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A B S T R A C T

The green energy transition relies heavily on critical metals, such as Rare Earth Elements (REEs). However, their
reserves are primarily focused in a few countries, such as China, which accounts for approximately 70 % of
global production. Hence, several countries are currently looking for alternative resources for REE. Alternative
REE resources in the supply chain include recycling of e-waste, industrial waste like red mud and phosphogyp-
sum, coal ash, mine tailings, ocean floor sediments, and even certain types of sedimentary deposits like phospho-
rites where REE are present in lower concentrations but at larger volumes compared to primary ore deposits
which are becoming targets by REE industry. Currently, several studies are going on the development of eco-
friendly REE extraction technologies from phosphorite deposits. Consequently, advanced data analysis tools,
such as Machine Learning (ML), are becoming increasingly important in mineral prospectivity and are rapidly
gaining traction in the Earth sciences. Phosphorite deposits are mainly used to manufacture fertilizers as these
rocks are known for their significant phosphorus content. Moreover, these formations are considered a prospec-
tive resource of REEs. The different types of phosphorite deposits such as continental, seamount, and ore deposits
worldwide reported concentrations of ∑REE upto 18,000 µg/g. Due to the augmented claim of REE for various
ultra-modern, and green technology applications that are required to switch over to a carbon–neutral environ-
ment, these phosphorite deposits have become an important target mostly because of their relatively higher con-
tent of REE especially heavy REE (HREE). For example, Mississippian phosphorites reported ∑HREE 7,000 µg/g.
To have a comprehensive understanding of the REE potential of these phosphorite deposits which also include
several Chinese phosphorite deposits, this study is undertaken to review the phosphorite deposits in the world
and their REE potential, in addition to some of the associated aspects such as applications and formation mecha-
nisms for different types of phosphorite deposits such as igneous phosphate deposits, sedimentary phosphorite
deposits, marine phosphorite deposits, cave phosphate deposits, and insular guano deposits. Other important as-
pects include their occurrences, types, geochemical characteristics, the REE enrichment mechanisms, and vari-
ous recovery methods adopted to recover REE from different phosphorite deposits. The present review paper con-
cludes that the recent studies highlight the global potential of phosphorite deposits to satisfy the increasing de-
mand for REEs. Extracting REE from phosphorite presents no significant technological or environmental difficul-
ties, as long as radioactive elements are eliminated. In India, more comprehensive geological surveys, along with
the advancement of new methods and evaluations, are required to locate phosphorite deposits with high concen-
trations of REEs.

© 20XX

1. Introduction

The lanthanide series of elements (La, Ce, Pr, Nd, Pm, Sm, Eu, Gd,
Tb, Dy, Ho, Er, Tm, Yb, and Lu) along with Y and Sc are grouped and
are called REE. Finnish chemist Johan Gadolin was the first person to
discover rare earth elements (REEs) in 1794 while studying the mineral
gadolinite. Further, in 1797 Swedish chemists called such elements as

yttria earths. Later in 1803, the concurrent discovery of REE was per-
formed by M. Kiaprot (German chemist) and J. Berzelius (Swedish
chemist) in the mineral cerite. In 1814, Berzelius and Gan proposed the
initial classification of these elements in two categories: the Y group
and the Ce group. Currently, based on their atomic numbers and dis-
tinct physical and chemical properties, they are characterized into three
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sections (Brouziotis et al., 2022; Balaram, 2023a; Vadakkepuliyambatta
et al., 2024):

Light rare earth elements (LREE): La, Ce, Pr, Nd, and Pm.
Middle rare earth elements (MREE): Sm, Eu, Gd, Tb, Dy, and Ho.
Heavy rare earth elements (HREE): Er, Tm, Yb, and Lu.
The acronym ‘REY’ is often used when yttrium is added to ∑REE.

REE in its metallic form is frequently established in nature; however,
REE is normally present as compounds or isomorphisms within miner-
als (Di and Ding, 2024). REE has fascinated the consideration of numer-
ous researchers due to its significant practical and scientific relevance.
These metals have become extremely important worldwide for the re-
quired green energy transition to combat the current climate crisis
through the extensive application of green technologies (Golroudbary
et al., 2022; Balaram, 2023a; Balaram et al., 2024; Santosh et al., 2024).
Particularly elements like Dy, Gd, Pr, and Sm are in great demand for
industrial products such as magnets, wind turbines, solar panels, com-
puters, and several other defense applications. In addition, REEs are ba-
sic components in several high-technology products such as lasers,
guidance systems, electronic display systems, mobile phones, radar
technology, and powerful electronic chips. REEs are utilized in metal-
lurgy as alloys for various steel types (Bai et al., 2024). In nonferrous
metallurgy, REE enhances the superiority of different alloys. The ex-
traction of REE has significantly increased in recent years. An average
of 4,500 tons of REE were mined worldwide from 1930 to 1939, but in
1955, the amount mined rose to 32,000 tons. Their applications have
become highly varied (Gerasimovsky, 1959). Earlier simple combina-
tion of REE was performed in substantial amounts; however, due to in-
creased industrial demand for some of them, the mining of individual
elements has been performed in large amounts. Additionally, REE plays
a crucial role in electrotechnology for preparing carbon electrodes in
arc lamps and projectors to achieve the utmost light. In chemical manu-

facturing, they serve as catalysts in producing synthetic fabrics, plas-
tics, and oil-cracking materials. In the light industry, they are used as
dyes for leather and textiles, as well as in textile impregnation and
weaving. In the silicate industry, REE contributes to producing glass
that transmits infrared rays while absorbing ultraviolet rays, acting as
coloring and decolorizing agents, and polishing optical glass. Moreover,
they are vital tools for addressing geochemical challenges (Taylor et al.,
1981).

REE deposits are distributed globally, but there is currently a short-
age due to a decline in economically viable sources. The leading pro-
ducers of REE ore include China, the United States, Myanmar, Aus-
tralia, and Thailand. Notably, Myanmar has seen a surge in REE mining
activity in 2023, as revealed by 30-meter resolution Landsat data
(Chinkaka et al., 2023). Primary sources of REE are alkaline igneous
rocks, carbonatites, pegmatites, veins, iron oxide copper–gold deposits,
and skarn deposits (Wang et al., 2020; Balaram, 2022). Secondary de-
posits often result from the extensive alteration of igneous rocks, peg-
matites, and iron oxide copper–gold deposits. Beach sands may contain
minerals like monazite, rutile, ilmenite, zircon, garnet, and sillimanite,
as well as ion-absorption clays, and weathered rocks rich in REEs. Some
REE-bearing minerals like monazite and xenotime could accumulate
with other heavy minerals along coastal areas (Sengupta and Van
Gosen, 2016; Papadopoulos et al., 2019). Fig. 1 illustrates various types
of REE resources, including promising alternative resources like phos-
phorite deposits. These economically viable deposits are limited to spe-
cific geological environments. Moreover, several unconventional REE
resources-such as phosphorites, coal and its burning by-products, oil
sands tailings, and formation waters may help meet the rising demand
for REE (Balaram, 2023a; Bishop and Robbins, 2024).

Phosphate ores are recognized for their varying concentrations of
rare earth elements (REEs), which are often present in significant

Fig. 1. Illustrative view of different types of Rare Earth Element (REE) resources, including the future potential alternative resources such as phosphorite deposits
(modified after Balaram, 2023a,b).
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amounts. The incorporation of REEs into phosphate-based products has
the potential to promote enhanced growth and development in both
plants and animals. Over the past few decades, global rare earth ele-
ments including (REE + Y) demand driven by the growing need for
technological advancements, has experienced a substantial increase
(Haxel et al., 2002; Van Gosen et al., 2014), resulting in an increase in
rare-earth oxides production (U.S. Geological Survey, 2021). China
dominates the global supply, meeting approximately 98 % of the de-
mand, with a major contribution from an ion-exchange clay deposit in
southern China, which serves as a primary source for medium and
heavy rare earth elements (MREE and HREE) (Alonso et al., 2012).
Rare earth elements (REE), recognized as significant minerals essential
for fresh energy technologies, are experiencing a sharp rise in claims.
However, significant deposits are found in limited geological settings
like carbonatites and ion-adsorption clays, and unconventional sec-
ondary sources, including those from sedimentary basins, may hold the
potential to address this growing claim. Phosphorites, coal and its burn-
ing by-products, oil sands tailings, and formation waters have all at-
tracted attention for REE recovery, hitherto these sources stay largely
under investigation. The global REE market is expanding quickly, moti-
vated by increasing requirements and inadequate making, leading to
greater attention in extracting REE from secondary sources like phos-
phate deposits.

The reduction of primary REE natural raw materials has forced to
search for alternative resources such as phosphorite deposits. Because
of significant concentrations of REE and Y in phosphate and phospho-
rite deposits, there has been increased interest, these deposits are pro-
gressively believed to stand as important sources of REE and have great
demand currently because conventional deposits are unable to meet the
demand for REE in the foreseeable future. For example, USGS found sig-
nificant quantities of REE in phosphate nodules in Chatham Rise (east
of New Zealand) which led to the setting up of an exploration company
called Pacific Rare Earths Limited by Chatham Rock Phosphate Limited
in 2018 (https://www.nzx.com/announcements/404551). In addition
to their economic value, phosphorites are also useful in understanding
several aspects such as major redox shifts, continental weathering rates,
paleo-environmental conditions, and paleo-biochemical characteristics
of the oceans (Föllmi, 1996). Because of all these developments, an en-
deavor is taken here to put forward a systematic study on the REE po-
tential of phosphorite and phosphate rock deposits, or phosphate ores,
and their distributions over a range of land and oceanic environments.

2. Phosphorites

Phosphorite is a phosphorus-rich, bioelemental sediment commonly
linked to coastal upwelling. It can form in both terrigenous clastic and
carbonate depositional environments, resulting in a variety of associ-
ated lithofacies. The phosphorus content in phosphorite typically ex-
ceeds 18 wt% P2O5 (Blatt and Tracy, 1996; Daessle and Carriquiry,
2008), and can reach as high as 40 wt%, making it a key ore for fertiliz-
ers. Significant deposits have been discovered in the United States,
North Africa, the Middle East, and China. The phosphorites of North
Africa and the Middle East belong to the Late Cretaceous South Tethyan
Phosphogenic Province (STPP), the biggest build-up of phosphorite on
Earth. Beyond its economic importance, phosphorite plays a crucial
role as the primary long-standing sink in the global phosphorus cycle.
Phosphorus is an essential element in all living cells, playing key roles
in various metabolic processes (Albaum, 1952). It is crucial for starch
synthesis, a core component of nucleic acids, potentially necessary for
photosynthesis, a major part of bones and teeth, and important for the
shell formation process in many organisms. Within then necessary plant
nutrients, phosphorus is comparatively limited in most soils, and its ac-
cessibility is a significant issue in regulating plant growth. Authigenic
phosphate grains in sediments and rocks form concretions, including
pellets, nodules, and crusts, predominantly made of the mineral franco-

lite (Ca10(PO4CO3)F2–3). Fluorapatite is often present in cryptocrys-
talline forms, characterized by grain sizes smaller than 1 µm, and is
commonly known as “collophane” (Blatt and Tracy, 1996; Daessle and
Carriquiry, 2008). These particles are typically embedded in a calcare-
ous or siliceous matrix and can exhibit various colors, including green,
brown, yellow, or white. Phosphorite beds can be a few centimeters to
several meters thick and contain frequently approximately 30 % P2O5.
The modifications of phosphorites make leaching of carbonates and sul-
fides and increase of P2O5 content.The phosphorus (P) and phosphate
ion (PO4

3−) participate as a primary role in living organisms and the
sustainability of life on Earth (Godet and Föllmi, 2021). Natural phos-
phorites are important sources of phosphorous which accounts for
about 0.1 % of the lithosphere (Shaban, 2016).

The most commonly recognized type of phosphate rock is sedimen-
tary phosphate rock or phosphorite. Other varieties include phospha-
tized limestone, sandstone, shales, and igneous rocks. In comparison to
other sediments of the ocean, phosphorite deposits are important REE
resources, with ΣREE concentrations reaching up to 2000 µg/g. Marine
phosphorite deposits of all geological periods (from the Proterozoic to
the recent) are found in seafloors. Phosphorite deposits are found all
over the world in all continents except Antarctica (Fig. 2). Significant
igneous phosphorite amounts are found in countries such as Brazil, Fin-
land, Canada, South Africa, and Russia.

Phosphorites have been considered a significant economic ores used
by humans since ancient times. Approximately world's 90 % of the total
phosphate manufacture is employed in the production of various fertil-
izers which are crucial for agro-industries worldwide, as phosphorus is
a vital nutrient essential for the growth and productivity of plants
(Hellal et al., 2019). Although phosphorous is the 11th most abundant
element (0.10 wt%) in the crust, it is a poor nutrient in some soil types
(particularly calcareous soils) across the world. Because of the high or-
ganic stuff in the soil, the natural phosphate rock can dissolve very eas-
ily, when applied for nourishing agricultural productivity in Egypt
(Hellal et al., 2019). Phosphorite/phosphate rock deposits are used for
the industrial production of elemental phosphorous, and phosphoric
acid which is used in making detergents, soaps, cleansers, and water
softeners. Phosphates are added to common detergents to soften hard
water to enhance the cleaning power of the detergent (Notholt, 1991;
Zanin and Zamirailova, 2007; Dar, 2013; Dar et al., 2014). Elemental
yellow phosphorus and phosphorus trichloride are used for the indus-
trial production of glyphosate which is an extensively applied herbicide
to kill some types of weeds and grasses.

2.1. Formation of phosphorite deposits

Phosphorite deposits are formed through two key processes: chemi-
cal and physical processes. A chemical process refers to the diagenetic
discharge and concentration of phosphorus-retaining minerals, mainly
in specific layers, influenced by various sedimentological and biogeo-
chemical factors. Physical processes, on the other hand, engage the re-
working and sedimentary capping of phosphorus-rich sediments. This
process either concentrates comparatively heavy and insoluble phos-
phorus minerals or creates episodic changes in sedimentology that con-
centrate chemically mobilized phosphorus. Both processes can result
from along-margin current dynamics or sea level fluctuations. Interest-
ingly, phosphorus accumulation rates are highest (i.e., the phosphorus
removal pump is most efficient) when phosphorites are not actively
forming. Both physical and chemical processes are less common in
deep-sea environments and rarely occur simultaneously in both space
and time, even along continental margins. This rarity contributes to the
limited availability of high-quality phosphorite deposits and phosphate
rock reserves. This restriction is becoming increasingly crucial as a hu-
man claim for phosphorus greatly exceeds its geological replenishment,
and few new phosphate rock prospects remain (Filippelli, 2011).

https://www.nzx.com/announcements/404551
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Fig. 2. A representative occurrence of phosphorite deposits in different parts of the world (modified after O'Brien and Heggie, 1988; Mazumdar et al., 1999;
Ismail, 2002; Emsbo et al., 2015; Hein et al., 2016; Shaban, 2016; Cherepanov et al., 2019; He et al., 2022; Valetich et al., 2022; Graul et al., 2023; Yerkebulan
et al., 2023).

Phosphorite also forms in oceanic upwelling regions, here huge
quantity of phosphate-rich cold water rises from deep ocean layers to
the surface. In warmer surface waters, the phosphate precipitates out of
the solution and goes down to the seafloor, developing phosphorite de-
posits (Ritterbush, 1978). Originally, this deep ocean water was
thought to rise to the shallow photic zone, where apatite precipitates di-
rectly from the ascending water column, accumulating as phosphate
grains on the continental shelf (Cook and Shergold, 1984). Ahmed et al.
(2022) found that the phosphorites in the Sirhan-Turayf area of north-
western Saudi Arabia were formed from seawater other than detrital in-
put, based on the reverse relationship between terrestrial components
(SiO2 + Al2O3 + TiO2) and authigenic components
(P2O5 + CaO + Na2O), accompanied by very low levels of thorium. In
China, Xiqiang et al. (2020) stated that the Zhijin phosphorites devel-
oped through the crystallization of apatite through the addition of REE
and phosphorus-rich fluids with oxidizing seawater, facilitated by a lo-
cal reducing environment that freed REY concentrations from ocean
water. In the Sonrai region of the Paleoproterozoic Bijawar Basin in Ut-
tar Pradesh, India, the phosphorites showed minimal diagenetic effects
on the patterns of REE. Positive europium and negative cerium anom-
alies suggest a mixture of seawater and upwelling, with deposition oc-
curring under fairly oxidizing to slightly reducing conditions (Khan et
al., 2012a,b).

The Maghreb region, which includes the northern parts of Morocco,
Algeria, Tunisia, and Libya, is home to some of the most significant and
extensive phosphorite deposits in the world. These deposits, primarily
composed of apatite minerals (a major source of phosphorus), have
played a key role in global agriculture as a critical resource for fertilizer
production. The formation mechanisms of the Maghrebian phosphorite
deposits are complex and multifactorial, involving geological, oceano-
graphic, and biological processes that occurred over millions of years.
The primary phosphorite deposits in North Africa (Maghreb) formed
during the late Cretaceous to early Cenozoic, with some of the most sig-
nificant deposits dated to the Cenomanian-Turonian boundary (∼93
million years ago). This period coincides with one of the most intense
events of oceanic anoxia in the history of the Earth, which is believed to
have provided favorable conditions for phosphorite deposition.

The formation of the phosphorites occurred over several phases,
with the largest concentrations formed during times of global oceanic
anoxia, particularly in the late Cretaceous. The stratigraphy of the phos-
phorite layers reveals that these deposits are typically found in the ma-
rine carbonates of the Tethys Ocean basin, intercalated with marls,

limestones, and clays. These phosphorites are linked to the tectonic
evolution of the Tethys Sea, which existed between the African and
Eurasian plates. Rifting and shallow marine conditions created ideal en-
vironments for phosphorite deposition in basins like those of Morocco
and Tunisia. High primary productivity driven by oceanic upwelling in
the region provided abundant phosphorus. This was particularly effec-
tive in shallow seas where nutrient-affluent deep waters were brought
to the surface, stimulating phytoplankton growth. Hypoxic and anoxic
circumstances in the bottom waters of these seas facilitated the preser-
vation of organic material, increasing the concentration of phosphorus
in the sediments. Phosphates, particularly in the form of apatite
(Ca5(PO4)3), precipitated in sediments enriched by the decay of organic
matter. The mineralization was aided by the high biological productiv-
ity of microorganisms like coccolithophores, which contributed to the
phosphorus content. Phosphorite deposits in North Africa are a division
of the Late Cretaceous-Eocene massive Phosphorite Belt, which
stretches from the Caribbean to the Middle East. The deposits, having
marine sedimentary origin, are thought to possess around 75 % of the
phosphorite resources of the world.

According to the classification by Seredin (2010), the Northern
African phosphorites, among the REE-bearing P-rocks, are considered
to be promising to highly promising sources of REE, offering a precious
and commercial substitute for critical REEs. Algerian and Tunisian
phosphorites have high concentrations of ∑REE with negative Ce
anomalies and significant LREE/HREE fractionations. In contrast, Mo-
roccan phosphorites stand out due to their lower ∑REE levels, reduced
(La/Yb)ch and (La/Gd)ch fractionations, and more distinct negative Ce
anomalies. Interestingly, feeble differences in Eu anomalies were ob-
served across the deposits, suggesting that the Eu/Eu* ratio may serve
as a provenance proxy, rather than a redox indicator, for these deposits.

Considering the paleogeographic context of phosphorite formation
along the paleo-Tethys African margin, the chemical variations imply
varying depositional circumstances. Specifically, the Ce/Ce* values
suggest that the basins of the Algeria–Tunisia system likely experienced
sub-reducing to sub-oxic conditions, while those in Morocco were more
sub-oxic to oxic, possibly reflecting differences in seawater supply
(Buccione et al., 2021).

2.2. Classification of phosphate deposits

Phosphate deposits are classified into two types: igneous and sedi-
mentary. Igneous ores are typically carbonatites (igneous rocks hold-
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ing > 50 % by volume of carbonate minerals, Woolley and Kempe,
1989; Le Maitre, 2002). Sedimentary phosphate deposits, on the other
hand, are a type of bioelemental sediment-chemical sedimentary rocks
formed from the precipitation of nutrient elements such as phosphorus
(P), iron (Fe), or silicon (Si) (Pufahl, 2010). Most sedimentary phos-
phatic ores are formed through upwelling, where deep, phosphorus-
rich waters are brought to shallow shelves. Phytoplankton extract the
phosphorus from the surface ocean and convert it into apatite, which
accumulates in organic-rich mud below (Glenn et al., 1994; Jarvis et al.,
1994). The dissolved phosphorus originates from the chemical weather-
ing of continental rocks (Compton et al., 2000; Filippelli, 2008), linking
both igneous and sedimentary phosphate deposits through the phos-
phorus cycle. Marine biochemical sedimentary rocks containing more
than 18 wt% P2O5 are classified as phosphorites (Glenn et al., 1994;
Pufahl, 2010; Pufahl and Groat, 2016). About 80 % of phosphate ores
originate from marine sources, about 17 % come from igneous rocks,
while the rest deposits consist of residual sedimentary and guano-type
sources (Broom-Fendley et al., 2021). Phosphate rock deposits of ig-
neous and sedimentary origin are utilized in fertilizer manufacturing,
containing up to 1 % ΣREE, making them potential future resources for
REE. Seamount phosphorites contain REE higher than that of phospho-
rites of continental margin (Hein et al., 2016). The largest phosphate
ore reserves of about 50 billion tons are found in Morocco (Fig. 3) then
China holds 3.2 billion tons and Egypt holds 2.8 billion tons (Roshdy et
al., 2023). According to the REE data in Table 1, phosphorite deposits
globally show promise and may become a viable unconventional re-
source for REE in the future. Phosphate rock deposits have been re-
ported to exist in different geological settings and intricate crystal struc-
tures (Abouzeid, 2008; Hellal et al., 2019; Di and Ding, 2024). Detailed
description of these deposits is given in the following paragraphs:

2.2.1. Igneous phosphate deposits
The global distribution of igneous and sedimentary phosphorites is

shown in Fig. 4a (Source: https://firstphosphate.com/phosphate-
industry/worldphosphatedeposits/). Phosphatic ores are most com-
monly found in Phanerozoic carbonatites, although some silica-
deficient alkalic intrusions can also contain high concentrations of ap-
atite. Due to the wide variability in the morphology, composition, min-
eralogical associations, and tectonic settings of these igneous rocks, de-
veloping general exploration models is challenging. Typically, the phos-
phorus content in igneous phosphate rock ranges from 5 to 15 wt%
P2O5 (Table 2), but after mining, high-grade concentrates with minimal
contaminants can be produced (Pufahl and Groat, 2016).

The Devonian Khibina Alkaline Complex of the Kola Peninsula of
Russia, which includes seven deposits and four operating mines, is the
biggest source of igneous phosphate in the world. In 2015, this complex
produced 12.50 Mt, accounting for 58 % of global igneous phosphate
rock production. In Brazil, igneous phosphate deposits, mostly linked to
Cretaceous alkaline carbonatite complexes along the edges of Palaeo-
zoic basins, produced 6.70 Mt, accounting for 31 % of global phosphate
rock production in 2015. These deposits are generally associated with
tectonic crustal flexuring or deep fault zones (Table 2; Jasinski, 2016;
Pufahl and Groat, 2016). Although the Paleoproterozoic Phalabora
Complex in South Africa only produced 2.20 Mt, accounting for 10 % in
2015, the country holds the biggest reserves of igneous phosphate rock,
with 1,500 Mt, followed by Russia with 1,300 Mt and Brazil with 315
Mt (Table 2).

These deposits are extensive and have ages from Precambrian to
Tertiary. Mineral phases of the apatite group preponderate in igneous
and metamorphic rocks (Yerkebulan, et al., 2023). Igneous deposits
gave nearly 10–20 % of world production in the last ten years. These
deposits have been extracted in the Russian Federation, Kola Peninsula,
Canada, South Africa, Brazil, Zimbabwe, and Finland. These are also re-
ported to exist in Malawi, Uganda, Sri Lanka, and numerous other

Fig. 3. (a) World’s phosphate rock deposit reserves, (b) Phosphate rock mine production in 2022 and 2023. Reserves for China, India, Russia, and Turkey were re-
vised based on Government reports. Reserves for South Africa were revised based on company reports (USGS, 2024).

https://firstphosphate.com/phosphate-industry/worldphosphatedeposits/
https://firstphosphate.com/phosphate-industry/worldphosphatedeposits/
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Table 1
The concentrations of rare earth elements (REEs) in marine phosphorites and
related rocks from different regions across the world.
Ocean Phosphorites Phosphorous

content, wt
%.

Average/range
∑REE + Y or
∑REE (µg/g)

Reference

Pacific and
northeast
Atlantic

Seamount
phosphorites

22.8 to 32.2 727 Hein et al.
2016

Continental
margin
phosphorites

12.5 to 30.3 161

Doushantou
Formation,
South China

Danzhai
phosphorite
deposit

21.1 to 25.7 21 to 447 Yu et al.
2023

Eastern Atlantic Seamount
phosphorite
deposits

33 % − Jones et al.
2002

Algerian
Phosphorites

Tébessa
region

13 to 28 623 Kechiched
et al, 2020

Ukrainian
Phosphate
Nodules

Volyno-
Podillya-
Moldavia
Basin

34.2 1638 to 3602 Sasmaz et
al. 2023

Phosphorites of
Arkhara area of
the Middle
Amur region Far
East Russia

Continental
margin
phosphorites

5 to 33 up to 813.58 Cherepanov
et al. 2019

Meishucun
excavation sites,
South China

Cambrian
phosphorites

10 to 21.1 99.1–––709.7 Shields and
Stille, 2001

Sedimentary Abu
Tartur
phosphate ore,
Egypt

Phosphate
ore

30.1 0.05–0.20 wt% Roshdy et
al. 2023

Mississippian
phosphorites, US

Phosphorite
ore

− 18,000 (7000
ΣHREE)

Emsbo et al.
2015

Phosphorites of
the Georgina
Basin of
Australia

Phosphorite
ore

20.90 TO
36.30

up to 0.5 wt%
REE

Valetich et
al. 2022

Chinese clay-type
Phosphorite
deposits

Phosphorite
ore

− 500 to 2000 Wu et al.
1996

Hazm Al-Jalamis
Phosphorites,
Saudi Arabia

Phosphorites 6.48 to 29.95 <121.8 Ahmed et
al. 2022

Pabdeh Formation,
Khormuj
anticline, SW of
Iran

Phosphorites 0.14 to 10.59 48 to 682 Haddad et
al. 2022

Estonian Phosphorites − 600 Graul et al.
2024

Tébessa region,
Eastern Algeria

Phosphorites 20.27 to
35.59

308 to1029,
avg. 621

Ferhaoui et
al. 2022

Northern African
phosphorite
deposits
(Morocco,
Algeria and
Tunisia)

Phosphorites 6.7 to 31.95 39.2 to 1759.4 Buccione et
al. 2021

South China Phosphorus-
bearing
dolomites

1.88 to 9.66 330 ∑REY Wu et al.
2022

Phosphorus
dolomites

10.3 to 18.1 676 ∑REY

Phosphorites 19.1 to 37.0 1477 ∑REY
Bijawar Group,

Sonrai
Formation,
Lalitpur district,
Uttar Pradesh,
India

Phosphorites 28.78 to
31.84

2.89 to 236.91
ΣREE

Dar, 2012

places (Habashi,1985). The comparison between igneous versus sedi-
mentary phosphorite has been given in Table 2.

2.2.2. Sedimentary phosphorite deposits including marine phosphorite
deposits

The world-known sedimentary phosphate deposits are shown in Fig.
4b (Pufahl and Groat, 2016). Sedimentary phosphate deposits are con-
sidered bioelemental sediments because they consist of precipitates of
the nutrient element phosphorus (P) (Pufahl, 2010). Most sedimentary
phosphate deposits contain over 18 wt% P2O5, with a maximum of
around 35 wt%, and are therefore classified as phosphorites. These de-
posits are the prime source of phosphorus for fertilizer manufacture
(Glenn et al., 1994; Pufahl and Groat, 2016).

The largest and most economically significant sedimentary deposits
are found in North Africa, the Middle East, China, and the United States
(Fig. 4b, Table 2 Pufahl and Grimm, 2003; Jasinski, 2016). The
Doushantuo Formation in China, dating to the late Neoproterozoic, con-
tains only 5 % of global phosphorus reserves but accounts for 45 % of
global phosphorus production (Jasinski, 2016). In the United States, the
middle Miocene Hawthorn Group in Florida and several corresponding
Miocene deposits in North Carolina, USA contribute to 80 % of the
country’s phosphorus production, while the Permian Phosphoria For-
mation accounts for 10 %. These deposits are extensive, stratiform ore
layers formed through a combination of biological, oceanographic, sed-
imentological, and diagenetic processes (Pufahl and Groat, 2016).

In comparison to igneous ores, the formation of sedimentary phos-
phate is closely tied to biological processes, with periods of global accu-
mulation often reflecting significant changes in the biogeochemical cy-
cling of phosphorus. One of the most important events in this regard
was the Neoproterozoic Oxygenation Event (Och and Shields-Zhou,
2012; She et al., 2013), which not only paved the way for the evolution
of multicellular animals but also led to the formation of the first large
phosphorite deposits (Nelson et al., 2010; Pufahl and Hiatt, 2012;
Drummond et al., 2015). As a result, sedimentary phosphates are pri-
marily a Phanerozoic phenomenon, reflecting the impact of an evolving
and expanding biosphere on phosphorus fixation (Pufahl and Groat,
2016).

Sedimentary phosphorite deposits are the predominant source of
phosphate rock worldwide, found on all continents and accounting for
about 95 % of global phosphate reserves (Howard, 1979). Most of the
commercial deposits have a Phanerozoic age. The phosphorites are
composed of crypto-crystalline carbonate fluorapatite that occurs as
beds with thicknesses ranging from a few centimeters to several meters.
Estonian phosphorites of the Baltic paleo basin are one of the largest
phosphate rock reserves in Europe (Graul et al., 2024).

Phosphorites along with cobalt crusts and ferromanganese deposits
are significant marine mineral deposits especially for REE (Gonzalez et
al., 2016; Balaram, 2023b). Fig. 5 depicts the occurrence of phospho-
rites and other sedimentary deposits such as ferromanganese crusts,
manganese nodules, massive sulfide deposits, REE-rich marine mud at
the ocean basins, mid-oceanic ridges, seamounts, and continental mar-
gins in the oceans with the information on various critical metals in the
respective deep-sea sediments and phosphorites (Balaram, 2023b). Ma-
rine phosphorites are classified as non-granular and granular phospho-
rites (Föllmi, 1996); these phosphorites provide vast knowledge regard-
ing depositional and diagenetic variations (e.g., Föllmi, 1996). Conti-
nental weathering of pre-existing rocks and soils is the main source of
phosphorous and subsequently, it is transferred in the form of dis-
solved, particulate, organic, and inorganic forms by rivers into the
oceans (Godet and Föllmi, 2021). Marine phosphate deposits with au-
thigenic apatite (main phase) exist widely along the continental mar-
gins of different continents. Continental margins are hosts for the mix-
ture of continentally derived siliciclastic and marine and biogenic mate-
rial (März et al., 2018). Phosphorus is absorbed by plants and animals
and released back into seawater. In warm surface water bodies precipi-
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Fig. 4. (a) A known world's phosphate deposits.), (b) Global distribution and ages of known sedimentary phosphorites (modified after). Source:
Food and Agriculture Organization of the United Nations (https://firstphosphate.com/phosphate-industry/worldphosphatedeposits/Pufahl and Groat,
2016

tation of phosphate occurs then such precipitates go down to the
seafloor where they accumulate and form phosphorite deposits. In sev-
eral cases, concentrations of phosphorus and REE in phosphorites
formed on the surface of the slope of seamount volcanoes are positively
correlated with the organic carbon content, which supports their co-
precipitation from seawater enriched in REE supplied by hydrothermal
vents (Cherepanov et al., 2019). Marine seamount phosphorites were
found to contain a high ∑REE content with an average of 727 µg/g, and
a maximum content of 1992 µg/g, with high HREE (He et al., 2022).
Hein et al. (2016) reported 4–6 times higher individual REY contents
and suggested that seamount phosphorites exhibit significantly higher
concentrations of HREY compared to continental margin phosphorites.
The higher concentrations of REE in seamount phosphorites may be due
to various factors such as age. REE concentrations in seawater can vary
over time due to factors such as variation in pH, water depth during cre-
ation, the presence of complexing ligands, and the organic carbon con-
tent during the deposition process.

2.2.3. Metamorphic deposits
Phosphorus concentrations in metamorphic rocks typically range

from 0.01 % to 1.3 %. However, the available data on phosphorus in
metamorphic rocks is limited compared to that of igneous rocks. In
most instances, phosphorus tends to be comparatively immobile
through metamorphism, meaning that the phosphorus content in meta-
morphic rocks generally reflects that of their unmetamorphosed precur-
sors. Elliott (1973) studied the transition from gabbro to amphibolite
and found that amphibolites had slightly higher P2O5 contents than
their unmetamorphosed counterparts (0.169 % versus 0.146 %, respec-
tively). Koritnig (1978) suggested that phosphorus content generally in-
creases with metamorphic grade, but the data on this are limited, and
no comprehensive study has been conducted.

Metamorphic phosphate deposits are formed when existing phos-
phate deposits are transformed by metamorphism at high pressure and
temperature. They are less common than sedimentary and igneous
phosphate deposits. Metamorphic rocks have phosphorus concentra-

https://firstphosphate.com/phosphate-industry/worldphosphatedeposits/
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Table 2
The World Phosphate Production and Reserves.
Country Mine production

2014 (Mt) 2015 (Mt) Reserves (Mt)

Igneous Phosphorites
Brazil 6.04 6.70 315
Russia 11.00 12.50 1,300
South Africa 2.16 2.20 1,500
Total 19.20 21.40 3,115
% of world 8.80 9.59 4.53
Sedimentary phosphorites
Algeria 1.50 1.20 2,200
Australia 2.60 2.60 1,030
China 100.00 100.00 3,700
Egypt 5.50 5.50 1,250
India 1.11 1.10 65
Iraq 0.20 0.20 430
Israel 3.36 3.30 130
Jordan 7.14 7.50 1,300
Kazakhstan 1.60 1.60 260
Mexico 1.70 1.70 30
Morocco/W. Sahara 30.00 30.00 50,000
Peru 3.80 4.00 820
Saudi Arabia 3.00 3.30 956
Senegal 0.90 1.00 50
Syria 1.23 0.75 1,800
Togo 1.20 1.00 30
Tunisia 3.78 4.00 100
United States 25.30 27.60 1,100
Vietnam 2.70 2.70 30
Other countriesa 2.37 2.60 380
Total 198.99 201.65 65,661
% of world production 91.20 90.41 95.47
World total, all sources 2018.19 223.05 68,776

Finland estimated 2012 production = ca. 0.87 Mt, with current production
from Siilinjärvi = ca. 11 Mt/yr with an average grade of 4 wt% P2O5 and ore
reserves of 234 Mt.

a Includes Chile, Colombia, Finland, Indonesia, Iran, North Korea, Pakistan,
Philippines, Sri Lanka, Tanzania, Thailand, Uzbekistan, Venezuela, and
Zimbabwe (modified after O’Brien et al., 2015; Jasinski, 2016; Pufahl and
Groat, 2016).

tions varying from 0.01 % to 1.3 % (Nash, 1984). REE-hosting minerals
like monazite, apatite, and xenotime, are commonly present in meta-
morphic phosphate rocks.

2.2.4. Biogenic deposits
The initial theory, known as the “biological source” hypothesis, sug-

gests that phosphorite forms through the build-up of biological remains
(Tan et al., 2022; Yuan et al., 2016). Key terrestrial contributions to ma-
rine phosphorus include wind transmission and underground runoff
(Lei et al., 2000). In contrast, the phosphorus input from submarine hy-
drothermal solutions and volcanic activity is insignificant (Warren,
2010).

The development of phosphate fossil formation is referred as phos-
phatization which needs the presence and accumulation of active phos-
phorus in an anoxic environment (Briggs & Kear, 1993). Another signif-
icant theory regarding phosphorite genesis is the “biological phospho-
rus formation” model. Modern marine research indicates that phospho-
rus cannot be directly precipitated from seawater in an inorganic form;
instead, it relies on the complex life processes of organisms to absorb
and incorporate disseminated phosphorus from the water (Yang et al.,
2020). After these organisms die and are buried, they can undergo
phosphatization. This method of fossil preservation is one of the main
ways wherein fossils are specifically buried in the geological record.

The development of marine phosphates is a composite process
which occurs in various settings, making it essential to have reliable
proxies to reconstruct the conditions under which they formed. Phos-

phates serve as precious tracers of alterations in the marine phosphorus
cycle, which are linked to disruptions in the global carbon cycle, espe-
cially during extensive carbon isotope excursions (Föllmi, 1996; Slomp
et al., 1996; Filippelli, 1997; Filippelli, 2011 Delaney, 1998; Schenau et
al., 2000; van der Zee et al., 2002; Slomp and Van Cappellen,
2007; Paytan and McLaughlin, 2007; Auer et al., 2016).

REEs are widely recognized as tracers of geochemical processes and
are preferentially included into phosphates. This makes them valuable
tools for reconstructing the paleoenvironmental circumstances that pre-
vailed throughout the construction of marine authigenic and biogenic
phosphates (Grandjean and Albarede, 1989; Grandjean-Lecuyer et al.,
1993; Reynard et al., 1999; Morad and Felitsyn, 2001; Felitsyn and
Morad, 2002; Lecuyer et al., 2004; Garnit et al., 2012). The examina-
tion of definite REE patterns, especially when evaluated to normaliza-
tion standards like the Post-Archean Australian Shale (PAAS) standard,
has been suggested as an effective method for characterizing the depo-
sitional environment and diagenetic overprints of marine phosphates
(Shields and Stille, 2001; Haley et al., 2004; Garnit et al., 2012).

Marine carbonates and authigenic phosphates, which form through
microbially mediated processes (such as Francolite), firstly integrate
REE signatures from the seawater or pore water in which they precipi-
tated (Elderfield and Pagett, 1986; Wright et al., 1987; Sholkovitz et al.,
1994; Reynard et al., 1999; Shields and Stille, 2001; Lecuyer et al.,
2004; Kalvoda et al., 2009). REEs can be included in the crystal struc-
ture by substituting calcium or through adsorptive uptake on the crystal
lattice. Modern indications from marine sediment cores proposed that
different REE patterns emerge under varying redox environments
within the sediment. These patterns helps to distinguish between REE
signatures derived from particulate organic matter and those derived
from iron oxide (German and Elderfield, 1990; German et al., 1991;
Slomp et al., 1996; Haley et al., 2004; Garnit et al., 2012; Emsbo et al.,
2015).

In contrast, biogenic phosphates typically do not include important
amounts of REEs during their formation and have REE patterns similar
to that of primary marine REE patterns in a pristine state (Elderfield
and Pagett, 1986; Reynard et al., 1999). However, a fe researchers have
depicted that adsorption and substitution processes can result in major
REE enrichment (Holser, 1997; Reynard et al., 1999; Shields and Stille,
2001). These processes are well documented in fossil mammal bones
(Herwartz et al., 2011). Research on the effects of early and late diage-
netic REE adsorption and substitution has demonstrated that these
processes can completely mask the primary REE signal (Holser, 1997;
Reynard et al., 1999; Shields and Stille, 2001). The fact that REE pat-
terns can be altered by post-depositional diagenetic exchange
(Elderfield and Pagett, 1986; German and Elderfield, 1990; Reynard et
al., 1999) or surface weathering (McArthur and Walsh, 1984; Bonnot-
Courtois and Flicoteaux, 1989) raises concerns about the reliability of
REE patterns as paleoecological and paleoenvironmental tracers. De-
spite this evidence of post-formation alteration, shale-normalized REE
concentrations in microbially mediated authigenic and biogenic phos-
phates are still commonly used as proxies to reconstruct paleoceano-
graphic and paleoecological conditions during their formation or
growth (Grandjean and Albarede, 1989; Grandjean-Lecuyer et al.,
19933; Reynard et al., 1999; Lecuyer et al., 2004; Kalvoda et al., 2009).
Cave phosphate deposits form a minor component having raw materials
of only some thousand tons of phosphorite. The build-up of bird drop-
ping forms insular guano deposits. The insular guano deposits make up
only approximately 2 % of phosphate rock creation in the world. These
are found in Peru, Chile, Mexico, Seychelles, the Arabian Gulf, the
Philippines, and elsewhere and are categorized as low-island and high-
island deposits (Cook and Shergold, 1984).

2.2.5. Phosphate deposits as a result of weathering
Phosphorus is delivered to the ocean through the weathering of con-

tinental rocks in two states dissolved and particulate (Benitez-Nelson,
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Fig. 5. Occurrence of phosphorites and other sedimentary deposits such as manganese nodules, ferromanganese crusts, massive sulfide deposits, REE-rich ma-
rine mud at the ocean basins, mid-oceanic ridges, seamounts, and continental margins in the oceans with the information on various critical metals in the re-
spective deep-sea sediments (Balaram, 2023a,b).

2000; Filippelli, 2008, 2011). While river transport is the dominant
pathway for phosphorus input, eolian dust, which supplies phosphorus
adsorbed on particles, plays an important role, especially in arid cli-
mates (Drummond et al., 2015). Dissolved phosphorus exists as phos-
phate species (H2PO4

–, HPO4
2–, PO4

3–), which are readily available for
biological uptake. Most particulate phosphorus consists of insoluble
phosphatic minerals from igneous and metamorphic rocks, which do
not participate in the biogenic phosphorus cycle as they are not
bioavailable. However, particulate forms with bioavailable phosphorus
include detrital organic matter, clay minerals, and Fe-(oxyhydr) oxide
particles that adsorb phosphorus (Filippelli, 2008). Microbial respira-
tion of detrital organic matter releases phosphorus, converting it into
phosphate. Phosphorus adsorbed onto clays and Fe-(oxyhydr) oxides is
released through the high ionic strength of seawater and burial in re-
duced pore waters (Heggie et al., 1990; Mills et al., 2004; Drummond et
al., 2015). Windblown clays and Fe-(oxyhydr) oxide particles are the
primary source of eolian phosphorus.

Once in the marine system, dissolved phosphorus triggers biological
productivity (Filippelli, 2008, 2011; Pufahl, 2010). In surface waters,
away from the influence of rivers or coastal upwelling, phosphate con-
centrations are reduced to near zero due to phytoplankton fixation dur-
ing photosynthesis, limiting sustained growth. Phosphate levels in-
crease in deeper, older waters because organic matter cascading from
surface layers is recycled, releasing phosphorus back into the seawater
(Benitez-Nelson, 2000; Filippelli, 2008, 2011). This pattern of surface
depletion and deep enrichment is typical of all nutrient elements in ma-
rine systems. These deposits are produced because of the weathering of
all aforesaid deposits as the weathering of rocks causes the removal of
phosphate ions (Flicoteaux and Lucas, 984).

2.3. Mineralogy

There are more than 170 minerals that contain ≥ 1 % P2O5, how-
ever apatite accounts for over 95 % of all phosphorus in the crust of
Earth (Palache et al, 1951; Altschuler et al, 1958; Deer et al, 1962;
Ptáček, 2016). Its structure allows for the substitution of various ele-

ments (Jarvis et al., 1994; Jiang et al., 2020; Pufahl and Groat, 2016,
Table 3), such as small amounts of VO4

3-, As2O4, SO4
2-, and CO3

2– can
replace equivalent amounts of PO4

3-. Fluoride (F-) can also partially or
completely substitute for Cl- or OH–, with small traces of Mg, Pb, Sr,
Mn, Li, Ce, Na, Y, and other REE compensating through ionic replace-
ments. Consequently, a wide variety of apatite exists in nature, and dif-
ferent varieties may be found in the same locality (e.g. 'chloro-apatite'
(Ca10Cl12(PO4)6), 'fluor-apatite' (Ca10F2(PO4)6), 'carbonate-apatite'
(Ca5(PO4,CO3)3(OH,F), 'hydroxyl-apatite' (Ca10(OH)2(PO4)6), ‘oxy-
apatite' (Ca10(PO4)6O) (Parker, 1971). A few main REE phosphate
phases are given in Table 4.

Historically, it was believed that calcium phosphates in sedimentary
series were primarily composed of a fluorine-retaining amorphous sub-
stance called “collophane” or “collophanite.” Nevertheless, modern
mineralogy suggests this amorphous material is a cryptocrystalline or
microcrystalline substance and belong to the apatite group of minerals.
The most common mineral found in sedimentary apatite’s is carbonate
fluorapatite (CFA) or francolite. As per Young (1975) and Slansky
(1986), fluorapatite forms a hexagonal crystal structure. An average
phosphorite composition includes about 80 % apatite, 10 % quartz,
5 % muscovite-illite, 2 % organic matter, and 1 % dolomite-calcite.
Common phosphate-bearing rocks include limestones and mudstones.
Fig. 6a illustrates an X-ray diffraction spectrometer (XRD) pattern of
raw phosphate, showing the presence of these major minerals.

During phosphate mining, the ore is purified and concentrated to
obtain phosphate rock, and in this process, phosphatic clay and sand

Table 3
Some possible substitution in the apatite structure.
Constituent
ion

Substituting ion

Ca2+ Na+, K+, Ag+, Sr2+, Mn2+, Mg2+, Zn2+, Cd2+, Ba2+, Sc3+, Y3+,
REE3+, Bi3+, U4+

PO4
3- CO3

2–, SO4
2-, CrO4

2-, AsO4
2-, VO4

3-, CO3, F3-, CO3, OH3–, SiO4
4-

F1- OH1-, Cl1-, Br1-, O2–

(modified after Nathan, 1984; Jarvis et al., 1994; Shaban, 2016).
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Table 4
List of some important rare earth element (REE) phosphate minerals.
Name of the mineral Chemical composition

Apatite Ca5(PO4)3 (OH,F,Cl),
Francolite (Ca, Mg, Sr, Na)10 (PO4, SO4, CO3)6F2−3
Florencite (REE)A13 (PO4)2 (OH)6
Crandallite CaAl3)(PO4)2(OH)6,
Gorceixite (BaA13(PO4)2(OH)6)
Fluorapatite Ca5(PO4)3F
Hydroxyapatite Ca5(PO4)3OH
Carbonate-hydroxyapatite Ca10(PO4)6-x(CO3)x(OH)2-x-2y(CO3)y
Monazite (Ce,La,Nd,Th) PO4,SiO4
Xenotime YPO4
Phosphogypsum CaSO4·2H2O

(modified after Rasmussen, 1996; Benataya et al., 2020; Hoshino, 2020).

are leftover. Then phosphate in the form of phosphoric acid is extracted
from the phosphate rock. The residual phosphogypsum (CaSO4) also
contains significant concentrations of REE (Rychkov et al., 2018;
Laurino et al., 2019). Some of the important REE and REE-carrying
minerals in phosphorites are shown in Table 4. The infrared spectrum
of natural phosphate depicting various functional groups such as hy-
droxyl, carbonate, and phosphate which correlates with its mineralogy
is presented in Fig. 6b.

3. Formation of phosphorite deposits through geological time

The age and worldwide distribution of sedimentary phosphorites is
given in Fig. 4b. These deposits occur over a large geological time rang-
ing from the Cambrian to the Pleistocene. These deposits have diverse
chemical compositions and physical forms; mostly occur as relatively
flat-lying thick beds. In Algeria, rich Palaeocene-Eocene phosphorites
are found (Laouar et al., 2024). Further, REE-rich sedimentary phos-
phorites of the Paleocene-Eocene period occur in the mid-east and
northern African countries (Buccione et al., 2021). The Precambrian-

Fig. 6. (a) X-ray diffraction pattern of the raw phosphate (modified after Amine et al., 2019), (b) The infrared spectrum of natural phosphate depicts various func-
tional groups such as hydroxyl, carbonate, and phosphate (modified after Maallah and Chtaini, 2018).
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Cambrian boundary, around 540 million years ago, known as the “Cam-

Table 5
The total rare earth elements (∑REEs) and phosphate contents of phospho-
rites of different ages.
Country Age Age in

My/Ma
% P2O5 ∑REE ppm

Peru-Chili (off shore) Holocene 11.700 Yr
to Present

22.61 −

Florida (“pebble”) Pliocene 5.3 to
2.58 Ma

32.07 −

Venezuela (Riecito) Miocene 24 to 5 my 34.28 −
Algerian phosphorites Paleocene-Eocene 66–33.9 my 19.65 to

21.32
764 to
2050

Benin Mid. Eocene 56 to
33.9 Ma

28.15 −

Morocco (Khouribga) Early Eocene 56 to
47.8 Ma

34.26 −

Tunisia (Metlaoui) Early Eocene 56 to
47.8 Ma

24.87 to
28.30

283 to 549

Egypt (Quseir) Late Cretaceous 100.5 to 66
my

25.8 to
29.8 %

343.8 to
640.8

U.S.A. (Rocky Mts.) Permian 298.9 to
251.9 Ma

30.50 −

Australia (Lady
Annie)

Cambrian 538.8 to
485.4 Ma

35.00 −

China Early Cambrian 538.8 to
521 Ma

23.41 −

India (Udaipur) Archean or
Proterozoic

36.46 −

India (Mussoorie) Early Cambrian 538.8 to
521 Ma

27.22 to
32.91

45.49 to
259.15

India (Lalitpur) Paleoproterozoic 2500 to
1600 Ma

28.78 to
31.84

28.78 to
31.84

Phosphorite deposits
in Central Guizhou,
China

Precambrian-
Cambrian boundary

538.8 Ma 2.65 to
38.77

10.09 to
1073.24
∑REY

Phosphorites of the
Georgina Basin of
Australia

Cambrian 538.8 to
485.4 Ma

20 to
36.3

up to
0.5 wt%
REE

(modified after Nathan, 1984; Cohen et al., 2013; Yang et al., 2021; Khan et al.,
2012a,b; Laouar et al., 2024).

brian Explosion,” witnessed the first main worldwide phosphogenic
event, wherein the formation of phosphatic sedimentary rock (phos-
phorites) developed. These deposits preserve the records related to bio-
geochemical changes and oceanographic shifts (Papineau, 2010). This
event preserved records of strontium, carbon, and oxygen isotopes,
along with REE signatures found in phosphatic shallow-water deposits
from regions such as Kazakhstan, Mongolia, and Queensland
(Stammeier et al., 2019; Armstrong and Parnell, 2024). The ages of
seafloor phosphorites range from the Cambrian to the Holocene (Table
5). In Southwest China, sedimentary phosphorites formed around the
Precambrian-Cambrian transition (PC–C) exhibit significant REE en-
richment, with total REE concentrations exceeding 1000 µg/g (Xing et
al., 2024). Fig. 7a shows the formation and abundance of phosphate de-
posits through geological time.

The absence of phosphorite in the Archean is likely due to the
anoxic chemical weathering of the mafic crust that characterized the
early Precambrian. This weathering would have resulted in modest dis-
solved phosphate, leading to an ocean with very low phosphate de-
posits. The lack of an oxygen-stratified ocean likely hindered phospho-
genesis, as Fe-redox pumping could not operate. Without this important
phosphorus shuttle, the precipitation of francolite would have been dif-
ficult, as there was no mechanism to supersaturate phosphate in pore
waters (Pufahl, 2010). Phosphorite is mostly a Phanerozoic phenome-
non, with a lone depositional event in the Precambrian, around 2.2 to
1.8 billion years ago, during the middle of the Great Oxidation Event,
just after the Huronian Glaciation (Fig. 7b). This interval likely reflects
a rise in the delivery of dissolved phosphate to the oceans, possibly due
to the shift from mechanical weathering during the Huronian Glacia-
tion to chemical weathering of continental crust under an oxygenated
atmosphere. Phosphogenesis during this period appears to have been
restricted to photosynthetically oxygenated, shallow-water environ-
ments, where Fe-redox pumping drove the precipitation of phosphate.
Phosphorite disappeared around 1.8 billion years ago, possibly due to a
decoupling of the Fe and P cycles when the sulfidic ocean environment
arose. Similar to iron formations, phosphorite could not build up again
until the Neoproterozoic (Pufahl, 2010).

Fig. 7. (a) Formation and abundance of phosphate deposits through geological time (modified after Shaban, 2016), (b) Temporal distribution of phosphorite (yel-
low). Curves are based on deposit age and reestimates in , and (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.) source Glenn et al. (1994), Kholodov and Butuzova (2001)Klein (2005).
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The first true giant phosphorite deposits appeared around the Neo-
proterozoic-Cambrian boundary (∼700 to 510 million years ago) (Fig.
7b). Their deposition likely marks the permanent return of coupled Fe
and P cycling in seawater after widespread sulfidic ocean conditions fi-
nally ceased. As the ocean became fully oxygenated around 580 million
years ago, Fe-redox pumping could drive phosphorite formation in all
shelf environments. Biological evolution during the Ediacaran and
Cambrian periods also promoted phosphogenesis. The concentration of
phosphorus in the biological cycle through microbial activity, fecal pel-
lets, filter feeding, bioturbation, and the development of phosphatic
shells during the Cambrian Explosion led to higher phosphorus levels in
sediment (Pufahl, 2010).

During the Ordovician and Miocene, large phosphorite deposits
were related to intensified coastal upwelling during glaciations (Fig.
7b). The marked equator-to-pole temperature gradient generated by
high-latitude glaciers enhanced atmospheric circulation, leading to
stronger coastal upwelling and extensive build-up of organic-rich sedi-
ment and phosphorite. This increase in surface ocean productivity se-
questered more atmospheric carbon dioxide, driving further cooling
and reinforcing the temperature gradient, which in turn strengthened
coastal upwelling cells and produced even more phosphorite (Pufahl,
2010).

Phosphorite peaks during the Permian and Mesozoic also formed
due to ocean-climate feedback, but were driven by warming. The green-

house climate of these periods accelerated the hydrologic cycle, in-
creasing chemical weathering and phosphorus delivery to the oceans.
Intense coastal upwelling developed along the margins of favorably po-
sitioned continents, producing large epeiric sea phosphorites (Pufahl,
2010).

Over geological time, the REE content of phosphorites has been in-
fluenced by various factors, including changes in seawater chemistry,
ocean circulation, atmospheric oxygen levels, tectonic activity, and dia-
genetic processes. These changes reflect broader shifts in Earth's envi-
ronmental conditions, making phosphorites valuable for studying past
oceanic and atmospheric conditions, as well as the cycling of critical el-
ements like phosphorus and REEs through Earth's systems.

4. REEs geochemistry and their enrichment mechanism in
phosphorites

The bell-shaped Rare Earth Element (REE) patterns observed in
phosphorites typically reflect the diagenetic signatures of fluorapatite
(Fig. 8a). Fig. 8b presents the approximate ΣREE concentrations in dif-
ferent global phosphorite deposits (modified after Haneklaus et al.,
2024). Carbonate fluorapatite, the primary mineral in these deposits,
exhibits varying P2O5 concentrations across outcrops, typically ranging
from 18.39 % to 30.16 % by weight. Phosphorites often display a char-
acteristic “seawater REE pattern,” with a depletion in cerium (Ce) and

Fig. 8. (a) PAAS-normalized REE patterns phosphate nodule showing a bell shape due to the presence of high concentrations of HREE (Sasmaz et al., 2023), (b)
∑REE concentrations in different phosphorite deposits worldwide (modified after Haneklaus et al. (2024).
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enhancement in HREE. REEs in phosphorites are valuable proxies for
understanding seawater chemistry, with phosphate rock containing up
to 1 % REE oxides due to isomorphic substitutions of Ca2+ by REE ions,
particularly in minerals like REE-francolite, where REEs replace Ca2+

in the apatite crystal structure. Other forms of REE in phosphorites in-
clude monazite (Ce, La, Nd, Th) P2O5, xenotime (YP2O5), allanite, and
carbonates within apatite.

Studies have highlighted variable cerium (Ce) anomalies in phos-
phorites, with positive Ce anomalies linked to reduced conditions
(Ismail, 2002; Khan et al., 2016; Dar et al., 2025). For example, phos-
phorites from the southwestern coast of Africa show negligible Ce
anomalies, reflecting anoxic or sub-oxic conditions during their forma-
tion (Watkins et al., 1995). Similarly, europium (Eu) anomalies are ob-
served, indicating the reduction of Eu3+ to Eu2+ under strongly reduc-
ing circumstances (Ismail, 2002). These anomalies provide insights into
the redox conditions during phosphorite formation. Mazumdar et al.
(1999) reported negative Ce and positive Eu anomalies in chert-
phosphorite collections from the Tal Formation in India, suggesting
slight oxidizing to reducing conditions. Similarly, phosphorites from
the Sonrai basin in Uttar Pradesh exhibited these anomalies, further
supporting the interpretation of a moderately oxidizing environment
(Khan et al., 2012a, b). A PAAS-normalized REE profile by Khan et al.
(2023) revealed a modest negative Ce anomaly and a positive Eu anom-
aly, indicative of specific diagenetic conditions. PAAS-normalized REE
patterns from phosphorite samples often exhibit anomalies in Ce and
Eu, reflecting redox-sensitive processes. Fig. 9 shows PAAS-normalized
REE patterns from various samples, including phosphorite, francolite,
dolomite, and deep-sea water from the Indian Ocean.

The redox conditions during phosphorite formation are further illu-
minated by the behavior of other trace elements, such as manganese
(Mn), uranium (U), and vanadium (V), which are also sensitive to
changes in redox conditions (Kechiched et al., 2020). These elements,

Fig. 9. PAAS-normalized REE patterns of different types of samples, including
phosphorite, francolite, dolomite, and deep-sea water from the Indian Ocean
(modified from He et al., 2022).

which accumulate in anoxic marine sediments, give further insight into
the environment of phosphorite deposition. Phosphorites from various
global deposits show significant variation in REE contents, influenced
by depositional conditions, diagenetic processes, and precursor materi-
als. REE enrichment in phosphorites arises from a combination of sea-
water and terrestrial inputs, along with specific redox conditions. Fran-
colite, a form of apatite, serves as the primary host for REEs in phospho-
rites.

In the Zhijin phosphorite deposit, REE concentrations were primar-
ily found in the lattice defects of apatite, with the highest concentra-
tions in biological organisms (Xiong et al., 2024). In South China, Yang
et al. (2023) confirmed that Fe/Mn (oxyhydr) oxides contribute to REE
enrichment in early Cambrian phosphorites, with REEs primarily
hosted in francolite. In Sri Lanka, sediments near the Eppawala Phos-
phate deposit contain REE-rich fluorapatite and hydroxylapatite
(Dushyantha et al., 2023). In the Zhijin area of Guizhou Province,
China, phosphorites exhibit Y enrichment, sourced from a combination
of seawater and terrestrial inputs, rather than seafloor hydrothermal
fluids (Gong et al., 2021).

Graul et al. (2023) identified multi-stage REE enhancement in
shallow marine sediments, where early diagenesis and sedimentation
played a crucial role in releasing REEs from Fe-(oxyhydr)oxides and
organic-rich particles in anoxic circumstances. In Tunisia, high REE
contents in Tertiary phosphorites correlate with the bulk porosity and
surface area of cryptocrystalline apatite (Sassi et al., 2005). Similarly,
Zhang et al. (2021a) suggested that the high specific surface area of
francolite grains in the Zhijin deposit significantly contributed to REE
enrichment. Other studies suggest that REE enrichment in phospho-
rites is influenced by redox circumstances in overlying seawater and
the reworking of sediments (Xing et al., 2024). Wu et al. (2022) pro-
posed that organic matter plays a key role in enriching REE in the
Zhijin deposit, likely during anaerobic oxidation processes at the sea-
water-sediment interface.

REE enrichment is also observed in glauconite-bearing phosphorites
from northeastern Algeria, where ΣREE concentrations exceed
1000 µg/g (Kechiched et al., 2018). The enrichment in southern phos-
phorites correlates with glauconite abundance. A geochemical study of
Algerian phosphorites by Laouar et al. (2024) found significant REE
concentrations in the richest phosphorite sub-layer (764–2050 µg/g),
with P2O5 contents ranging from 19.65 to 21.32 wt%. In the Guizhou
region of China, Wang and Qiao (2024) reported 30 % higher HREE
contents in phosphorites, suggesting that precipitation from hydrother-
mal fluids in a weakly oxidized environment contributed to REE enrich-
ment.

The relationship between P2O5, CaO, and F with ΣREE is significant
in Chinese (Fig. 10) and Indian phosphorite deposits (Fig. 11), implying
that apatite is the primary host for both P2O5 and REYs in these phos-
phorites (modified after He et al., 2022). Hein et al. (2016) observed
higher HREE concentrations in seamount phosphorites. Phosphate nod-
ules typically contain high concentrations of REE, with apatite being
the most common mineral host. These phosphorites are usually en-
riched in light rare earth elements (LREE), although some deep-sea and
igneous phosphorites are enriched in heavy rare earth elements (HREE)
(Hoshino, 2020).

5. Machine learning (ML) models to predict REE distribution in
phosphate ore deposits

REEs, categorized as critical minerals essential for clean energy
technologies, are experiencing a sharp rise in claims. However, eco-
nomic deposits are found in limited geologic environments such as car-
bonatites and ion-adsorption clays, and unconventional secondary
sources, including sedimentary basins, may offer the potential to meet
this requirement. Coal and its burning by-products, phosphorites, oil
sands tailings, and formation waters have attracted interest for REE re-
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Fig. 10. Positive correlations between ΣREY and some major elements in phos-
phorite such as phosphorous, calcium and fluorine (a to c) with REE concentra-
tion of phosphorites from one section in Zhijin region, China (modified after He
et al., 2022).

covery, though they linger largely under investigation. To address this,
advanced tools like machine learning (ML) can enhance mineral
prospectivity, with rapid growth in their application within Earth sci-
ences.

The shift to a low-carbon market needs an extensive increase in
metal manufacture (Lee et al., 2020), driving mineral exploration into
deeper, more complex, and formerly un investigated areas. This expan-
sion would demand new methods for analyzing and optimizing data
throughout the exploration process, including machine-learning ap-
proaches (Cate et al., 2017). With improvements in computational
power, data availability, and accessible geochemical and remote sens-
ing datasets (e.g., Engle and Brunner, 2019; Karpatne et al., 2019), ML
is increasingly applied to Earth sciences. These datasets, which typi-
cally consist of numerous samples with various variables, are well-
suited for analysis by ML algorithms (Lindsay et al., 2021). ML is ap-

plied to recognize patterns in data and make predictions, with both su-
pervised and unsupervised methods helping to understand complex re-
lationships among variables (Cate et al., 2017). These methods are ap-
plied to forecast mineralization and elemental concentrations (Cate et
al., 2017; Schnitzler et al., 2019; Grunsky and de Caritat, 2020), catego-
rize samples (Engle and Brunner, 2019; Gregory et al., 2019), and iden-
tify patterns while reducing dimensionality (Hu et al., 2022; Lindsay et
al., 2021).

The economic concentrations of REE are found in only a few geolog-
ical settings (Linnen et al., 2014). Most REE production is derived from
carbonatite and ion-adsorption clay deposits, which are relatively rare
and, until recently, were not extensively explored (Balaram, 2019). De-
veloping large-scale REE mining operations presents challenges and en-
vironmental concerns (Yin et al., 2021).

Machine learning has been utilized in geosciences since the 1950 s
(Dramsch, 2020), and its uses have increased significantly presently.
Modern ML techniques can handle manifold geological variables and
model complex nonlinear interactions among geological factors more
effectively than traditional methods (Cracknell and Reading, 2014; Li et
al., 2017; Saporetti et al., 2018; Dumakor-Dupey and Arya, 2021; Zuo
et al., 2021). Ore deposits of iron (Zhang et al., 2023b), copper
(Esmaeiloghli et al., 2024), and gold (Silva Santos et al., 2022) are
among the most studied using ML methods (Dumakor-Dupey and Arya,
2021). Among the broadscope of supervised ML algorithms, extreme
gradient boosting (XGBoost) and random forest (RF) have emerged as
some of the most effective for geochemical analysis (Parsa, 2021; Zhang
et al., 2021b; Ibrahim et al., 2022, 2023; Chen et al., 2023; Ye et al.,
2023; Zhang et al., 2023a, Zhang et al., 2023b). This investigation also
applies decision tree (DT) and support vector regression (SVR) models.

The need for quick and reliable estimates of REE distribution in geo-
logical environments has increased. Long-established methods like in-
ductively coupled plasma mass spectrometry are lengthy and expen-
sive, and provide only limited point measurements, which could not
capture the spatial compositional variation of a deposit. Recent re-
search has confirmed the effectiveness of ML methods, using input vari-
ables such as Al2O3, Fe2O3, TiO2, and SiO2, to envisage the distribution
of heavy REE in karst bauxite deposits in southern Italy (Buccione et al.,
2023). Additionally, a freshlink between TiO2 content and the tectonic
settings of Tethyan bauxite deposits was identified by applying RF and
logistic regression models (Zhou et al., 2023). Machine learning models
have also been used with major oxides to predict REE concentrations in
ocean island basalts (Hong et al., 2019) and to forecast light REE pat-
terns in the Choghart iron oxide-apatite deposit (Iran) (Zaremotlagh
and Hezarkhani, 2017).

While industrial demand and supply conditions are crucial in defin-
ing what qualifies as an economic resource, new tools like machine
learning models (ML) for data analysis can significantly enhance min-
eral prospectivity assessments. These ML models can predict enrich-
ments which are also crucial for guiding future exploration pro-
grammes. Tahar-Belkacem et al. (2024) specifically developed a novel
ML model to accurately predict LREE, HREE, and ΣREE contents in
phosphorite deposits which offers cost-effective classification of the ore
contents using major element concentrations. Though paleogeography,
geodynamics, and depositional environment are key influencing fac-
tors, nine major element concentrations such as SiO2, MnO, Al2O3, and
Fe2O3 influence the concentrations of REE as well as their patterns.
Bishop and Robbins (2024) also developed ML models (correlation,
principal component, and cluster analysis) to identify the different indi-
cators of REE enrichment in sedimentary strata including phosphorite
deposits. Such predictions are useful in exploration studies in addition
to the cost-effective classification of phosphorite deposits. In addition,
these models with certain limitations are valuable in understanding im-
portant aspects such as the local deposition environment. Paleogeogra-
phy, ocean-margin tectonics, and sea-level oscillations can influence



CO
RR

EC
TE

D
PR

OO
F

S.A. Dar et al. / Geoscience Frontiers xxx (xxxx) 102044 15

Fig. 11. Light positive correlations of phosphorous and calcium with ∑REE in some Indian phosphorite deposits (after Rao et al., 2002, 2008; Khan et al., 2012a, b,
2022; Dar at al., 2014).

the local depositional environments during phosphorite deposit forma-
tion.

6. Recovery and recycling of rare earth elements (REEs) from
phosphate resources

The extraction and recuperation of REE from phosphate rock and re-
lated by-products, such as phosphogypsum, have gained increasing at-
tention due to the rising demand for REE and their critical role in mod-
ern technologies. Extraction methods have been explored for nearly
90 years, with early research originating in the Soviet Union
(Skorovarov et al., 1992; Raudsep, 2008; Jürjo et al., 2024). Phosphate
rock, mainly mined from sedimentary deposits, accounts for about
80 % of global production and is typically processed to extract phos-
phorus as phosphoric acid.

The processing of phosphate rock generally involves sulfuric acid
(H2SO4) or a combination of nitric acid (HNO3) and hydrochloric acid
(HCl) to extract REE. Leaching efficiencies as high as 80 % have been
reported without interfering with fertilizer production (Habashi, 1985).
REEs are typically found in minerals such as fluorapatite, dolomite, and
francolite (Li et al., 2021; Emsbo et al., 2015), which can be efficiently
extracted using acidic treatments. For example, studies on Chinese
phosphate ores have shown that phosphoric acid can achieve leaching
efficiencies for REE up to 97.8 % under optimized conditions (Li et al.,
2021). Additionally, innovative methods like the use of ionic liquids
(Jürjo et al., 2024) and chelating polymers (Laurino et al., 2019) have
been explored for selective REE recovery.

Further advancements have been made in improving REE extraction
using biological agents. Phosphate-solubilizing microorganisms, such
as Bacillus thuringiensis, have been shown to enhance REE leaching ef-
ficiency by aiding the release of REE from resistant minerals like xeno-
time and monazite (He et al., 2024). The combination of acid leaching
and microbial treatments has also proven effective in increasing recov-
ery rates from phosphate ores.

Phosphogypsum (CaSO4), a major by-product of phosphate fertilizer
production, contains a significant concentration of REE, making it an
important source for their recovery (Rychkov et al., 2018; Laurino et
al., 2019). The estimates suggesting that around 21 million tons of REE
are currently stored in waste dumps (Yahorava et al., 2016). This num-
ber continues to grow as global phosphate production increases. The
processes involved in phosphate mining and REE extraction generate
waste rocks, sludge, and other by-products, which present untapped po-
tential for REE recovery (Binnemans et al., 2015; Safhi et al., 2022).

Modern studies focus on convalescing the leaching and recovery of
REE from phosphogypsum and other waste materials. For instance,
Yang et al. (2019) explored various acid and organic chemical leaching
methods, achieving enhanced extraction efficiencies using a two-step
H2SO4 leaching process. Additionally, advanced solvent extraction

techniques involving organic reagents like tributyl phosphine (TBP)
and tri-octyl phosphine oxide (TOPO) have proven effective for extract-
ing REE from phosphogypsum. Costis et al. (2021) demonstrated a
multi-stage resin-in-leach process that achieved up to 95 % recovery of
REE. Furthermore, phosphoric acid solutions, which often contain REE,
can be treated with modified silica gel to prevent the accumulation of
these elements in the soil (Masoud et al., 2024).

7. Analytical techniques

Geochemical, mineralogical, and geochronological studies are cru-
cial for understanding the processes of REE enrichment, as well as for
determining the ages of formations and the formation of phosphorite
deposits across various tectonic settings and environmental conditions
(Bouabdallah et al., 2019; Balaram, 2021; Balaram et al., 2022). The
mineralogical composition of phosphorites is key to developing effec-
tive extraction methods for REE. For instance, a P2O5 content greater
than 20 % often indicates the dominance of apatite group minerals.
Various analytical techniques are employed to gather elemental, iso-
topic, and mineralogical data. These include X-ray diffraction (XRD),
scanning electron microscopy (SEM) with energy-dispersive X-ray spec-
troscopy (EDS), and laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS). For detailed textural analyses, field-
emission scanning electron microscopy (FE-SEM) is used, while elec-
tron probe microanalysis (EPMA) is commonly applied to examine ma-
jor, minor, and trace elements (Ferhaoui et al., 2022; Graul et al.,
2023).

Fig. 12a shows SEM photomicrographs of crystalline hexagonal ap-
atite from phosphorites in the Lalitpur district, India, captured at dif-
ferent resolutions. Xiong et al. (2024) utilized a range of analytical
tools to investigate the mineralogy of phosphate deposits in Guizhou,
China, finding that collophane and apatite were the main mineral
phases. XRD analysis of phosphate rocks from the Sokoto sedimentary
basin in Nigeria revealed their mineralogical composition, highlight-
ing substantial concentrations of fluorapatite (Mustapha et al., 2022).
The mineralogy of these rocks included fluorapatite, calcite, smectite,
quartz, kaolinite, goethite, and palygorskite, with fluorapatite content
reaching up to 79.28 %. Fig. 12b shows XRD patterns indicating the
presence of carbonate-fluorapatite (CFA), quartz (Q), and feldspar (F)
minerals in the Paleoproterozoic phosphorite deposits of the Bijawar
Group in the Sonrai Basin, Lalitpur district, Uttar Pradesh, India.

Several studies employ techniques like ICP-MS and X-ray fluores-
cence spectroscopy (XRF) for elemental characterization (Graul et al.,
2023; Ferhaoui et al., 2022; Balaram, 2021). Graul et al. (2024) used
the in-situ imaging technique of LA-ICP-MS, alongside pathfinder ele-
ments like Sr and U, to explore the distribution and uptake mechanisms
of REE within the apatite and carbonates of Estonian phosphorites, lo-
cated in the Baltic paleo-basin, one of Europe’s largest phosphate rock
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Fig. 12. (a) Scanning electron microscope (SEM) photomicrographs showing crystalline hexagonal apatite of Paleoproterozoic phosphorite deposits of Bijawar
Group, Sonrai Basin, Lalitpur district, Uttar Pradesh, India at different resolutions (Dar et al., 2015), (b) X-ray diffraction (XRD) patterns indicating carbonate-
fluorapatite (CFA), quartz (Q), and feldspar (F) minerals in Paleoproterozoic phosphorite deposits of Bijawar Group, Sonrai Basin, Lalitpur district, Uttar Pradesh,
India (Dar et al., 2015).

reserves. Their findings revealed that the degree of diagenetic overprint
and enrichment varied locally. Similarly, Skhurram et al. (2010) stud-
ied REE concentrations in the Kakul phosphorite deposits in Pakistan
using instrumental neutron activation analysis (INAA).

Xiqiang et al. (2020) examined apatite grains from Zhijin phospho-
rites in China using LA-ICP-MS and EPMA, finding that REY (rare
earth yttrium) entered the crystal lattice through isomorphism, rather
than by inclusion in REY-bearing accessory phases. A study employing
LA-ICP-MS and transmission electron microscopy (TEM) revealed that
REE in the sedimentary phosphorites of Southwest China were hosted

in nanoscale francolite (Xing et al., 2024). Additionally, Sun et al.
(2024) prepared a set of three CGSP-P phosphate matrix reference ma-
terials for LA-ICP-MS analysis, with certified values for elements such
as Mg, Ca, P, Mn, and REE. This collaborative analytical effort in-
volved a network of eight laboratories.

8. Conclusions and future

Several studies carried out in recent times demonstrate the potential
of phosphorite deposits worldwide to meet a growing demand for REE
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and, more importantly, that of HREE. Extraction of REE from phospho-
rite does not pose any major technological or environmental challenges
provided the radioactive elements are removed during the extraction
process. Leaching experiments show that REE can extract nearly 100 %
of its total content using simple dilute H2SO4 and HCl. In general, the
strong correlation observed between phosphorus and ∑REE concentra-
tions may be a helpful basis for the prediction of REE resources. REE
supply from unconventional sources such as coal and its by-products,
bauxite, red mud, and especially phosphorite deposits play a critical
role in the future. In India, more extensive geological surveys, along
with the development of new techniques and assessments, are needed
to identify phosphorite deposits that contain high concentrations of
REEs. These efforts would enhance the understanding of the distribu-
tion and potential of REE within phosphate deposits, which are often
underexplored in the region. Improved methodologies, including ad-
vanced geochemical and mineralogical analyses, as well as cutting-edge
technologies like machine learning (ML), could significantly improve
the efficiency and accuracy of identifying promising REE-rich phospho-
rite sources. Additionally, a more thorough exploration of different tec-
tonic settings and environments will be crucial for uncovering un-
tapped reserves of REE within India’s phosphate rock resources.
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