoic . Southern dolomitic lime
Albory ~ Seltanich -Cambrian Dalir Chalous containing >-16 46-137
phosphate pellets
Central Bahram Uppe_r Hutk Northeast of Lime phosphgte 1.04-27 119 - 3694
Iran Devonian Kerman and phosphorite
Seawater 22.8-32.2 727
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Fig. 6. Photomicrographs of the studied phosphatic and phosphorite rocks from the Bahram Formation in the
Hutk section. (a) Phosphate components that appear as pellets, brachiopod shells, gastropod remains (BC),
ooids characterized by light to dark brown in sparite matrix (HTK-12 sample), (b) Recrystallized dolomite in
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the matrix (HTK-7 sample), (c) Brachiopod shells that have become twinned (HTK-12 sample), (d) Stylolite
in phosphorite sample (HTK-11 sample), (¢) Biogenic components including brachiopod shells and spines as
well as echinoderms (BC) in calcite matrix (HTK-9 sample), (f) Detrital quartz grains cemented by fluorapatite
and have formed a grain similar to phosphatic lithoclasts (LC)(HTK-10 sample), (g) A dark organic-rich
mudclast (MC) with an internal ploidy structure showing sutured grain contacts with surrounding lithoclasts
(LC) (HTK-9 sample), (h) Fractures in phosphatic components caused by diagenesis pressure filled by calcite
cement (HTK-10), and (i) Effects of compressive dissolution and deformation in phosphatic components such
as shells and brachiopod spines (BC) caused by burial diagenetic pressure (HTK-10). Abbreviations: BC,
bioclast; LC, lithoclast; MC, mudclast; DM, dolomite (Salama et al., 2018).
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Fig. 7. (a), (b), (c) and (d) Hand specimen photographs of samples no. HTK-9, HTK-10, HTK-12, HTK-11; (e)
Photomicrograph of phosphorite sample no. HTK-11 including biogenic fragments and brachiopod shells in a phosphatic
matrix, (f) Photomicrograph of phosphorite sample no. HTK-12 containing biogenic fragments and mudclasts, (g)
Photomicrograph of phosphorite sample no. HTK-10 containing deformed mudclasts and biogenic fragments, and (h)
Photomicrograph of phosphorite sample no. HTK-9 containing mudclasts and lithoclasts. Abbreviations: LC, Lithoclast;

MC, Mudclast (Salama et al., 2018).

al, Jowgie b chrs oo Jgl Ce g Eu (o,
o9% Ce Ll cins cutte Jbogl Eu ( Jlawd sladiges
Cutte gl .l oals oylis crs hie Jlogl b Jlogil
S 0daOLES (owyp 990 (Shyhed sladigel dem)s
—ebel des U oland cuigs gloy o oS 5 Lyl
bog I olaSy aps 5 ca e ol
@ oleS polie 39,5 Ll ud ol )3 5 el )l s
IRCCOWESPCOU | 1) PPN PR U
sdel Cewds (598 b awgie St Siwwed ol WV
adllas oyl po S ol polie clale 5 jand clile o
b yobie Jolbs Jlazml 56 coil]gials 5 S o slyiiny
5 el Wile sbcs pud 5 Slawd b o S
5 Sliwd GlaSin (ulul Gl p adle SSsa by
b (Gane Jomilly 51 SS9a ()3 plye 5le (S yhud
ML’GA )‘»))55}3 L;L> )dl.i faL& JLA?L’Z.M:‘ 6‘;:
wlgioe SSo Ap 50 el Wile (Shied slaativ
Jicd 5 S ol olie golaitl ogilly e S lyice
Sloiigni] 5 ST lallan ool 5 43,5 5 425 530

o9 byl ool 5l s )lo e e bl o408

&l Sl
glo 5 ool anwg oS8 (b Coles 5l gyl
5 oot S laj Ul plosl anse el 6lp )
ool Sale Sl sl Cl o0y 19555 50 (leerdis
eled Slpl &858 cnl pioe Gelgas Sl 993 (S1s 508
g oad,l Slolpain ¢ ol 5l imes dlie BWLS
pol dlie oo o5 ol dme oyt olsls ol

ileior 6Kl dilores

YoV

&S azmii-V
ol lis pol> axdllas

bl g by 0 ple wile Sland slagdl )
9 Soind (bl Siw 095 93 30 P2Os (G399 oliee

PGB ln S 5 Ky S Slalllas il Y
3,90 lrdiges jo ool Sluls sl SIS 0 5lgl 3 cusgs
LQW)JLWS 9 @IM ‘_gl&e_iuu 05; 90 B 40 axlllao

S50 (S rhed Sladiged (S5, » (959 See Slalllae ¥
5 s d slo 38l o wland gl as ol las iag
Ol b (gl wlind slacdy &j50 a4 Gl Sl
codilodl wpeSTy 5 5 bosas wlll ol bl
o5 Slogtd b (589, 9,5 S5, 42 a5 liwgy )15 g dogyg 28
FUSLONE PR VIO Py N VR

YV B P2Os G55 oo VA 5l o Lo b oy jaud ¥
Ell BB pleardinm il 3l o Siy vy
YVeeppm sga> G Ve e eppm 3l oo 5 (S el ol
Slewd glaSal a5 Jl> o wise ,ls,95 5 EREESs sl
sga ) S b ole 5l caenl b oleod o)
wileslds jsles a0 |y EREES (6l YO - ppm

, (La, Ce, Pr, Nd) S jolie ¢ polie ol Lo 510
W)J‘)JY dswuﬁszﬁwéhbﬁyoJos;joﬁ
S plp § 090> 6 4 (Sm, Bu, Gd, Y) Lwge yolie a4
(Tr, Dy, Er, Tm, Yb, Lu, Sc) nXiw ,ole «
l°9""‘)5‘ )‘ LGA.AJLMAJ S 05; 9o B g Qilools ULMAJ ‘;M(}_&

@l o S ol ole cdale ooy 651 7
Jeis 50 je50e yolie polie 4 Cos asllas 050 (Jlad



a

Y oo,led V8 0,90 N FD lils i ey (69 IS ol s ).wdf//_;ag,’
¥

&=l

Balaram, V., 2023a. Potential future alternative resources for rare earth elements: Opportunities and
challenges. Minerals 13, 425. https://doi.org/10.3390/min13030425

Balaram, V., Rahaman, W., Roy, P., 2022. Recent advances in MC-ICP-MS applications in Earth and
environmental sciences: Challenges and solutions. Geosystems and Geoenvironment 1, 100019.
https://doi.org/10.1016/j.geogeo.2021.100019

Balaram, V., Santosh, M., Satyanarayanan, M., Srinivas, N., Gupta, H., 2024. Lithium: A review of
applications, occurrence, exploration, extraction, recycling, analysis, and environmental impact.
Geoscience Frontiers 15, 101868. https://doi.org/10.1016/j.gs£.2024.101868

Batapola, N., Ratnayake, N.P., Abeysinghe, B., Premasiri, R., Dushyantha, N., Ilankoon, [.M.S.K.,
Chandrajith, R., Rohitha, S., Dissanayake, K., Dharmaratne, P., Ratnayake, A.S., Dilshara, P., 2023. The
potential of REEs in the Eppawala Phosphate Deposit, Sri Lanka: REE enrichment, mineralization, and
economic significance. Environmental Earth Sciences 82, 446. https://doi.org/10.1007/s12665-023-
11135-3

Bau, M., Dulski, P., 1996. Distribution of yttrium and rare-earth elements in the Penge and Kuruman iron
formations, Transvaal Supergroup, South Africa. Precambrian Research 79, 37-55.
https://doi.org/10.1016/0301-9268(95)00087-9

Becker, R.T., Gradstein, F.M., Hammer, O., 2012. The Devonian Period. In: Gradstein, F.M., Ogg, J.G.,
Schmitz, M.D., Ogg, G.M. (Eds.), The Geologic Time Scale 2012. Elsevier, Amsterdam, The Netherlands,
pp- 559-601. https://doi.org/10.1016/B978-0-444-59425-9.00022-6

Bishady, A.M., Farag, N.M., Mira, H.L.,, Elsawey, E.S.H., Negm, S.H., 2019. A contribution to the
geochemistry of El-Sibaiya phosphorite, Nile Valley, Egypt. Nuclear Sciences Scientific Journal 8, 39—
58. https://doi.org/10.21608/nssj.2019.29945

Bishop, B.A., Robbins, L.J., 2024. Using machine learning to identify indicators of rare earth element
enrichment in sedimentary strata with applications for metal prospectivity. Journal of Geochemical
Exploration 258, 107388. https://doi.org/10.1016/j.gexplo.2024.107388

Bozorgnia, F., Banafti, S., 1964. Microfacies and microorganisms of Paleozoic through Tertiary sediments of
some parts of Iran. National Iranian Oil Company, Tehran, Iran, 22 pp., 158 pls.

Brookfield, M.E., Hemmings, D.P., Van Straaten, P., 2009. Paleoenvironments and origin of the sedimentary
phosphorites of the Napo Formation (Late Cretaceous, Oriente Basin, Ecuador). Journal of South
American Earth Sciences 28, 180—192. https://doi.org/10.1016/j.jsames.2009.02.004

Chinkaka, E., Klinger, J.M., Davis, K.F., Bianco, F., 2023. Unexpected expansion of rare-earth element mining
activities in  the  Myanmar—China  border region.  Remote  Sensing 15, 4597.
https://doi.org/10.3390/rs15184597

Dahlkamp, F.J., 2009. Part II: Uranium in Asia — Overview. In: Uranium Deposits of the World: Asia. Springer,
Berlin, Heidelberg, pp. 453—478. https://doi.org/10.1007/978-3-540-78558-3 19

Dar, S.A., Balaram, V., Roy, P., Mir, A.R., Javed, M., Teja, M.S., 2025. Phosphorite deposits: A promising
unconventional resource for rare earth elements. Geoscience Frontiers 16, 102044,
https://doi.org/10.1016/j.gsf.2025.102044

Dashtban, H., 1995. Upper Devonian goniatites (Famennian) from central Alborz. Geosciences, Scientific
Quarterly Journal 4(14), 36—43.

Dastanpour, M., 1996. The Devonian System in Iran: A review. Geological Magazine 133, 159-170.
https://doi.org/10.1017/S0016756800008670

Dastanpour, M., 1999. The stratigraphy and geochemistry of Late Devonian phosphatic rocks in Kerman.
Research Journal of University of Isfahan 13, 59-72.

Dimitrijevic, M.D., 1973. Geology of Kerman Region. Geological Survey of Iran, Report No. Yu/52, Tehran,
Iran, 334 pp.

El Ayyat, A.M., 2015. Lithostratigraphy, sedimentology, and cyclicity of the Duwi Formation (Late
Cretaceous) at Abu Tartur Plateau, Western Desert of Egypt: Evidence for reworking and redeposition.
Arabian Journal of Geosciences 8(1), 99—124. https://doi.org/10.1007/s12517-013-1169-x

YOA


https://doi.org/10.3390/min13030425
https://doi.org/10.1016/j.geogeo.2021.100019
https://doi.org/10.1016/j.gsf.2024.101868
https://doi.org/10.1007/s12665-023-11135-3
https://doi.org/10.1007/s12665-023-11135-3
https://doi.org/10.1016/0301-9268(95)00087-9
https://doi.org/10.1016/B978-0-444-59425-9.00022-6
https://doi.org/10.21608/nssj.2019.29945
https://doi.org/10.1016/j.gexplo.2024.107388
https://doi.org/10.1016/j.jsames.2009.02.004
https://doi.org/10.3390/rs15184597
https://doi.org/10.1007/978-3-540-78558-3_19
https://doi.org/10.1016/j.gsf.2025.102044
https://doi.org/10.1017/S0016756800008670
https://doi.org/10.1007/s12517-013-1169-x

a

Y oo,led V8 0,90 N FD lils i ey (69 IS ol s ).wdf//_;ag,’
¥

Ernst, A., Mohammadi, M., 2009. Stenolaecmate bryozoans from the Geirud Formation (Upper
Devonian/Lower Carboniferous) of Central Alborz (Iran). Paldontologische Zeitschrift 83, 439-447.
https://doi.org/10.1007/s12542-009-0027-3

Garrels, R.M., Christ, C.L., 1965. Solutions, Minerals, and Equilibria. Harper & Row, New York, 450 pp.

Geological Survey of Iran, 2017. Exploration of Rare Earth Elements in Iran and Search for Rare Earth
Elements in Phosphate Horizons of Iran. Geological Survey of Iran, 234 pp.

Ghavidel-Syooki, M., 1995. Palynostratigraphy and palacogeography of a Palaeozoic sequence in the
Hassanakdar area, Central Alborz Range, northern Iran. Review of Palacobotany and Palynology 86, 91—
109. https://doi.org/10.1016/0034-6667(94)00100-X

Guilbert, J.M., Park, C.F., 1986. The Geology of Ore Deposits. W.H. Freeman and Company, New York, 985
pp.

Habashi, F., 1985. The recovery of the lanthanides from phosphate rock. Journal of Chemical Technology and
Biotechnology 35, 5-14. https://doi.org/10.1002/jctb.5040350103

Haddad, F., Yazdi, M., Behzadi, M., Yakymchuk, C., Khoshnoodi, K., 2023. Mineralogy, geochemistry, and
depositional environment of phosphates in the Pabdeh Formation, Khormuj anticline, SW of Iran.
Environmental Earth Sciences 82, 418. https://doi.org/10.1007/s12665-023-11090-z

Haneklaus, N.H., Mwalongo, D.A., Lisuma, J.B., Amasi, A.LLM., Mwimanzi, J., Bituh, T., Ciri¢, J., Nowak,
J., Ryszko, U., Rusek, P., Maged, A., Bilal, E., Bellefqih, H., Qamouche, K., Ait Brahim, J., Beniazza, R.,
Mazouz, H., van der Merwe, E.M., Truter, W., Kyomuhimbo, H.D., Brink, H.J., Steiner, G., Bertau, M.,
Soni, R.S., Patwardhan, A.W., Ghosh, P.K., Kivevele, T.T., Mtei, K., Wactawek, S., 2024. Rare earth
elements and uranium in Minjingu phosphate fertilizer products: Plant food for thought. Resources,
Conservation and Recycling 207, 107694. https://doi.org/10.1016/j.resconrec.2024.107694

Hashmie, A., Rostamnejad, A., Nikbakht, F., Ghorbanie, M., Rezaie, P., Gholamalian, H., 2016. Depositional
environments and sequence stratigraphy of the Bahram Formation (middle—late Devonian) in north of
Kerman, south-central Iran. Geoscience Frontiers 7, 821-834. https://doi.org/10.1016/j.gsf.2015.07.002

Hassani, M.J., Ameri, H., Honarmand, M., Hosseinipour, F., 2020. The microfacies, sequence stratigraphy and
genesis of the Upper Devonian phosphorites in the north of Kerman, SE Iran. Rivista Italiana di
Paleontologia e Stratigrafia 126, 847-864. https://doi.org/10.13130/2039-4942/14468

Hein, J.R., Koschinsky, A., Mikesell, M., Mizell, K., Glenn, C.R., Wood, R., 2016. Marine phosphorites as
potential resources for heavy rare earth elements and yttrium. Minerals 6, 88.
https://doi.org/10.3390/min6030088

Humphries, M., 2013. Rare Earth Elements: The Global Supply Chain. Congressional Research Service,
Library of Congress, Report R41347, Washington, DC, USA, 31 pp.

Jarvis, 1., 1992. Sedimentology, geochemistry and origin of phosphate chalks: The Upper Cretaceous deposits
of NW Europe. Sedimentology 39, 55-97. https://doi.org/10.1111/j.1365-3091.1992.tb01023.x

Jiang, S.Y., Zhao, H.X., Chen, Y.Q., Yang, T., Yang, J.H., Ling, H.F., 2007. Trace and rare earth element
geochemistry of phosphate nodules from the Lower Cambrian black shale sequence in the Mufu Mountain
of  Nanjing, Jiangsu Province, China. Chemical Geology 244, 584-604.
https://doi.org/10.1016/j.chemgeo0.2007.07.010

Kato, Y., Fujinaga, K., Nakamura, K., Takaya, Y., Kitamura, K., Ohta, J., Toda, R., Nakashima, T., Iwamori,
H., 2011. Deep-sea mud in the Pacific Ocean as a potential resource for rare-earth elements. Nature
Geoscience 4, 535-539. https://doi.org/10.1038/ngeo1185

Kechiched, R., Laouar, R., Bruguier, O., Salmi-Laouar, S., Ameur-Zaimeche, O., Foufou, A., 2016.
Preliminary data of REE in Algerian phosphorites: A comparative study and paleo-redox insights.
Procedia Engineering 138, 19-29. https://doi.org/10.1016/j.proeng.2016.02.048

Kechiched, R., Laouar, R., Bruguier, O., Salmi-Laouar, S., Kocsis, L., Bosch, D., Foufou, A., Ameur-
Zaimeche, O., Larit, H., 2018. Glauconite-bearing sedimentary phosphorites from the Tébessa region
(eastern Algeria): Evidence of REE enrichment and geochemical constraints on their origin. Journal of
African Earth Sciences 145, 190-200. https://doi.org/10.1016/j.jafrearsci.2018.05.018

Khan, K.F., Dar, S.A., Khan, S.A., 2012. Rare earth element (REE) geochemistry of phosphorites of the Sonrai
area of Paleoproterozoic Bijawar basin, Uttar Pradesh, India. Journal of Rare Earths 30, 507-514.
https://doi.org/10.1016/S1002-0721(12)60081-7

AEAR


https://doi.org/10.1007/s12542-009-0027-3
https://doi.org/10.1016/0034-6667(94)00100-X
https://doi.org/10.1002/jctb.5040350103
https://doi.org/10.1007/s12665-023-11090-z
https://doi.org/10.1016/j.resconrec.2024.107694
https://doi.org/10.1016/j.gsf.2015.07.002
https://doi.org/10.13130/2039-4942/14468
https://doi.org/10.3390/min6030088
https://doi.org/10.1111/j.1365-3091.1992.tb01023.x
https://doi.org/10.1016/j.chemgeo.2007.07.010
https://doi.org/10.1038/ngeo1185
https://doi.org/10.1016/j.proeng.2016.02.048
https://doi.org/10.1016/j.jafrearsci.2018.05.018
https://doi.org/10.1016/S1002-0721(12)60081-7

a

Y oo,led V8 0,90 N FD lils i ey (69 IS ol s ).wdf//_;ag,’
¥

Khoshnoodi, K., Ziapour, S., 2024. Geochemistry of uranium and rare earth elements in the phosphate horizon
of Jeiroud Formation, Firoozkuh area, Central Alborz zone. Journal of Nuclear Science and Technology
45(2), 155-167. https://doi.org/10.24200/nst.2023.127.1818

Kidder, D., Krishnaswamy, P., Mapes, P., 2003. Elemental mobility in phosphatic shales during concretion
growth and implications for provenance analysis. Chemical Geology 198, 335-353.
https://doi.org/10.1016/S0009-2541(03)00036-6

Laouar, K., Laouar, R., Bruguier, O., Bosch, D., Kechiched, R., Bouhlel, S., Tlili, A., 2024. Geochemistry of
Bled El Hadba phosphorites (NE Algeria): Glauconitization process versus REE-enrichment. Journal of
Geochemical Exploration 258, 107398. https://doi.org/10.1016/j.gexplo.2024.107398

Luo, Y., Hughes, J.M., Rakovan, J., Pan, Y., 2009. Site preference of U and Th in Cl, F, and Sr apatites.
American Mineralogist 94, 345-351. https://doi.org/10.2138/am.2009.3026

Ma, Y., Fan, H., Khan, D., Zhang, F., Zhang, H., Gao, J., Wen, H., He, L., Li, H., Chen, W., Liu, Z., Deng, Y.,
2024. Tracing provenance of phosphorite in the Shifang phosphorite deposit: Insights from the genesis of
detrital zircon. Ore Geology Reviews 170, 106143. https://doi.org/10.1016/j.oregeorev.2024.106143

Moghaddasi, S.J., 2016. Mineralogy and geochemistry of rare earth elements of Jiroud phosphate deposit in
Shemshak  Valley, north of Tehran. Journal of Earth Sciences 102, 313-324.
https://doi.org/10.22071/gsj.2017.44054

Morad, S., Felitsyn, S., 2001. Identification of primary Ce-anomaly signatures in fossil biogenic apatite:
Implication for the Cambrian oceanic anoxia and phosphogenesis. Sedimentary Geology 143, 259-264.
https://doi.org/10.1016/S0037-0738(01)00093-8

Nouri Nav, F., Kouhestani, H., Mokhtari, M.A.A., Zohdi, A., 2022. Mineralogy, geochemistry and origin of
the Qarkhotlou bauxite deposit, southwest of Zanjan. Journal of Advanced Applied Geology 12, 424-450.
https://doi.org/10.22055/aag.2021.36773.2210

Pan, Y., Fleet, M.E., 2002. Compositions of the apatite-group minerals: Substitution mechanisms and
controlling factors. In: Kohn, M.J., Rakovan, J., Hughes, J.M. (Eds.), Phosphates: Geochemical,
Geobiological, and Materials Importance. Reviews in Mineralogy and Geochemistry 48. Mineralogical
Society of America, Chantilly, Virginia, pp. 13—50. https://doi.org/10.2138/rmg.2002.48.2

Papadopoulos, A., Tzifas, I.T., Tsikos, H., 2019. The potential for REE and associated critical metals in coastal
sand (placer) deposits of Greece: A review. Minerals 9, 469. https://doi.org/10.3390/min9080469

Peng, R., Yang, R., Chen, J., Gao, J., Gao, L., Gao, C., 2025. Biogenic mineralization controls exceptional
REY enrichment in Early Cambrian phosphorites from South China. Ore Geology Reviews 178, 106497.
https://doi.org/10.1016/j.oregeorev.2025.106497

Rakovan, J., Hughes, J.M., 2000. Strontium in the apatite structure: Strontian fluorapatite and belovite-(Ce).
The Canadian Mineralogist 38, 839—845. https://doi.org/10.2113/gscanmin.38.4.839

Rakovan, J., Reeder, R.J., Elzinga, E.J., Cherniak, D., Tait, C.D., Morris, D.E., 2002. Characterization of U(VI)
in the apatite structure by X-ray absorption spectroscopy. Environmental Science & Technology 36, 3114—
3117. https://doi.org/10.1021/es015874f

Reynard, B., Lécuyer, C., Grandjean, P., 1999. Crystal-chemical controls on rare-earth element concentrations
in fossil biogenic apatites and implications for paleoenvironmental reconstructions. Chemical Geology
155, 233-241. https://doi.org/10.1016/S0009-2541(98)00169-7

Robb, L., 2005. Introduction to Ore-Forming Processes. Blackwell Publishing, Malden, MA, USA, 373 pp.

Sadati, S.N., Hosseinkhani, A., 2023. Mineralogy and geochemistry of trace and rare earth elements of the
Chah Badam Coal mine, Yazd province. Journal of Advanced Applied Geology 13, 600—623.
https://doi.org/10.22055/aag.2022.41696.2312

Salama, W., Khirekesh, Z., Amini, A., Shafiei Bafti, B., 2018. Diagenetic evolution of the Upper Devonian
phosphorites, Alborz Mountain Range, northern Iran. Sedimentary Geology 376, 90-112.
https://doi.org/10.1016/j.sedge0.2018.08.001

Santosh, M., Groves, D.I., Yang, C.X., 2024. Habitable planet to sustainable civilization: Global climate
change with related clean energy transition reliant on declining critical metal resources. Gondwana
Research 130, 220-233. https://doi.org/10.1016/j.gr.2024.01.013

i


https://doi.org/10.24200/nst.2023.127.1818
https://doi.org/10.1016/S0009-2541(03)00036-6
https://doi.org/10.1016/j.gexplo.2024.107398
https://doi.org/10.2138/am.2009.3026
https://doi.org/10.1016/j.oregeorev.2024.106143
https://doi.org/10.22071/gsj.2017.44054
https://doi.org/10.1016/S0037-0738(01)00093-8
https://doi.org/10.22055/aag.2021.36773.2210
https://doi.org/10.2138/rmg.2002.48.2
https://doi.org/10.3390/min9080469
https://doi.org/10.1016/j.oregeorev.2025.106497
https://doi.org/10.2113/gscanmin.38.4.839
https://doi.org/10.1021/es015874f
https://doi.org/10.1016/S0009-2541(98)00169-7
https://doi.org/10.22055/aag.2022.41696.2312
https://doi.org/10.1016/j.sedgeo.2018.08.001
https://doi.org/10.1016/j.gr.2024.01.013

a

Y oo,led V8 0,90 N FD lils i ey (69 IS ol s ).wdf//_;ag,’
¥

Sengupta, D., Van Gosen, B., 2016. Placer-type rare earth element deposits. In: Verplanck, P., Hitzman, M.
(Eds.), Reviews in Economic Geology, Vol. 18. Society of Economic Geologists, Littleton, CO, USA, pp.
81-100. https://doi.org/10.5382/Rev.18.04

Sharafi, M., Longhitano, S.G., Mahboubi, A., Moussavi-Harami, R., Mosaddegh, H., 2016. Sedimentology of
a transgressive mixed-energy (wave/tide-dominated) estuary, Upper Devonian Geirud Formation (Alborz
Basin, northern Iran). In: Tessier, B., Reynaud, J.-Y. (Eds.), Contributions to Modern and Ancient Tidal
Sedimentology. Wiley, pp. 261-292. https://doi.org/10.1002/9781119218395.ch15

Shields, G., Stille, P., 2001. Diagenetic constraints on the use of cerium anomalies as palaeoseawater redox
proxies: An isotopic and REE study of Cambrian phosphorites. Chemical Geology 175, 29-48.
https://doi.org/10.1016/S0009-2541(00)00362-4

Tzifas, I.T., Glasmacher, U.A., Misaelides, P., Godelitsas, A., Gamaletsos, P.N., Goéttlicher, J., Francoso de
Godoy, D., 2017. Uranium-bearing francolites present in organic-rich limestones of NW Greece: A
preliminary study using synchrotron radiation and fission track techniques. Journal of Radioanalytical and
Nuclear Chemistry 311, 465—472. https://doi.org/10.1007/s10967-016-4973-4

Tzifas, I.T., Godelitsas, A., Magganas, A., Androulakaki, E., Eleftheriou, G., Mertzimekis, T.J., Perraki, M.,
2014. Uranium-bearing phosphatized limestones of NW Greece. Journal of Geochemical Exploration 143,
62-73. https://doi.org/10.1016/j.gexplo.2014.03.009

U.S. Geological Survey, 2026. Rare earths. In: Mineral Commodity Summaries 2026, pp. 152—153. U.S.
Geological Survey, Reston, Virginia, USA. https://doi.org/10.3133/mcs2026

Valetich, M., Zivak, D., Spandler, C., Degeling, H., Grigorescu, M., 2022. REE enrichment of phosphorites:
An example of the Cambrian Georgina Basin of Australia. Chemical Geology 588, 120654.
https://doi.org/10.1016/j.chemgeo0.2021.120654

Wang, M., Xie, H., Wang, C., Li, Z., Yang, C., Wang, Y., 2025. Enrichment process of phosphorite type REY
based on the structure and geochemical features of the Zhijin Xinhua phosphorite in China. Scientific
Reports 15, 22218. https://doi.org/10.1038/s41598-025-05612-x

Wang, 2.Y., Fan, H.R., Zhou, L., Yang, K.F., She, H.D., 2020. Carbonatite-related REE deposits: An
overview. Minerals 10, 965. https://doi.org/10.3390/min10110965

Wendt, J., Kaufmann, B., Belka, Z., Farsan, N., Karimi Bavandpur, A., 2002. Devonian/Lower Carboniferous
stratigraphy, facies patterns and palacogeography of Iran. Part I. Southeastern Iran. Acta Geologica
Polonica 52, 129-168.

Wendt, J., Kaufmann, B., Belka, Z., Farsan, N., Karimi Bavandpur, A., 2005. Devonian/Lower Carboniferous
stratigraphy, facies patterns and palaecogeography of Iran. Part II. Northern and Central Iran. Acta
Geologica Polonica 55, 31-97.

Wu, S., Wang, L., Zhang, P., El-Shall, H., Moudgil, B., Huang, X., Zhao, L., Zhang, L., Feng, Z., 2018.
Simultaneous recovery of rare earths and uranium from wet process phosphoric acid using solvent
extraction with D2EHPA. Hydrometallurgy 175, 109-116.
https://doi.org/10.1016/j.hydromet.2017.10.025

Wu, S.W., Fan, H.F., Xia, Y., Meng, Q.T., Gong, X.X., He, S., Liu, X.Q., Yang, H.Y., Wen, H.J., 2022.
Sources of rare earth elements and yttrium in the early Cambrian phosphorites in Zhijin, southwest China.
Ore Geology Reviews 150, 105146. https://doi.org/10.1016/j.oregeorev.2022.105146

Xiong, C., Xie, H., Wang, Y., Wang, C., Li, Z., Yang, C., 2024. Microdistribution and mode of rare earth
element occurrence in the Zhijin rare earth element-bearing phosphate deposit, Guizhou, China. Minerals
14, 223. https://doi.org/10.3390/min14030223

Yang, H.Y., Xiao, J.F., Xia, Y., Xie, Z.J., Tan, Q.P., Xu, J.B., He, S., Wu, S.W., Liu, X.Q., Gong, X.X., 2021a.
Phosphorite generative processes around the Precambrian—Cambrian boundary in South China: An
integrated study of Mo and phosphate O isotopic compositions. Geoscience Frontiers 12, 101187.
https://doi.org/10.1016/j.gsf.2021.101187

Yang, H.Y., Zhao, Z.F., Xia, Y., Xiao, J.F., 2021b. REY enrichment mechanisms in the early Cambrian
phosphorite from South China. Sedimentary Geology 426, 106041.
https://doi.org/10.1016/j.sedgeo0.2021.106041

Zarasvandi, A., Fereydouni, Z., Alizadeh, B., Absar, N., Dutt Shukla, A., Qaim Raza, M., Ashok, M., Zentilli,
M., 2021. Phosphogenesis in the Zagros Fold-Thrust Belt, Iran: The link between the Tethyan

Y&


https://doi.org/10.5382/Rev.18.04
https://doi.org/10.1002/9781119218395.ch15
https://doi.org/10.1016/S0009-2541(00)00362-4
https://doi.org/10.1007/s10967-016-4973-4
https://doi.org/10.1016/j.gexplo.2014.03.009
https://doi.org/10.3133/mcs2026
https://doi.org/10.1016/j.chemgeo.2021.120654
https://doi.org/10.1038/s41598-025-05612-x
https://doi.org/10.3390/min10110965
https://doi.org/10.1016/j.hydromet.2017.10.025
https://doi.org/10.1016/j.oregeorev.2022.105146
https://doi.org/10.3390/min14030223
https://doi.org/10.1016/j.gsf.2021.101187
https://doi.org/10.1016/j.sedgeo.2021.106041

a

Y oo,led V8 0,90 N FD lils i ey (69 IS ol s ).wdf//_;ag,’
¥

paleoenvironment and phosphate ore deposition. Ore Geology Reviews 139, 104563.
https://doi.org/10.1016/j.oregeorev.2021.104563

Zarasvandi, A., Fereydouni, Z., Pourkaseb, H., Sadeghi, M., Mokhtari, B., Alizadeh, B., 2019. Geochemistry
of trace elements and their relations with organic matter in Kuh-e-Sefid phosphorite mineralization,
Zagros Mountain, Iran. Ore Geology Reviews 104, 72-87.
https://doi.org/10.1016/j.oregeorev.2018.10.013

Zhang, Y.Y., 2015. The Rare Earth Elements Characteristics and the Comprehensive Utilization Research of
Devonian Shifang Phosphate Deposit. M.Sc. thesis. Southwest University of Science and Technology,
Mianyang, China.

Zhu, B, Jiang, S.Y., Yang, J.H., Pi, D., Ling, H.F., Chen, Y.Q., 2014. Rare earth element and Sr-Nd isotope
geochemistry of phosphate nodules from the Lower Cambrian Niutitang Formation, NW Hunan Province,
South China. Palaeogeography, Palaeoclimatology, Palaeoecology 398, 132-143.
https://doi.org/10.1016/j.palae0.2013.10.002

Y&y


https://doi.org/10.1016/j.oregeorev.2021.104563
https://doi.org/10.1016/j.oregeorev.2018.10.013
https://doi.org/10.1016/j.palaeo.2013.10.002



