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The exponential growth of demand for ‘green-technologies’ requires significantly increased production of critical
elements, including rare earth elements (REE). Some of the most significant (and largest) REE deposits are
associated with carbonatites. However, carbonatites are predominantly light-(L)REE-enriched, which has im-
plications for meeting global heavy-(H)REE demand. As a result, REE ion adsorption clay deposits (IACD), which
Surface Processes are examples of intense weathering, have sparked international interest as a HREE source (~80 % of global HREE
Critical Zone are sourced from IACD). Therefore, this study presents a comprehensive review of REE IACD to understand their
Cover constraints, global distribution, and main features while applying a mineral systems approach.

The REE source for IACD, although typically granitic, is more diverse than traditionally thought, with the
weathering of local igneous, metamorphic, and sedimentary rocks and external fluids (e.g., hydrothermal fluids
and basinal brines) and lithologies (e.g., transport of weathering constituents rather than an in-situ source)
supplying the REE required for IACD formation. Following the weathering of REE-rich source material, REE are
liberated and mobilised in the weathering profile through pH-dependent complexation with ligands (e.g., F~,
€03, SO3~, PO3") or as hydrated REE species. The nature of the source (e.g., relative LREE- or HREE-
enrichment) and fluids within the weathering profile (e.g., pH and ligand concentrations) control REE frac-
tionation and relative LREE and HREE enrichment of a IACD. Once mobilised, REE are adsorbed out of solution
and enriched onto clay minerals (e.g., kaolinite and halloysite), a process strongly controlled by pH and the
physicochemical characteristics of the clays present, with REE adsorption most favourable under circumneutral
conditions. To preserve REE enrichment (and IACD formation) through clay adsorption, a low erosional setting is
required. Climates with excessive rainfall (e.g., tropical humid climates) may be problematic for REE IACD
preservation through geological time, where excessive rainfall results in clay dissolution and saprolite collapse.
The conceptual model provided in this study develops a framework that will be built upon in the coming years as
our knowledge of these deposit types and global exploration continues.

1. Introduction

The exponential growth in demand for advanced-technology and the
social shift to green technology requires increased production of “critical
elements”, such as rare earth elements (REE; Abraham, 2015; Australian
Government, 2023; Cherepovitsyn and Solovyova, 2022; Goodenough
et al., 2018), owing to their unique magnetic, phosphorescent, and
catalytical properties (Balaram, 2019; Wall, 2021). Rare earth elements

are crucial for renewable energy and digital developments, high-
technology defence capabilities and for achieving the United Nations
sustainable development goals (SDG), such as affordable and clean en-
ergy (SDG 7), sustainable cities (SDG 11), and responsible consumption
and production (SDG 12; Ilankoon et al., 2022). However, these SDG
also depend on a diverse supply chain, which is an eminent concern
amidst rising geopolitical tensions where few countries dominate the
supply chain for specific commodities (e.g., Brazil, ~90 % and China,
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~70 % of the global Nb and REE supply, respectively; USGS, 2024).

Rare earth elements are defined by the International Union of Pure
and Applied Chemistry (IUPAC) as elements consisting of the 15 lan-
thanides (i.e. La to Lu) as well as scandium (Sc) and yttrium (Y), most of
which have very similar chemo-physical properties as a result of uni-
formity in their electronic configuration and their 3" oxidation state
(Cicconi et al., 2021; Henderson, 1984). Therefore, REE often occur
naturally in ‘groups’ rather than ‘singularly’ or in ‘combinations’ of REE.
However, in diverse pH, redox (otherwise referred to as Eh, which is a
measurement of reduction or oxidation potential measured in volts) and
temperature conditions, REE can behave differently from one another.
This study will refer to REE as the lanthanides (La, Ce, Pr, Nd, Sm, Eu,
Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) plus Y. Additionally, rare earth oxides
(REO) and total rare earth elements (> REE) will be referred to
throughout the text. Promethium and Sc are excluded from these defi-
nitions due to the lack of a stable Pm nuclei (Castor and Hedrick, 2006)
and differing chemo-physical properties of Sc relative to REE (Van Gosen
et al., 2017; Williams-Jones and Vasyukova, 2018). Unlike their name,
REE are not considered rare in the Earth's crust and are more common
than other commodities, such as Au, Ag and Pt (e.g., in Upper Conti-
nental Crust, > REE = 150 ppm, Au = 1.5 ppb, Ag = 53 ppb, and Pt =
0.5 ppb; Rudnick and Gao, 2003). Instead, their name is attributed to the
rarity in finding economically viable concentrations of REE (USGS,
1973; Voncken, 2016), as well as the difficulty in separating REE from
each other and other elements (Eggert, 2011). Their ‘rarity’ and the
processing complexity of REE-rich minerals creates concern for meeting
increasing global REE demand, particularly for elements such as Nd and
Dy that are expected to have a demand increase of 700 % and 2600 %,
respectively, over the next 25years, in comparison to the current average
annual production increase of 6-8 % (Abraham, 2015; Cherepovitsyn
and Solovyova, 2022).

Rare earth element deposits are categorised into high-temperature
deposits (primary deposits), such as carbonatites, alkaline complexes,
pegmatites, calc-silicate, hydrothermal deposits/unconformity related
deposits, and low-temperature deposits (secondary deposits), such as
seafloor deposits, supergene deposits, heavy mineral sands (HMS), and
ion adsorption clay deposits (IACD; Balaram, 2019; Gonzalez-Alvarez
et al., 2021; Wall, 2021). Some of the largest global high-temperature
REE deposits include: (1) Bayan Obo, China (480 kt; average grade =
6 wt% REO; Drew et al., 1990; Keller and Anderson, 2018; Wall, 2021);
(2) Mountain Pass, USA (> 200 kt; average grade = 8.9 wt% REO;
Castor, 2008a; Castor, 2008b); and (3) Dulacao, China (81 kt; average
grade = 5.21 wt% REO; Liu and Hou, 2017); whereas significant low-
temperature REE deposits include: (1) Mount Weld, Australia (17.7
Mt.; average grade = 8.0 wt% REO; Lottermoser, 1990; Lynas Rare
Earths, 2023; Wall, 2021); and (2) Araxa, Brazil (22 Mt.; average grade
= 3.02 wt% REO; Neumann and Medeiros, 2015; Takehara et al., 2016).
Nevertheless, China remains the leading producer of REE and accounts
for ~70 % of global production, followed by the United States ac-
counting for ~15 % (USGS, 2024).

Carbonatites, although some of the most significant REE deposits
globally, are typically LREE-enriched and contain high concentrations of
environmental contaminants (U and Th) that are hosted in common REE
host minerals (e.g., monazite and xenotime; Dostal, 2017; Goodenough
et al., 2018; Hoshino et al., 2016). Despite their lower grades relative to
REE carbonatites, ‘lateritic’ REE IACD have sparked interest as a result
of their low U and Th contents, more efficient extraction methods
through less aggressive reagent salts (e.g., ammonium sulfate) and
relative HREE-enrichments, where REE IACD contribute 80 % of global
HREE production (Gupta and Krishnamurthy, 1992; Li et al., 2019;
Schulze et al., 2017; Tang et al., 2021; Yaraghi et al., 2019). The ma-
jority of confirmed and mined REE IACD are currently located in South
China (e.g., Zudong deposit; 0.2 Mt.; average grade = 0.098-0.107 wt%);
Chu et al., 2024; Huang et al., 1989; Li et al., 2017), with the exception
of few localities in Brazil (e.g., Serra Verde deposit; 458 Mt.; average
grade = 0.098 wt%; Santana and Botelho, 2022; Santana et al., 2015;
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Ward, 2017), Madagascar (e.g., the weathering profile associated with
the Ambohimirahavavy igneous complex; 628 Mt.; average grade =
0.089 wt%; Borst et al., 2020; Estrade et al., 2019; Ram et al., 2019),
Uganda (e.g., Makuutu deposit; 532 Mt.; average grade = 0.064 wt%;
lonic Rare Earths LTD, 2022) and Australia (e.g., Koppamurra and Deep
Leads deposits; 186 and 52 Mt., respectively; average grades = 0.071
and 0.081 wt%, repsectively; ABx Group, 2023a; ABx Group, 2023b;
Lohr et al., 2024; Trench et al., 2025). This study presents a compre-
hensive review of REE IACD to understand their constraints, global
distribution, and main features while applying a mineral systems
approach to improve global exploration. It provides an in-depth exam-
ination of the fundamentals of REE IACD, focusing on: (1) sources of
REE, (2) mechanisms of REE mobilisation, (3) REE adsorption processes,
and (4) factors contributing to the preservation of REE ore bodies. This
research introduces a new REE IACD model to aid in understanding and
enhancing global REE mineral exploration, highlighting areas that
require further research.

2. Rare earth element ion adsorption clay deposits: context
2.1. Chemical weathering

Ion adsorption clay deposits are examples of soft-rock REE deposits,
where chemical weathering has liberated REE from REE-bearing min-
erals and facilitated the mobilisation and adsorption of REE onto clay
minerals (e.g., kaolinite and halloysite) within a weathering profile
(Borst et al., 2020; Cocker, 2014; Huang et al., 2021; Kanazawa and
Kamitani, 2006; Li et al., 2019; Li et al., 2017; Sanematsu and Watanabe,
2016; Zhao et al., 2022). The weathering intensity of a weathering
profile increases upwards towards the surface (Fig. 1), with the lower-
most horizon comprising unweathered basement rock. As weathering
progresses, the unweathered basement rock transitions into saprock,
which exhibits alteration of <20 % of weatherable minerals and pres-
ervation of the primary fabric. The saprock transitions into saprolite,
where >20 % of weatherable minerals are altered and the primary fabric
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Fig. 1. Simplified weathering profile with terminology and mineral distribu-
tions for intermediate to felsic rocks under humid conditions. Relative mineral
distributions based on proportions provided in Anand and Paine (2002), Sadleir
and Gilkes (1976) and Anand (1998) for granitic and felsic andesite bauxite
profiles from the Darling Range, Western Australia.
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is still preserved. The primary fabric is eventually destroyed with more
progressive weathering as the saprolite transitions into mottled zones
and residuum of ferruginous, aluminous or siliceous horizons and soil
generation (Fig. 1; Butt et al., 2000; Butt and Zeegers, 1992; Eggleton,
2001; Wright, 1994). Mineral proportions throughout a weathering
profile are reflective of the kinetic stability of minerals, where kaolinite,
hematite, goethite and/or gibbsite are considered more kinetically sta-
ble in upper horizons than the original primary minerals (Butt et al.,
2000; Nahon, 1991).

Chemical weathering has traditionally been described as more rapid
under tropical and humid climates with increased rainfall, biogenic
activity, and weathering kinetics (Bourman, 1993; Gleeson et al., 2003;
Taylor et al., 1992), and extensive weathering outside of these domains
often attributed to paleoclimate weathering (Cocker, 2014; Elias, 2002;
Gleeson et al., 2003). However, equally important mineral-weathering
factors, such as parent material, tectonics, topography, drainage, pH
and time also facilitate weathering (Bourman, 1993; Gleeson et al.,
2003; Lasaga et al., 1994; Taylor et al., 1992; Wilson, 2004). Therefore,
the assumption that tropical and humid paleoclimates facilitated
extensive chemical weathering in ‘unfavourable’ glacial and wet, cool-
to-cold climatic domains in Norway (Goldschmidt, 1928), North
America (Reynolds and Johnson, 1972), and Australia (Bird and Chivas,
1988; Taylor et al., 1992) neglects equally important mineral-
weathering factors. As a result, REE IACD, and other ‘lateritic’ de-
posits, may occur under a wider range of climatic domains than tradi-
tionally thought. Nevertheless, it is important to understand how
climate influences the formation of secondary minerals during REE
IACD formation, where humid climates favour the formation of 1:1 clays
(e.g., kaolinite and halloysite), and can result in the formation of gibb-
site through desilication, and drier climates favour the formation of 2:1
clays (e.g., smectite; Butt et al., 2000; Butt and Zeegers, 1992; Deepthy
and Balakrishnan, 2005; Tardy, 1992).

BRAZIL

erra Verde
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2.2. Global distribution and features

The majority of confirmed REE IACD are clustered in present-day
warm temperate climates in southeast Asia, specifically in China
(Fig. 2; Table 1; Table Al), a consequence of decades-worth of explo-
ration in the area. Improved global exploration of REE IACD has resulted
in the discovery of deposits in equatorial and warm temperate climates
across Brazil, Uganda, Malawi, Madagascar, and Australia (ABx Group,
2023a; ABx Group, 2023b; Ionic Rare Earths LTD, 2022; Lohr et al.,
2024; Sanematsu and Watanabe, 2016; Santana and Botelho, 2022;
Santana et al., 2015). Although chemical weathering occurs more
rapidly under warmer climatic conditions (Bourman, 1993; Gleeson
et al., 2003; Taylor et al., 1992), intense weathering can occur under a
wider range of climates than traditionally appreciated (Bird and Chivas,
1988; Goldschmidt, 1928; Reynolds and Johnson, 1972; Taylor et al.,
1992). Therefore, the formation (and discoveries) of REE IACD should
not be limited to these ‘favourable’ climates, where colder (snow) cli-
mates show potential for REE IACD (as suggested by studies conducted
in Finland; Al-Ani and Sarapai, 2009; Al-Ani et al., 2009; Sarapaa and
Sarala, 2013). Nevertheless, clustering of REE IACD in China is also
attributed to its unique geological setting, where large-scale extension
during the Mesozoic facilitated fast magma generation and possible
REE-enriched lithologies (namely A-type granites) in the area (Zhao
etal., 2021). Although confirmed REE IACD in China are associated with
a variety of basement rocks (Table 1; Table Al), the majority are asso-
ciated with granitic rocks (e.g. Bachi, Renju, Dazhou, Guposhan, Din-
gnan, Gangxia and Zudong deposits; Chu et al., 2024; Huang et al., 1989;
Li et al., 2017).

The predominance of granitic rocks as REE IACD sources is attributed
to the abundance of REE-bearing accessory phases (e.g., apatite, allan-
ite, titanite and bastnaesite) that are susceptible to weathering, which
liberate REE for clay (e.g., kaolinite and halloysite) adsorption. Along-
side China, granitic rocks are also common source rocks in Brazilian (e.
g., the Carina, Serra Verde, and Caldeira deposits; Aclara, 2023; Mete-
oric Resources, 2023; Santana and Botelho, 2022; Santana et al., 2015;

Makuutu
UGANDA

Koppamurra & Deep Leads
AUSTRALIA

QO Confirmed deposit IEquatoriaI IArid IIWarm Temperate I ISnow IPoIar

Fig. 2. Global distribution of confirmed (white circles) REE IACD with updated Koppen-Grieger climatic classifications derived from Rubel et al. (2017). Refer to
Kottek et al. (2006) for detailed climatic zone legend. Refer to Table Al in the Appendix for information on all deposit localities.



Table 1
Summary of 30 most significant confirmed REE IACD globally.
Deposit Name Company Latitude Longitude  Continent  Country State/ Age (Ma) Geology Climatic Resourceand  Exchangeable Relative Clay Reference
Province domain grade content (%) LREE or minerals
HREE
enrichment
Ampasindava Harena —13.8006 48.1717  Africa Madagascar  Diana Equatorial 628 Mt @ 60-75 Kaolinite, Borst et al.
Resources & with dry 0.089 wt% halloysite, (2020);
REENova winter illite, Moldoveanu
smectite and
Papangelakis
(2013); Ram
et al. (2019)
Mulanje Gold —15.9144 35.535 Africa Malawi Southern Hornbende- Equatorial Kaolinite Le Couteur
Canyon Malawi biotite gneiss to arid to (2011); Orris
Resources intruded by warm et al. (2018);
Inc. and syenite temperate Sanematsu
Japan Oil, plutons and
Gas and Watanabe
Metals (2016)
National
Corporation
Makuutu Rwenzori 0.5442 33.5042 Africa Uganda Equatorial 532 Mt @ 75 Ionic Rare
Rare Metals monsoonal 0.064 wt% Earths LTD
& Ionic (2022); Liu
Rare Earths et al. (2023a)
Carina Aclara —13.3992  —46.7717  Americas Brazil Goias Leucogranite Equatorial 168 Mt @ 30 LREE- (Aclara,
and biotite with dry 0.151 wt% enriched 2023)
granite winter
Serra Verde Serra Verde —13.4994  —48.4667  Americas Brazil Goias A-type Equatorial 458 Mt @ Kaolinite Serra Verde
granite with dry 0.098 wt%* withminor ~ Group (2024)
winter smectite
Caldeira Meteoric -22.17 —46.62 Americas Brazil Minas 80 Syenite Warm 409 Mt @ 75 Meteoric
Resources Gerais temperate 0.263 wt% Resources
with cool (2023)
and dry
summer to
equatorial
Penco Aclara —36.6758 —72.9719 Americas Chile BioBio Granitoid Warm 27.5 Mt @ 22 Aclara (2022)
temperate 0.229 wt%
with hot
and dry
summer
Bachi 24.75 115.7619  Asia China Guangdong 162 Biotite Warm 1.35 Mt @ 75-80 LREE- Chu et al.
granite temperate 0.10-0.38 wt enriched (2024); Li
with humid % et al. (2017)
and hot
summer to
warm and
dry
summer
Gonghe 22.5833 112.8833  Asia China Guangdong  201.3-174.7  Biotite Warm 0.28 Mt @ 63 LREE- Chu et al.
monazite temperate 0.151 wt% enriched (2024)
with humid
and hot
summer to
warm and

(continued on next page)
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Table 1 (continued)

Deposit Name Company

Latitude

Longitude

Continent

Country

State/
Province

Age (Ma)

Geology

Climatic
domain

Resourceand  Exchangeable
grade content (%)

Relative Clay

Reference

LREE or minerals

HREE
enrichment

Renju

Shenggongzhai

Sishui

Wujingfu

Yousheng

Zuokeng

24.7778

24.7781

24.7611

24.5083

24

115.8133

115.7892

116.0194

115.0764

113.8078

Asia

Asia

Asia

Asia

Asia

Asia

China

China

China

China

China

China

Guangdong

Guangdong

Guangdong

Guangdong

Guangdong

Guangdong

100.5-66

139

Granite and
rhyolite

Biotite
monazite

dry
summer
Warm
temperate
with humid
and hot
summer to
warm and
dry
summer
Warm
temperate
with humid
and hot
summer to
warm and
dry
summer
Warm
temperate
with humid
and hot
summer to
warm and
dry
summer
Warm
temperate
with humid
and hot
summer to
warm and
dry
summer
Warm
temperate
with humid
and hot
summer to
warm and
dry
summer
Warm
temperate
with humid
and hot
summer to
warm and
dry
summer

0.01 Mt @ 87.3
0.153-0.197
wt%

0.06 Mt @ 65
0.113 wt%

0.03 Mt @
0.1-0.115 wt
%

0.07 Mt @ 75
0.11-0.153
wit%

0.01 Mt @ 80
0.171 wt%

0.11 Mt @ 60
0.124 wt%

LREE-
enriched

LREE-
enriched

LREE-
enriched

LREE-
enriched

LREE-
enriched

LREE-
enriched

Chu et al.
(2024); Li
et al. (2017)

Chu et al.
(2024)

Chu et al.
(2024)

Chu et al.
(2024); Li
et al. (2017)

Chu et al.
(2024)

Chu et al.
(2024)

(continued on next page)
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Table 1 (continued)

Deposit Name Company

Latitude

Longitude

Continent

Country

State/
Province

Age (Ma)

Geology

Climatic
domain

Resource and
grade

Exchangeable
content (%)

Relative Clay
LREE or minerals
HREE

enrichment

Reference

Dazhou

Ganchong-

Songshan

Guposhan

Huashan

Nuodong

Zhongcun

Dingnan

23.2667

22.9

24.5333

23.0314

22.9461

110.5494

110.3167

111.0833

111

110.9122

Asia

Asia

Asia

Asia

Asia

Asia

Asia

China

China

China

China

China

China

China

Guangxi

Guangxi

Guangxi

Guangxi

Guangxi

Guangxi

Jiangxi

151, 154

172

Granite

Biotite

granite

Biotite
granite

Warm
temperate
with humid
and hot
summer to
warm and
dry
summer
Warm
temperate
with humid
and hot
summer to
warm and
dry
summer
Warm
temperate
with humid
and hot
summer to
warm and
dry
summer
Warm
temperate
with humid
and hot
summer to
warm and
dry
summer
Warm
temperate
with humid
and hot
summer to
warm and
dry
summer
Warm
temperate
with humid
and hot
summer to
warm and
dry
summer
Warm
temperate
with humid
and hot

0.53 Mt @
0.144 wt%

0.12 Mt @
0.113 wt%

0.11 Mt @
0.076-0.201
wit%

0.16 Mt @
0.1-0.181 wt
%

0.18 Mt @
0.15 wt%

0.22 Mt @
0.122 wt%

0.8 Mt @
0.06-0.15 wt
%

72.38

85

40-60

55-70

70

80

40-60

LREE-
enriched

LREE-
enriched

LREE-
enriched

LREE-
enriched

LREE-
enriched

LREE-
enriched

LREE-
enriched

Chu et al.
(2024); Li
et al. (2017)

Chu et al.
(2024)

Chu et al.
(2024); Li
et al. (2017)

Chu et al.
(2024)

Chu et al.
(2024)

Chu et al.
(2024)

Chu et al.
(2024); Li
et al. (2017)

(continued on next page)
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Table 1 (continued)

Deposit Name

Company

Latitude

Longitude

Continent

Country State/

Province

Age (Ma)

Geology

Climatic
domain

Resource and
grade

Exchangeable
content (%)

Relative Clay
LREE or minerals
HREE

enrichment

Reference

Gangxia

Heling

Nangiao

Shatou

Zudong

Koppamurra

Australian
Rare Earth

25.2528

24.75

24.6667

24.8333

—37.185

115.4281

115.7667

115

114.8625

140.9611

Asia

Asia

Asia

Asia

Asia

Australia

China Jiangxi

China

Jiangxi

China

Jiangxi

China

Jiangxi

China

Jiangxi

South
Australia

Australia

432

97.3 (tuff),
96.7
(granite
porphyry)

131, 95

168

Biotite
granite

Granite and
rhyolitic tuff

Quartz
syenite

Muscovite
granite

Limestone
basement

summer to
warm and
dry
summer
Warm
temperate
with humid
and hot
summer to
warm and
dry
summer
Warm
temperate
with humid
and hot
summer to
warm and
dry
summer
Warm
temperate
with humid
and hot
summer to
warm and
dry
summer
Warm
temperate
with humid
and hot
summer to
warm and
dry
summer
Warm
temperate
with humid
and hot
summer to
warm and
dry
summer
Warm
temperate
with hot

20 Mt @
0.08-0.14 wt
%

0.24 Mt @
0.157 wt%

1.02 Mt @
0.125-0.278
wt%

0.08 Mt @
0.05-0.535
wt%

0.2 Mt @
0.098-0.107
wt%

186 Mt @
0.071 wt%

75

48

45

40-80

LREE-
enriched

LREE-
enriched

LREE-
enriched

LREE-
enriched

HREE-
enriched

Smectite
with minor
kaolinite

Chu et al.
(2024); Li
et al. (2017)

Chu et al.
(2024); Li
et al. (2017)

Chu et al.
(2024); Li
et al. (2017)

Chu et al.
(2024)

Chu et al.
(2024);
Huang et al.
(1989); Li
et al. (2017)

Australian
Rare Earths
(2023);

(continued on next page)
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Table 1 (continued)

Relative Clay Reference

Exchangeable
content (%)

Resource and

grade

Climatic
domain

State/ Age (Ma) Geology

Latitude Longitude  Continent  Country

Company

Deposit Name

minerals

LREE or

Province

HREE

enrichment

Barakos et al.

(2022)

and dry

summer

with granitic

source

Elements
Limited

ABx Group

Warm 52 Mt @ 50

Dolerite and

146.7736  Australia Australia Tasmania 170

ABX group —41.5072

Deep Leads

(2023a); ABx

Group

temperate, 0.081 wt%

alkali basalt
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Serra Verde Group, 2024) and Chilean REE IACD (e.g., the Penco de-
posit; Aclara, 2022). However, exploration in Malawi (e.g., the Mulanje
deposit; Le Couteur, 2011; Orris et al., 2018; Sanematsu and Watanabe,
2016), Uganda (e.g., the Makuutu deposit; lonic Rare Earths LTD, 2022)
and Australia (e.g., Koppamurra and Deep Leads; ABx Group, 2023a;
ABx Group, 2023b; Lohr et al., 2024) suggests that the source of REE
IACD is more diverse than currently appreciated, with metamorphic,
sedimentary and external sources all capable of forming REE IACD. The
diversity of source rocks, alongside other processes that influence REE
IACD formation (i.e., mobility, adsorption, and preservation of REE
enrichment within a weathering profile) are investigated in this study
using the mineral systems approach to improve both our scientific un-
derstanding and global exploration efforts.

3. Rare earth element IACD in the Mineral Systems Framework

The mineral systems approach is a holistic framework developed by
Magoon and Dow (1991) stating that when the entire mineral system of
a deposit is understood it provides a larger exploration target than the
characteristics of the mineralised deposit alone. Originally developed
for the petroleum industry, the mineral systems approach has been
successfully implemented for a range of mineral exploration contexts
(Knox-Robinson and Wyborn, 1997; McCuaig et al., 2010; McCuaig and
Hronsky, 2014; Wyborn et al., 1994), such as prospecting for REE in
carbonatites and alkaline complexes (Aranha et al., 2022a; Aranha et al.,
2022b), uranium in surficial environments (Chudasama et al., 2018),
hydrothermal nickel (Gonzélez-Alvarez et al., 2010) and magmatic
nickel sulfides (Porwal et al., 2010). To gain a more complete under-
standing of REE IACD and aid future exploration, the mineral systems
approach will be applied here to characterise the different aspects of
REE IACD formation, which include: (1) REE source, (2) REE mobility,
(3) REE adsorption, and (4) preservation of a REE ore body.

3.1. REE source

Rare earth elements enriched within REE IACD are traditionally
thought to be sourced from weathered granitic rocks, however, this
section explores the diversity of REE IACD sources that includes local
igneous, metamorphic, and sedimentary rocks (with REE concentrations
of diverse rock types provided in Table 2) and external REE-rich fluids

Table 2
Rare earth element concentrations of diverse rock types.
Rock type Major rock-forming Common accessory minerals Total REE
minerals (ppm)
Igneous
Basalt Plagioclase, Minor apatite and titanite 118.80 ¢
pyroxene and
olivine
Syenite Feldspar, pyroxene, Zircon, apatite and titanite 405.80 °
amphibole and
biotite
Granite Feldspar, quartz, 267.80 ¢
mica and
amphibole
I-type Zircon, apatite, titanite and
allanite
S-type Zircon, apatite, monazite and
xenotime
A-type Fluorite, fluorocarbonate,
titanite and zircon, minor
monazite and xenotime
Sedimentary
Sandstone Quartz Zircon, apatite, monazite, 249.70°

xenotime and allanite

Modified from Jaireth et al. (2014). References: (a) Krauskopf and Bird (1995)
and (b) Turekian and Wedepohl (1961).
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(e.g., hydrothermal fluids) and weathering constituents that are trans-
ported through wind and water media (Huang et al., 1989; Huang et al.,
2021; Ishihara et al., 2008; Li et al., 2017; Lohr et al., 2024; Moreno
et al., 2006; Pain and Ollier, 1995; Sanematsu and Watanabe, 2016;
Santana and Botelho, 2022; Sengupta and Gosen, 2016; Simonson, 1995;
Taylor and Eggleton, 2001). This section also examines the importance
of understanding how weathering affects various rock types, with
particular emphasis on the mineral phases that release REE during this
process (e.g., REE-bearing accessory minerals, such as apatite, allanite
and REE-(fluoro)carbonates; Estrade et al., 2019; Li et al., 2022; Sane-
matsu and Watanabe, 2016; Zhao et al., 2022). The nature of the various
sources (e.g., local and external rocks and fluids) are also investigated to
understand how relative LREE- and HREE-enrichment of the source rock
can control the REE patterns observed within the weathering profile.

3.1.1. Weathering susceptibility of common REE-bearing minerals

Rare earth element-bearing minerals, such as REE-(fluoro)carbon-
ates, allanite, and titanite, have been suggested to be the most dominant
source minerals of REE in REE IACD as a result of their susceptibility to
weathering (Estrade et al., 2019; Li et al., 2022; Li et al., 2019; Li et al.,
2017; Sanematsu and Watanabe, 2016; Zhao et al., 2022). Weathering of
REE-(fluoro)carbonates to form REE enriched weathering profiles is
observed in the weathering profile associated with the Serra Douranda
Granite, Brazil (Santana and Botelho, 2022; Ward, 2017), as well as
numerous studies indicating the high solubility of REE-(fluoro)carbon-
ates in acidic soil water (Goldich, 1938; Huang et al., 1989; Sanematsu
et al., 2016; Sanematsu et al., 2013). Similarly, allanite, titanite and
apatite are also reported to dissolve during weathering (Banfield and
Eggleton, 1989; Dou et al., 2023; Price et al., 2005a), whereas minerals
such as thorite, zircon, and some REE-phosphates (e.g., monazite, xen-
otime) are considered more resistant (Fig. 3; Goldich, 1938; Li et al.,
2017; Sanematsu et al., 2016; Sanematsu and Watanabe, 2016). How-
ever, organic acids have been shown to increase the weathering sus-
ceptibility of these more resistant minerals (e.g., monazite), where
organic acids promote mineral weathering through, proton-promoted
dissolution, forming inner-sphere complexes to liberate elements, and
forming aqueous metal-ligand complexes (Corbett et al., 2017; Drever
and Stillings, 1997; Furrer and Stumm, 1986; Ganor et al., 2009; Goyne
et al., 2010; Lazo et al., 2017; Stumm, 1997; Tan, 1986).

Allanite and titanite are more susceptible to weathering as a result of
their complex solid solutions that allow isomorphic substitution of
REE3" for Ca?" or Na* (Ercit, 2002; Foley and Ayuso, 2013; Miyawalki,
1995; Shannon, 1976). In contrast, minerals such as zircon, that exhibit
simpler chemical substitution (i.e., in zircon, REE®* substitutes for Th**
or Zr*t) are less likely to have their stability compromised by isomor-
phic substitution. Additionally, metamictisation (i.e., radiation damage
by high concentrations U and Th) of allanite also increases weathering
susceptibility, therefore contributing to the release of REE into meteoric
waters and adsorbing them onto clays within weathering profiles (Price
et al., 2005a).

Although metamictisation also occurs in zircon grains, the annealing
nature of zircon is unlikely to contribute significant adsorbed REE pro-
portions, restoring the crystallinity and weathering resistance of meta-
mict grains (Carroll, 1953; Delattre et al., 2007; Du et al., 2012; Ewing,
1994; Geisler, 2002; Herrmann et al., 2021; Rubin et al., 1993; Ueda,
1957). Similar observations are seen in REE-bearing phosphate minerals
(e.g. apatite, monazite, and xenotime), where metamict apatite is more
susceptible to weathering as a result of its amorphous state, and
monazite and xenotime remain stable with preserved crystallinity
(Sanematsu and Watanabe, 2016; Ueda, 1957). However, when apatite
does dissolve during weathering, the released PO ligands can interact
with mobilised REE>" in solution and precipitate more stable REE-
phosphate minerals such as rhabdophane and/or florencite (Banfield
and Eggleton, 1989; Kohler et al., 2005; Sanematsu and Watanabe,
2016). Therefore, parent rocks with high P»Os contents are potentially
problematic for the formation of REE IACD, where common REE-bearing
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Fig. 3. Schematic diagram demonstrating the weathering susceptibility of some
common REE-bearing accessory phases (a) Distibution of accessory phases (e.g.,
apatite, allanite, xenotime, and zircon) within unweathered crystalline granitic
basement. (b) During weathering, apatite and allanite are easily dissolved,
whereas, xenotime and zircon are relatively resistant to weathering. As a result,
more susceptible minerals (i.e., apatite and allanite) contribute to the REE
budget of the weathering profile while more resistant minerals (i.e., xenotime
and zircon) retain their original REE endowment.

phosphate minerals (e.g., monazite and xenotime) are resistant to
weathering (Bern et al., 2017). Alternatively, alteration fluids and
weathering events may dissolve and reprecipitate REE-bearing minerals
that are more susceptible to weathering, relative to their precursor
mineral phases (Banfield and Eggleton, 1989; Huang et al., 2021).

3.1.2. Local basement rocks

3.1.2.1. Granitic source rocks. Granitic rocks are presented in the liter-
ature as the predominant source rocks for REE IACD, attributed to their
high proportions of feldspar and mica minerals that alter easily into clay
minerals combined with the presence of REE-rich accessory phases that
release REE into solution when weathered (Chu et al., 2024; Kanazawa
and Kamitani, 2006; Li et al., 2017; Sanematsu and Watanabe, 2016).
Although major granite (and other rock) forming minerals (e.g., feld-
spar, micas, and amphiboles) contribute to the REE budget of the
regolith, their contributions are minimal compared to REE-rich acces-
sory phases (i.e., (fluoro)carbonates and phosphates) that comprise up
to 95 % of the REE budget (Bea, 1996; Peter Gromet and Silver, 1983).
Rare earth element-rich accessory phases form through fractional crys-
tallisation and/or secondary alteration events (i.e., deuteric meta-
somatism) and control the relative LREE- or HREE-enrichment of the
regolith through their weathering susceptibility (e.g., apatite easily
weathers and liberates LREE and MREE into the weathering profile;
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Table 3
Common REE-bearing accessory minerals and their weathering susceptibility.
Mineral Formula LREE or Reported Weathering
HREE range of rate (mol/
enriched REO (wt%) m2/s)
Halide
Fluorite (Ca,Ln)F, LREE or 107144
HREE
(Fluoro)carbonate
Bastnasite LnCOsF LREE 67-75 ¢
Parisite CaLny(CO3),Fo LREE 61-63 ¢
Synchisite CaLn(CO3),F LREE 51°
Oxide
Aeschynite (Ln,Ca,Fe,Th)(Ti, 24-48 ¢
Nb)»(0,0H)e
Cerianite (Ce,Th)O, LREE 63-81 *P
Fergusonite (Ln,Y)NbO4 HREE 46-53 ¢
Perovskite (Ca,Ln)TiO3 LREE <37°¢
Pyrochlore (Ca,Na, LREE
Ln)»Nb,O6(OH,F)
Samarskite (Ln,U,Fe)3(Nb,Ta, HREE 18¢
Ti)s016
Phosphate
Apatite Cas(PO4)3(F,CLOH)  LREE <19°? 1011 e
Crandallite CaAl3(PO4)>(OH)s LREE
Florencite LnAl3(PO4)2(0H)g LREE 32¢
Monazite (Ln,Th)PO, LREE 51-71%°
Rhabdophane  LnPO, LREE c.65¢ 10°15-101
f
Xenotime YPO, HREE 61-74 ¢
Silicate
Allanite (Y,Ln,Ca, Th)»(Al, LREE 21-39 ¢ 1071110108
Fe)3(Si04)3(OH)
Britholite (Ln,Th,Ca)s(SiO4, LREE 32-53¢
PO4)3(OH,F)
Eudialyte Nay(Ca,Ln)o(Fe,Mn, HREE <8¢
Y)ZrSigO22(0H,Cl)»
Gadolinite LnFeBe,Si019 HREE 39-48 ¢
Garnet (Ca,Ln,Fe,Mg,Mn, HREE 107 -10°
Y)3(Al,Cr,Fe,Mn,Ti, gh
V,Zr)5(8i,A1)3012
Sphene/ (Ca,Ln)TiSiOs LREE or <4¢
Titanite HREE
Zircon (Zr,Ln)SiO4 HREE <4

References: (a) Webmineral composition (www.webmineral.com), (b) Castor
and Hedrick (2006), (c) Weng et al. (2013), (d) Palandri and Kharaka (2004), (e)
Price et al. (2020), (f) Ma et al. (2011), (g) Price et al. (2005b), and (h) Price
et al. (2008).

Table 3; Huang et al., 1989; Ishihara et al., 2008; Li et al., 2017; Sane-
matsu and Watanabe, 2016; Santana and Botelho, 2022). Therefore, it is
important to consider the variability of REE-rich accessory minerals in
local granitic sources and how this influences the REE budget of the
source and regolith, and its prospectivity for REE IACD.

Granitic rocks are mostly categorised as either I-, S- or A-type, which
represent igneous-, sedimentary- and anorogenic-derived granites,
respectively. Although, M-type (mantle-derived) granites also exist, they
are rare and will omitted from this discussion. I-type granites, which are
derived from igneous protolith, are metaluminous to weakly per-
aluminous with high SiO5, CaO, MgO and NayO contents, and are un-
dersaturated in Al;03 and KO relative to other granite types (Chappell,
1974; Chappell and White, 2001; Qiu et al., 2023). Accessory phases in I-
type granites are generally zircon, apatite, titanite and allanite (Bea,
1996; Chappell, 1974; Chappell and White, 2001; Fu et al., 2019; Li
et al., 2007; Sanematsu et al., 2015). I-type granites are relatively pro-
spective for REE IACD as a result of easily weatherable accessory phases
(except for crystalline zircon) that release REE into the weathering
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profile. Consequently, REE IACD type mineralisation has been observed
following the weathering of I-type granites, such as weathering profiles
associated with the transitional I- to S-type Kata Beach granite in Phuket,
Thailand (Sanematsu et al., 2013) and I-type granites at Maran, Pahang
and Mersing, Johor in Malaysia (Tohar et al., 2024).

S-type granites, on the other hand, are peraluminous granites that
formed from a sedimentary protolith, containing oversaturated SiO2 and
relatively high Al,O3 and low NasO (Chappell, 1974; Chappell and
White, 2001). Common accessory minerals in S-type granites include
zircon, apatite, tourmaline, monazite, and xenotime (Bea et al., 1994;
Chappell, 1974; Chappell and White, 2001; Fu et al., 2019; Zhou et al.,
2006). Strongly peraluminous S-type granites contain elevated P, which
may inhibit the formation of REE IACD with the presence of weathering-
resistant monazite and xenotime phases (Bea et al., 1992; Chappell,
1974; Chappell and White, 2001; Oelkers and Poitrasson, 2002; Oelkers
et al., 2008; Sanematsu et al., 2015). Although phosphate-rich phases,
such as monazite, are more susceptible to weathering in the presence of
organic acids (Corbett et al., 2017; Goyne et al., 2010; Lazo et al., 2017),
liberated PO}~ in weathering profile fluids may inhibit REE mobilisation
(and adsorption) through REE complexing and precipitation (Byrne
et al., 1991; Johannesson et al., 1995; Lee and Byrne, 1992). However,
S-type granites may be more prospective than originally thought, where
weathering-susceptible phosphate-rich accessory phases, such as
apatite, contribute significantly to the REE budget of a weathering
profile (Fu et al., 2019).

A-type granites are typically anorogenic or anhydrous, as charac-
terised by their lack of orogenic or transitional tectonic fabric and low
water contents. A-type granites are variably peralkaline and are high in
SiOy, F, S and REE, and contain low Aly03, CaO and MgO contents
(Bailey and Hampton, 1990; Eby, 1990; Patino Douce, 1997; Qiu et al.,
2023). As a result of their characteristically high fluoride contents (e.g.,
with most A-type granites indicating an excess of 1000 ppm F; Collins
et al., 1982), A-type granites typically contain fluoride-rich accessory
phases, such as fluorite and fluorocarbonate, although titanite and
zircon are also common (Collins et al., 1982; Fu et al., 2019; Price et al.,
1999; Wang et al., 2015b; Wang et al., 2014; Whalen et al., 1987).
Monazite and xenotime may also be present in A-type granites, although
these accessory phases are rarer with low P contents (Broska and Petrik,
2008; Broska et al., 2004). Several A-type granite locations have been
considered prospective for REE IACD formation including the regolith
associated with the Serra Douranda, Pedra Branca, the Madeira granite,
Brazil, and granites in the Bachi area, Guangdong in China (Botelho and
Moura, 1998; Costa et al., 2020; da Silva Alves et al., 2018; Marini et al.,
1992; Zhao et al., 2021). However, higher volatile contents in melts of A-
type granites (i.e., F) can inhibit REE enrichment through distortion of
crystalline melt frameworks (Mahood and Hildreth, 1983; Sawka et al.,
1984). Alternatively, high F in A-type granites may promote the disso-
lution of resistant minerals (e.g., quartz and zircon), and therefore
liberation of REE, through the formation of hydrofluoric acid (i.e., HF;
da Silva Alves et al., 2018). However, the presence of F-rich source rocks
and surrounding lithologies may be problematic where F-rich fluids
might inhibit REE adsorption through the formation of REE-fluoride
precipitates (Itoh et al., 1984; Sassani and Shock, 1993; Wood, 1990).
Nevertheless, the concentration of F~ required to form REE-fluoride
precipitates may not be typical for surface waters and groundwaters
associated with A-type granite weathering (discussed in subsequent
sections). Therefore, A-type granites appear to be particularly favour-
able for REE IACD formation.

Aside from the prospectivity of different granitic rock types for REE
IACD formation, it is also important to recognise processes that facilitate
relative LREE- or HREE-enrichments, given only 3 % of granites globally
are HREE-enriched (Fan et al., 2023) and even fewer have the potential
to form HREE deposits. Studies on the HREE-enriched Zudong and
LREE-enriched Guanxi deposits, China, suggest that HREE enrichment is
the product of deuteric metasomatism during melt evolution or hydro-
thermal overprinting and LREE enrichment is the product of fractional
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crystallisation (Fan et al., 2023; Huang et al., 1989; Li and Zhou, 2024;
Li et al., 2017). However, LREE enrichment in the Dignan and Wuliting
granites, China, and the Serra Sourada granite, Brazil, and their asso-
ciated weathering profiles are the products of secondary/hydrothermal
processes rather than fractional crystallisation (Ishihara et al., 2008;
Santana and Botelho, 2022; Santana et al., 2015). Therefore, LREE-rich
granites are formed through magmatic (i.e., fractional crystallisation)
and/or hydrothermal processes (i.e., deuteric metasomatism), whereas
HREE-rich granites are largely the product of hydrothermal processes
(as supported by Nb/Ta and K/Rb ratios, where Nb/Ta < 5 and K/Rb <
150 are indicative of hydrothermal systems; Li et al., 2017). Neverthe-
less, relative LREE and HREE enrichments in weathering profiles are also
facilitated by the weathering susceptibility of accessory REE-rich min-
erals. For example, S-type granites are likely to produce LREE-enriched
deposits in the presence of weatherable LREE-rich phases (e.g., apatite)
and weathering-resistant HREE-rich mineral phases (e.g., xenotime; Fu
et al., 2019).

3.1.2.2. Basaltic source rocks. Although REE-bearing accessory phases
(e.g., apatite and titanite) can enrich REE in basaltic magmas and rocks,
REE partition coefficients in accessory phases tend to increase with
increasing polymerisation (Prowatke and Klemme, 2005; Prowatke and
Klemme, 2006a; Prowatke and Klemme, 2006b; Watson and Green,
1981). Additionally, REE-bearing accessory phases are typically more
unstable/soluble in mafic melts and therefore unlikely to contribute to
the REE budget significantly (Forst and Lindsley, 1992; Frost et al.,
2001; Harrison and Watson, 1984; Kohn, 2017; London et al., 1999;
Mysen et al., 1981; Watson and Capobianco, 1981; Wones, 1989; Xir-
ouchakis and Lindsley, 1998). However, major basaltic rock-forming
minerals, such as clinopyroxene and plagioclase, have higher partition
coefficients (e.g., Dng = 0.4-0.6 and 0.1-0.15, respectively; Bindeman
and Davis, 2000; Hill et al., 2000) relative to other rock forming min-
erals within these rock types, such as olivine (e.g., olivine Dyq < 0.0002;
Ionov et al., 2002; Sun and Liang, 2013), and can host significant REE
concentrations. Alongside higher partition coefficients, high mineral
proportions of clinopyroxene and plagioclase in basaltic rocks and their
relatively low weathering resistance (e.g., diopside has a weathering
rate of 10-11 mol/m2/s at pH 6 and 25°C, whereas albite and anorthite
have a weathering rate of 10-12 and 10-7 mol/m2/s at pH 5, respec-
tively; White and Brantley, 1995; Wilson, 2004) suggest that basaltic
rocks can serve as a source for REE IACD.

Despite limited examples of REE IACD from basaltic sources, the
deposit associated with the Emeishan basalt, China, demonstrates its
potential as a source rock (Dai et al., 2010; Yang et al., 2008; Zhao et al.,
2017; Zhou et al., 2013). Although XRD, SEM-EDS and trace element
analyses suggest that intermediate acid volcanic rocks in the region and
hydrothermal alteration contributed to the source, REE patterns and Sr
isotope compositions of the weathering profile are comparable to the
Emeishan basalt (Zhang et al., 2010; Zhou et al., 2013). Similarly,
although secondary REE-bearing phases (i.e., REE-carbonates and
-phosphates) precipitated from hydrothermal alteration contributed to
the REE budget of the profile, easily weatherable primary REE-bearing
rock-forming minerals may have also contributed to the budget (such
as clinopyroxene and plagioclase; Wang et al., 2015a; Zhao et al., 2017;
Zhou et al., 2013). Nevertheless, the potential of basaltic rocks for REE
IACD formation remains relatively underexplored.

3.1.2.3. Metamorphic source rocks. Similar to granitic and basaltic
source rocks, REE-bearing minerals in metamorphic rocks are a potential
source for REE IACD development. Although metamorphism is unlikely
to upgrade whole-rock REE concentrations, it can redistribute REE be-
tween minerals through the instability/stability of REE-bearing minerals
at various metamorphic grades (Bea and Montero, 1999; Bingen et al.,
1996; Cullers et al., 1974; Janots et al., 2018; Mulrooney and Rivers,
2005; Villaseca et al., 2003). For example, Bingen et al. (1996) found
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that during the transition from amphibolite to granulite metamorphic
facies in orthogneisses from southwestern Norway, M-HREE contents of
apatite increased with progressive metamorphism alongside decreasing
modal abundances (i.e. dissolution) of titanite, hornblende and biotite.
In contrast, increased LREE contents in monazite with increasing
metamorphic grade were attributed to the breakdown of allanite.
Nevertheless, metamorphism controls the stability of minerals, and
therefore the redistribution (and concentration) of REE into more/less
weathering susceptible phases. One of the most significant
metamorphic-derived REE IACD is the Ningdu deposit, China, where the
metamorphic sandstone source constitutes weathering and fragmenta-
tion of granitoids in the area (Huang et al., 2021). Hydrothermal
alteration of the metamorphic bedrock aided in the concentration of
>50 % of REE in the bedrock as rhabdophane and REE-epidote, with
precursor metamorphism concentrating the other 40 % of REE in the
bedrock through the crystallisation of epidote and titanite (Huang et al.,
2021). Both processes (i.e., hydrothermal alteration and meta-
morphism) significantly contributed to the REE budget of the regolith.
Therefore, the reorganisation of REE during metamorphism, particularly
from sedimentary rocks, suggests that metamorphic rocks can be pro-
spective sources for REE IACD development.

3.1.3. External sources including fluids and sedimentary components
Aside from local igneous, metamorphic and (meta-)sedimentary
rocks, non-local processes, such as enrichment facilitated by fluids (i.e.,
hydrothermal fluids and basinal brines) and source materials trans-
ported by sedimentary processes (wind and/or water transport), can
promote REE IACD formation. Hydrothermal alteration can facilitate the
breakdown of weathering resistant minerals and the enrichment of REE
into more easily dissolvable phases (e.g., Ningdu deposit, China; Huang
et al., 2021). Additionally, hydrothermal fluids may also introduce REE
to the system and contribute to the REE budget of the weathering profile
(as speculated in the weathering profile associated with the Emeishan
basalt, China; Zhao et al., 2017). Alongside hydrothermal fluids, basinal
brines also modify REE-bearing accessory phases, resulting in remobi-
lisation and redistribution of REE to the system as reflected by the
Mesoproterozoic Belt-Purcell Supergroup in North America, which hosts
sedimentary and mafic intrusive rocks (Gonzélez-Alvarez and Kerrich,
2010; Gonzalez-Alvarez and Kerrich, 2011; Gonzalez-Alvarez et al.,
2006; Kyser et al., 2000). However, the influence of basinal brines in the
context of REE IACD is understudied and not well constrained at present.
Despite limited research on the influence of aeolian input in the REE
IACD context, previous studies have investigated the contribution of
aeolian sediments to weathering profiles and suggest that aeolian sedi-
ments are most significant in settings where local chemical weathering
and/or erosion is relatively slow (Babechuk et al., 2015; Brimhall et al.,
1988; Ferrier et al., 2011; Heckman and Rasmussen, 2011; Lawrence
et al., 2013; Shi et al., 2023; Vazquez-Ortega et al., 2015). Rare earth
element transport by meteoric water (e.g., fluvial systems), on the other
hand, has been demonstrated by recent studies focusing on REE IACD
formation and mineralisation at the Koppamurra and Deep Leads de-
posits in Australia (ABx Group, 2023a; ABx Group, 2023b; Lohr et al.,
2024). At the Koppamurra deposit, REE and clay materials are unlikely
to be sourced from local igneous or metasedimentary rocks but rather
eroded material from granites in the Lachlan Orogen that were depos-
ited in a lagoon-estuarine system and later weathered by tectonic uplift
and shoreline progradation (Bowler et al., 2006; Lohr et al., 2024; Marx
and Kamber, 2010; Murray-Wallace et al., 2018). The Deep Leads de-
posit, although associated with weathering of dolerite and alkali basalt
in the area, demonstrates thicker and higher-grade mineralisation
within paleochannels (ABx Group, 2023a; ABx Group, 2023b). There-
fore, geochemical dispersion processes at the surface, driven by the
lateral flow of meteoric water, can transport and accumulate REE away
from the original basement source. As a result, sedimentary processes (e.
g., aeolian and fluvial transport) and a diversity of fluids (e.g., meteoric
waters, hydrothermal, and basinal brines) can facilitate or enhance the
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prospectivity of REE IACD. However, these geological processes require
further research to better constrain their systematics, which is out of the
scope for this study.

3.2. (Physico)chemical mobility of REE during weathering

Following the dissolution of REE-bearing minerals during weath-
ering, REE are mobilised and dispersed both laterally and vertically
within the stratigraphy via meteoric water (Lottermoser, 1990;
McQueen and Scott, 2008; Phillips et al., 2019; Verplanck, 2017). The
groundwater table migrates based on weather events (e.g., flood and
drought) and influences the vertical and lateral transport of REE, where
during high rainfall (and flooding events) the weathering profile is
saturated and promotes elemental transport (Carrillo-Gonzalez et al.,
2006; Ollier and Pain, 1996). High rainfall, alongside erosional effects,
can result in hillslope processes where topographic highs and lows are
prominent (Fig. 4; see Section 3.4). Li et al. (2020) suggests that
erosional runoff from the ridgetop at the Bankeng REE IACD in south
China promoted ore formation at the footslopes, where groundwater
likely played a major role in transporting REE. However, extensive
lateral transport can result in lower grades and inhibit ore formation
(Verplanck, 2017).

Fluid transport in weathering profiles is either diffusive or

High erosion area
Ore preservation unlikely

Preferential LREE
enrichment

Vertical leaching by
precipitation and surface water

vy

Ridgetop

Surface runoff and
hillslope erosion

N

Preferential transport of HREE
in surface water

Footslope

Soil/Residuum

Saprolite
[ Low erosional area
\ Ore preservation likely
Preferential HREE
enrichment
Saprock/Bedrock

Fig. 4. Schematic diagram displaying topographic effects on the development
of weathering profiles, and therefore the preservation of REE IACD. At topo-
graphic highs (ridgetops) weathering profiles are poorly developed due to
excessive erosion, whereas at topographic lows (footslopes) weathering profiles
are well developed due to minimal erosion and transported material contrib-
uted by ridgetops. Therefore, footslopes provide a more ideal environment for
the development and preservation of REE IACD.
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dispersive. Diffusive transport is controlled by concentration gradients
(i.e., molecules from high concentration regions moving to low con-
centration regions), whereas dispersive transport is controlled by vari-
able fluid velocities in pore spaces (where pore space sizes vary along
flow paths; Carrillo-Gonzalez et al., 2006; Hemond and Fechner, 2022;
Rose, 1973; Steefel and Lasaga, 1992). Diffusive transport typically
dominates low-clay systems (e.g., acidic sandy soils) where adsorption
processes are insignificant, and dispersive transport typically dominates
high-clay systems (e.g., REE IACD) where adsorption is more prevalent
with heterogenously distributed adsorption sites (Carrillo-Gonzalez
et al., 2006; Delolme et al., 2004; Gerritse, 1996; Steefel and Lasaga,
1992). Nevertheless, both diffusion and dispersion follow preferential
flow pathways created by natural processes (e.g., cracking and shrinking
of soils and macropores by flora and fauna), resulting in chemical
weathering as fluids interact with minerals (Ollier and Pain, 1996).
Therefore, the interplay of physical and chemical factors both influence
fluid mobility and distribution of REE in weathering profiles.

Chemical controls on REE mobilisation include redox, pH, ligand
concentration and ionic strength. Temperature also affects REE mobi-
lisation, for example, REE-chloride complexes are less stable than REE-
fluoride complexes at 25°C but behave similarly at temperatures above
150°C (Haas et al., 1995; Migdisov et al., 2019; Migdisov et al., 2016;
Migdisov and Williams-Jones, 2014; Williams-Jones et al., 2012; Wood,
1990). However, negligible differences in the stability of REE complexes
are observed at ambient temperatures relevant to weathering processes
associated with REE IACD, therefore further discussion on temperature-
dependent stability is outside of the scope for this study. Regarding
redox, the majority of the REE are monovalent (i.e. REE®") and therefore
unaffected by redox variations, except for Ce (with oxidation states 3*
and 47), which is strongly controlled by oxic and anerobic horizons in
the weathering profile. In oxic upper regions of weathering profiles, Ce
is oxidised to Ce*" and subsequently forms cerianite (CeO3) or is
coprecipitated with Mn, resulting in negative anomalies of adsorbed Ce
in the upper weathered profile (Braun et al., 1990; Marsh, 1991; Ver-
planck, 2017). However, in reducing lower regions of weathering pro-
files, Ce predominantly occurs as Ge>* and behaves like the other LREE.

Additionally, pH, ligand concentration and ionic strength strongly
control REE speciation in meteoric fluids, where REE occur as either
hydrated cations (i.e., REE3") or as complexes with organic and inor-
ganic ligands (i.e., REEHS, REEF>"; REECOF, REEPO,, REESO4, where
HS refers to humic substances) with the dominant species dependent on
pH (Haas et al., 1995; Johannesson and Lyons, 1994; Johannesson et al.,
2004; Li et al., 2022; Nestmeyer and McCoy-West, 2025; Wood, 1990).
In acidic meteoric fluids (pH < ~5.5), REE are predominantly simple
hydrated cations, LnSO4 and LnF?* (where Ln refers to REE; Gimeno
Serrano et al., 2000; Li et al., 2022; Lozano et al., 2019; Wood, 1990).
However, under circumneutral (pH = ~5.5-7.2) and alkaline ground-
waters (pH > ~7.2), REE-carbonate, —phosphate, and -hydroxide spe-
cies become more significant (Johannesson et al., 1996; Johannesson
et al., 2000; Wood, 1990). Speciation of REE also facilitates REE frac-
tionation, with HREE forming stronger complexes with carbonate ions
than LREE and are therefore more easily retained in solution (Luo and
Byrne, 2004; Millero, 1992). Therefore, it is crucial to assess the stability
and solubility of these complexes in meteoric fluids, as well as their
influence on REE mobilisation and fractionation in a REE IACD context.

3.2.1. Influence of organic REE complexes

Organic ligands, namely humic substances, which comprise humic
acids (HA) and fulvic acids (FA), are significant for REE complexation in
natural waters with appreciable organic matter (e.g., dissolved organic
carbon (DOC) content >0.7 mg/L; Ingri et al., 2000; Tang and Johan-
nesson, 2003; Tanizaki et al., 1992; Viers et al., 1997). Rare earth
element-HS complexes fractionate REE through a phenomenon referred
to as REE loading, where low REE/DOC and high REE/DOC ratios result
in preferential HREE- and middle REE (Sm, Eu and Gd)-HS complexes,
respectively (Marsac et al., 2010; Pourret et al., 2007¢; Stern et al., 2007;
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Table 4

Stability constants (logs values) of various REE complexes at 25 C at zero ionic strength.

HoPO4- POy 3-

HCO3-

CO3 2-

NO3

Cl-

OH-

S04 2°

Ligand

1

nth order

Reference

17.63 + 0.29
18.48 + 0.30
19.08 + 0.29
19.50 + 0.28
20.42 £ 0.15
20.66 + 0.09

10.96 + 0.11
20.71

2.5

2.43
2.37
2.31
2.23
2.21

2.2

2.02
1.95
1.89
1.83
1.75
1.6

1.72
1.71
1.72

11.31
11.5

6.82
6.95
7.03
7.13

7.3

0.58
0.69
0.69
0.79
0.78
0.83
0.47
0.51
0.15

0.29

15.14
17.22
18.39

18.9

14.09
15.85
15.36
15.59
16.08
16.58

16.71

9.86
11.62
10.73
10.96
11.49
11.62
11.62
11.82

11.9

5.34
5.59
5.73
5.84
6.04

6.1

5.1

8.69
9.52
9.67
9.89
10.02

10.16

6.65
7.27
7.38
7.54
7.63
7.74
7.96
8.13
8.18

3.85
4.19
4.25
4.34
4.39
4.45
4.57
4.66
4.69

3.12
3.

1.85 + 0.07
1.75+0.1
1.86 + 0.7
1.74 + 0.08
1.67 £ 0.10
1.78 + 0.09
1.73 £ 0.10
1.9 £ 0.05

3.21
3.29
3.27
3.26

3.

3.50 + 0.04
3.48 £ 0.03
3.58 + 0.03
3.43 £ 0.05
3.52 + 0.09
3.54 + 0.03
3.48 + 0.04
3.74 £ 0.05
3.43 £ 0.03
3.34 + 0.08
3.38 £ 0.04
3.41 + 0.04
3.41 + 0.05
3.33 £ 0.06
3.49 + 0.09

62

3.

La

11.35 £+ 0.09
11.60 + 0.10
11.78 £+ 0.09
12.11 + 0.06
12.22 + 0.04

12.2

31

0.

5.6
5.6

28

Ce

11.65
11.8

0.32
0.32

0.3

3.48
3.56

3.

3.62
3.64

Pr

5.67
5.81
5.83
5.79
5.98
6.04

Nd

12.11

20.97
21.47

21.6

58

28

Sm
Eu

12.24
12.39
12.52
12.65

7.37
7.44

7.5

0.28
0.28
0.27
0.27

3.63
3.75
3.85
3.89

3.37
3.25
3.2

3.15

3.66
3.66

3.

6.07
6.14
6.19

10.46
10.68
10.76

Gd

21.02 £ 0.12
21.22 £ 0.17

12.39 + 0.07
12.52 + 0.10

2.19
2.2

21.8

16.91

64

Tb

7.55

22.5

17.16

1.75 £ 0.10

2+ 0.08

3.61

Dy

21.27 £ 0.22
21.41 £ 0.31
21.57 £ 0.38
21.79 + 0.44
21.90 + 0.45

12.59 +0.13
12.69 + 0.17
12.82 4+ 0.20
12.94 + 0.22
12.99 + 0.23

2.21
2.24
2.27
2.32
2.38

1.73
1.76
1.79
1.84
1.9

12.77
12.88

13

7.59
7.63
7.66
7.67
7.7

0.25
0.15
0.2

0.27

22.47
23.4

17.43
17.64

17.81

11.93
12.04

12.11

6.22
6.27
6.32
6.4

6.01
6.15
6.19
6.22
6.24

10.88
10.93
10.98
11.03

11.1

8.27
8.31
8.35
8.38
8.44

4.74
4.76
4.78
4.8

3.95
3.98
3.99
4.02

4.

1.6 £ 0.2

3.16
3.15
3.07
3.06
3.01

3.59

Ho

0.28
0.27
0.16
—0.03

1.78 £1.10
1.80 £ 0.10
1.72 £ 0.09
1.8+ 0.2

3.59
3.59

3.

Er

23.3

Tm
Yb

13.08
13.2

23.3 0.25
0.56

18.14

12.25
12.65

59

24.05

18.14

6.41

4.83

05

3.59

Lu

References: (a) Powell (1974), (b) Izatt et al. (1969), (¢) Millero (1992), (d) (Haas et al., 1995), (e) Sassani and Shock (1993), (f) Smith and Martell (1989), and (g) Lee and Byrne (1992).
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Tang and Johannesson, 2010a). Rare earth element fractionation
through humic substances is also controlled by molecular weight, where
high molecular weight HA forms stronger complexes with MREE and
low molecular weight FA forms stronger complexes with HREE (Pourret
et al., 2007a; Sonke and Salters, 2006; Tang and Johannesson, 2003;
Tang and Johannesson, 2010a). However, REE loading can alter the
properties and behaviour of HS, such as the structure and charge dis-
tribution, affecting the overall binding capacity and availability for
complexing (Marsac et al., 2010; Marsac et al., 2015; Yamamoto et al.,
2010). Nonetheless, aspects such as pH, as well as competition of other
ligands (e.g., CO%’) and cation metal species (e.g., Fe and Al) also in-
fluence REE complexation.

Regarding pH, the pH of a system controls the solubility of REE-HS
complexes, where FA are soluble at all pH levels and HA are soluble at
pH >2 (Gaffney et al., 1996). Additionally, the pH of a system controls
the availability of competing inorganic ligands (e.g., CO37), where
organic complexing is often outcompeted by inorganic ligands with
more stable REE complexes when DOC is low (e.g., DOC <0.7 mg/L;
Tang and Johannesson, 2003; Tang and Johannesson, 2010a). The
abundance of metal cations (e.g., Al and Fe) also inhibits REE com-
plexing onto humic substances. Therefore, in natural waters with rela-
tively high DOC, such as river waters (global average DOC for river
water ranges between 4 and 6 mg/L; Degens, 1982), humic substances
are considered significant for REE complexation, whereas for low DOC
natural waters (e.g., groundwater, where average DOC = 0.7 mg/L;
Leenheer et al., 1974), humic substances are insignificant for REE
complexing (Tang and Johannesson, 2003). As a result of the promi-
nence of organic-poor natural waters (e.g., groundwater) in the mobi-
lisation, deposition and preservation of REE in REE IACD, further
discussion of humic substances is considered out of the scope for this
study. However, the role of humic substances of mobility and deposition
(in the case of colloids) should not be disregarded for organic-rich sys-
tems (Ingri et al., 2000; Pokrovsky et al., 2006; Tang and Johannesson,
2003; Tanizaki et al., 1992; Viers et al., 1997).

3.2.2. Stability of inorganic REE complexes in systems and the influence of
dissociation constants

Stability constants (logp) indicate whether a complex is stable in
solution and its degree of stability. A negative logp value favours the
reactants, whereas a positive logf value favours the products, with
larger negative and positive values indicating more stable reactants and
products, respectively. Eq. (1) shows a first order REE-fluoride complex
(LnF?"), where a negative logp would indicate a preference for Ln®>* and
F~ (reactants), but a positive logp would indicate a preference for LnF>*
(products). It is also important to consider the order of the complex (e.g.
first, second, or third order which for REE-fluoride complexes are LnF?t,
LnF3, and LnFs, respectively, Eqs. (1)-(3)), where different orders
exhibit different stabilities (Egs. (4)-(6), where [X] refers to concen-
tration of X in the system).

Ln®* + F >LnF?*" €))

LnF*" + F >LnF,* (2

LHF2+ + F7—>LDF3 (3)
_ [LnF*']

BF,I - [LI’I3+MF7]7 (4)
__ [LnFj]

Pea= [LnF?*][F] )
- [LDF?,]

P = oor i ] ©

Stability constants for various REE complexes at 25 C at zero ionic
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strength are provided in Table 4. The stability of complexes is partly
controlled by electronegativity, where ‘hard’ ions are more compatible
and stable with other ‘hard’ ions, and ‘soft’ ions with ‘soft” ions (Pearson,
1988; Pearson and Gray, 1963; Wood, 1990). ‘Hard’ ions are generally
ions with smaller ionic radii that have large HOMO/LUMO (highest
occupied vs. lowest unoccupied molecular orbitals) energy gaps that
favour ionic bonding, whereas ‘soft’ ions generally have larger ionic
radii with smaller HOMO/LUMO energy gaps where bonding is typically
covalent. REE are ‘hard’ cations that are compatible with ‘hard’ anions,
such as fluoride, carbonate, sulfate, hydroxides, and phosphate ions,
rather than ‘soft’ anions, such as chloride and nitrate (Pearson, 1988;
Pearson and Gray, 1963; Wood, 1990). However, LREE are considered
‘softer’ than HREE and are slightly more compatible with chloride and
nitrate anions. Nevertheless, REE complexation with ‘hard’ anions is
significant for REE mobilisation, and potentially fractionation.

Dissociation constants (logD), which refer to whether an acid or base
in solution is likely to dissociate or not, also strongly controls REE
mobilisation. Dissociation constants indicate whether ligands are
available to complex with REE and whether there are pH controls on
REE complexation. Similar to stability constants, a negative logD value
indicates preference for the reactants and a positive logD indicates
preference for the products. Egs. (7) and (8) show the dissociation (and
calculation) of HF into H' and F~. The logD of HF is —3.2 (Shock et al.,
1989), indicating that the dissociation of HF is pH controlled and that
HF is favoured under acidic conditions. Therefore, REE-fluoride com-
plexes are typically not major complexes for REE mobilisation at acidic
pH, except for where there are high concentrations of F~ or low con-
centrations of competing ions (e.g., AI*" and SO37) in solution (Gimeno
Serrano et al., 2000; Johannesson and Lyons, 1995; Migdisov and
Williams-Jones, 2014; Shock et al., 1989).

HF—H' +F~ Q)

Dyp = [H][F7] (€))

For dissociation constants, similar to stability constants, orders for
some complexes need to be considered, such as phosphoric acid (Egs. (9)
to (14)), where H3PO4, HoPOy, and HPO%’ are first, second, and third
order complexes, respectively, with each stage of dissociation. Dissoci-
ation constants for common acids and bases in surface waters are pro-
vided in Table 5.

H,PO,—~H,P0,%” + H* 9)
H,PO, —>HPO,* +H" (10)
HPO,% PO, +H* 11
Table 5

Dissociation constants (logD) of various acids, that control REE complexation, at
25 °C at zero ionic strength.

Complex nth order Reference logD
HyS04 1 h 3.29
HSO4 2 a, g -1.99
HF 1 b -3.2
H,0 1 f -14
HCl 1 a 6.1
HNO3 1 e 1.29
H,CO3 1 c —6.38
HCO3 2 c —-10.32
H3PO4 1 d -2.15
H,POZ 2 d —7.2
HPOZ~ 3 d -12.38

References: (a) Helgeson (1969), (b) Shock et al. (1989), (c¢) Firsching and
Mohammadzadei (1986), (d) Firsching and Brune (1991), (e) Ziouane and
Leturcq (2018), (f) Verma (2003), (g) Marshall and Jones (1966), and (h)
Petkovi¢ (1982).
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Duspos = [H2PO4 |[HY] (12)
Digopos— = [HPO,> | [H'] a3
Dupo4 2- = [P0437} [H'] 14

3.2.2.1. Chloride and nitrate complexes. Chloride and nitrate ions, often
considered ‘soft’ anions, have a reduced affinity for the ‘hard’ REE
cations than other common anions (e.g., flouride, carbonate and hy-
droxide; Pearson, 1988; Pearson and Gray, 1963; Wood, 1990). While
chloride and nitrate will preferentially complex with LREE, which are
considered ‘softer’ than HREE, it is unlikely to cause significant REE
fractionation in solution where there is competition with ‘hard’ ions and
limited availability of chloride and nitrate (Pearson, 1988; Pearson and
Gray, 1963; Wood, 1990). Rare earth element-chloride complexes
typically occur as first order complexes (e.g., LnCI2") in surface waters.
However, at higher temperatures in hydrothermal fluids (Migdisov and
Williams-Jones, 2014) or in brines with salinities greater than seawater
(salinities >35 ppt, such as the Deep-Basin Brine aquider in the Palo
Duro basin, Texas, USA; Gammons et al., 1996; Gosselin et al., 1992;
Wood, 1990) chloride complexes become more significant and give rise
to second order REE-chloride (LnCl3) complexes. However, the diversity
of REE-chloride complexes in hydrothermal fluids and brines is outside
the scope of this manuscript and will not be discussed further.

Rare earth element-chloride complexes are most influential at acidic
pH where there is limited competition with more stable ‘hard’ ligands (e.
g., carbonate and hydroxide ions), which are dominant at circumneutral
and alkaline pH (Gosselin et al., 1992; Wood, 1990). Additionally, pH
does not control the availability of CI™ in solution (log Dy = 6.1),
allowing REE-chloride complexes to form under acidic conditions.
However, chloride complexes are unlikely to transport appreciable REE
in surface waters and groundwater systems with their relatively low
stability and low availability in solution, where the global mean Cl™
concentration of groundwater is 24 ppm (Wood et al., 2022). This is
supported by aqueous speciation modelling of surface waters and
groundwater within this study, which demonstrated insignificant REE-
chloride complexes (< 1 % of REE complexation) in aqueous media
that contained <17 ppm Cl~ (Fig. 5).

Rare earth element-nitrate complexes are slightly more stable than
REE-chloride complexes and are typically present as first order
(LnNO%*) complexes in groundwater and surface water (Table 4; Fig. 5;
Millero, 1992; Wood, 1990). Similar to chloride complexes, nitrate
complexes are considered negligible for REE transport (Janssen and
Verweij, 2003; Shand et al., 2005; Sikakwe et al., 2018; Smedley, 1991).
This is attributed to their relatively low stability constants and the low
availability of NO3 (Wood, 1990; Wood et al., 2022).

3.2.2.2. Carbonate, fluoride, sulfate, phosphate, and hydroxide complex-
es. Carbonate, fluoride, sulfate, hydroxide, and phosphate ligands are
examples of ‘hard’ ligands that are compatible with REE (HREE more
than LREE), based on their high stability constants (Table 4). Rare earth
element transport through carbonate complexing is supported in REE
IACD systems by the simultaneous liberation (and availability) of REE>"
and CO3™ in solution through the dissolution of REE-(fluoro)carbonate
minerals during weathering. Carbonate complexes have been widely
studied concerning their complexation with REE under circumneutral
and alkaline conditions (Biddau et al., 2002; Johannesson and Lyons,
1994; Johannesson et al., 1995; Johannesson et al., 2000; Zwicker et al.,
2022). Rare earth element-carbonate (and -bicarbonate) complexes are
strongly controlled by pH, with dissociation constants (logD) of HyCO3
and HCO3 are —6.4 and — 10.3, respectively (Table 5; Firsching and
Mohammadzadei, 1986), and are therefore significant under circum-
neutral to alkaline conditions. Rare earth element-carbonate complexes
are generally present as first order (LnCO$) and second order (Ln
(CO3)3) complexes, which are pH dependent (Wood, 1990). Bicarbonate
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Fig. 5. Speciation of REE in a global selection of surface waters and groundwaters demonstrating the pH control on REE transport, including samples in proximity to
known IACD. Speciation modelling was performed using PHREEQC. Species that contributed <1 % of an element were considered insignificant to REE transport and
were omitted. (a) Non-REE IACD-associated groundwater in the shale bedrock, Cross River Basin and Niger Delta Region, Nigeria (Nganje et al., 2017) indicating
dominance of REE-sulfate species at acidic conditions. (b, d, €) REE IACD-associated groundwater from the Quijaing River Basin, Zhejiang Province, China (Liu et al.,
2023b) showing speciation (and fractionation) is controlled by (minor) REE-fluoride, hydrated REE, REE-sulfate, and REE-phosphate species at slightly acidic to
circumneutral pH. (c, f) REE IACD-associated groundwater from meta-sediments and granites from Uganda, respectively (Owor et al., 2021) showing speciation is
largely controlled by REE-sulfate and hydrated REE species (in the absence of phosphate data) under circumneutral conditions with influence of REE-hydroxide and
REE-carbonate species increasing with increasing pH. (g) Non-REE IACD-associated groundwater from the Main Ethiopian Rift in the Ethiopian Volcanic Terrain
(Ayenew, 2005) demonstrating the dominance of REE-carbonate species (in the absence of phosphate data) at alkaline pH. Refer to Appendix for full description of
databases used for stability of complexes and groundwater and surface waters data used for speciation modelling.

complexes may also be present as first order complexes (LnHCO3),
however, these complexes are less abundant and stable compared to
carbonate complexes. For example, REE-carbonate speciation in surface
waters and groundwaters of Ottana-Orani area, Sardinia, Italy, showed
Ln(C03)2’ dominates at pH > 7.5 and LnCO3™ at pH between 6.5 and
7.5 (Biddau et al., 2002). Similar findings are observed in the alkaline
saline waters (pH ~ 9.8) of Mono Lake, California, USA, where Ln
(C03)2’ accounted for >99 % of REE speciation (Johannesson and
Lyons, 1994). Additionally, aqueous speciation modelling performed
within this study using surface waters and groundwaters with varying
pH, ligand concentration, and association with REE IACD, also found
REE-carbonate species to be dominant in circumneutral to alkaline
waters (more information on the PHRREQC modelling performed within
this study is provided in Section 4.1 and within the Appendix; Fig. 5).
Carbonate complexes are also responsible for fractionating REE in so-
lution, where HREE are often retained in solution as HREE-carbonate
complexes and LREE preferentially adsorbed onto clays (Table 4;
Johannesson et al., 1999; Millero, 1992; Su et al., 2017). Therefore, pH
(and availability of carbonate ions) can control REE patterns throughout
the weathering profile, and thus relative LREE- and HREE-enrichments
of REE IACD.

Fluoride complexes, similar to carbonate complexes, support REE
transport in REE IACD formation context through simultaneous libera-
tion of REE3* and F~ during dissolution of REE-(fluoro)carbonates. Rare
earth element-fluoride complexes also facilitates REE fractionation in
solution, where stability increases with atomic number (i.e., LuF?" is
more stable than LaF2+; Table 4; Millero, 1992; Sassani and Shock,
1993; Smith and Martell, 1989; Wood, 1990). The stability of REE-
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fluoride complexes also increases with complexation number, for
example first (LnF2+), second (LnF3) and third order (LnFs) complexes.
However, the formation of ordered REE-fluoride complexes is largely
controlled by temperature, pH and F~ concentration (Migdisov and
Williams-Jones, 2014). Rare earth element-fluoride complexes are most
significant at circumneutral conditions and are unlikely to transport
significant REE in acidic or alkaline systems where the availability of F~
is suppressed (i.e., logDyr = —3.2; Shock et al., 1989) and competition
with more stable complexes is magnified, respectively (Migdisov et al.,
2016; Migdisov and Williams-Jones, 2014; Shakeri et al., 2015; Wood,
1990; Zwicker et al., 2022). However, the relatively low concentration
of F~ in surface waters and groundwaters (i.e., global mean concentra-
tion of F- in groundwater is 0.23 ppm; Wood et al., 2022) suggests that
these ions have minimal impact on REE mobilisation for IACD, as sup-
ported by aqueous speciation modelling (Fig. 5). However, if present in
significant concentrations, fluoride complexes may inhibit REE IACD
formation through forming insoluble third order REE-fluoride com-
plexes (Itoh et al., 1984; Migdisov et al., 2016; Migdisov and Williams-
Jones, 2014; Wood, 1990).

Unlike REE-fluoride and -carbonate complexes, REE-sulfate com-
plexes are unlikely to fractionate REE in solution (Table 4; Izatt et al.,
1969; Millero, 1992; Powell, 1974). Sulfate complexes are most influ-
ential under acidic conditions, where there is minimal competition with
more stable complexes (e.g., carbonate and phosphate complexes) and
pH dependence on SO~ availability in solution (i.e., logD of HySO4 and
HSOj are 3.29 and — 1.99, respectively; Helgeson, 1969; Marshall and
Jones, 1966; Petkovic, 1982). Sulfate complexes are typically present as
first order (LnSOZ) complexes, however, second (Ln(S04)3) and third
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order complexes (Ln(SO4)§’) may be present where there are anomalous
SO?;_ concentrations in solution (global mean concentration of SO%’ in
groundwater is 31 ppm; Pourret et al., 2007b; Welch et al., 2009; Wood,
1990; Wood et al., 2022). As supported by aqueous speciation model-
ling, REE speciation in acidic and circumneutral surface waters and
groundwaters are dominated by first order complexes (e.g. accounting
for up to ~90-100 % of REE speciation in groundwater with pH = 3.31;
Fig. 5a). Therefore, it is suggested that REE-sulfate complexes are sig-
nificant for forming REE IACD at acidic and circumneutral conditions.

Phosphate complexes, on the other hand, predominantly form first
order complexes (LnPOy4) or second order complexes (Ln(PO4)§*) when
surface waters and groundwaters exceed PO~ concentrations of 10 M
(Lee and Byrne, 1992). Availability of free PO3™ species is controlled by
pH (Table 5), therefore REE-phosphate complexes are more prevalent
under circumneutral and alkaline conditions. Complexation with
hydrogen phosphate (LnHPO3 ") and dihydrogen phosphate (LnH,P03 ")
may also form under acidic regimes (pH < 6; Wood, 1990), however,
these complexes are outcompeted by sulfate and/or fluoride ligands
with higher stability constants and concentrations (Table 4). First order
REE-phosphate complexes remain significant, particularly for HREE,
under pH conditions between ~6.5-9 (Byrne et al., 1991; Lee and Byrne,
1992) as demonstrated by speciation modelling within this study
(Fig. 5). However, phosphate complexes may inhibit REE transport due
to the insolubility of LnPO4 (Johannesson et al., 1995; further discussed
in Section 3.2.2).

Hydroxide ligands in solution can facilitate REE fractionation with
preferential complexing with HREE (Table 4; Haas et al., 1995; Millero,
1992), particularly in solutions with pH > 6 (Wood, 1990). The order of
the hydroxide complex is strongly controlled the atomic number of REE,
pH (and the availability of OH- in solution, where logD of HoO = —14;
Table 5; Verma, 2003) and the stability of the complex (Table 4; Haas
et al., 1995; Millero, 1992). Aqueous speciation modelling demonstrates
that LnOH?* complexes have limited significance for REE complexation
between pH 6.3 and 6.9 (Fig. 5). However, Lee and Byrne (1992) found
that Ln(OH)3 complexes were significant at alkaline pH between 9 and
10, and Zwicker et al. (2022) found that Ln(OH)3 and Ln(OH); com-
plexes were significant for LREE and HREE, respectively, in hyperalka-
line (pH ~11-12) spring waters, southern Spain. Nevertheless, it is
important to understand the effect of hydroxide complexes on REE
transport, and REE IACD formation, particularly under alkaline condi-
tions where Ln(OH)3 complexes may form REE precipitates (discussed
further in subsequent sections; Das et al., 2023; Diakonov et al., 1998;
Lee and Byrne, 1992).

3.2.2.3. Hydrated REE cations. Rare earth elements in surface water and
groundwater also mobilise as hydrated cation species (Ln3+). Hydrated
REE species typically form under acidic and circumneutral conditions
where the metal ion maintains its complete hydration sphere and there
is limited competition between ligands (e.g., carbonate, fluoride, phos-
phate and hydroxide ligands; Johannesson et al., 2004; Tan et al., 2014;
Tang and Johannesson, 2003), as confirmed by the aqueous speciation
modelling herein (Fig. 5). However, with increased SO%’ (and PO%’)
concentrations, hydrated REE cations become the second or third most
significant species in solution. Hydrated REE cations themselves do not
fractionate REE. Although when other fractionating ions (such as car-
bonate, fluoride, phosphate, and hydroxide ions) are present in solution,
LREE will preferentially exist as hydrated Ln>* species, while HREE will
preferentially complex with ions. Nevertheless, under acidic conditions,
where there is minimal competition with other ligands, hydrated REE
cations can transport appreciable REE, with minimal fractionation.

3.2.3. Solubility of inorganic REE complexes during chemical weathering
Solubility of a complex determines whether the complex will be

retained (and transported) in solution or will be precipitated out. Sol-

ubility constant (logKsp) values for a range of common complexes are
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provided in Table 6. Negative logKs, values favour the reactants and
positive logKs, values favour the products. Eqs. (15) and (16) below
demonstrate the calculation of solubility constants using LnPO4 as an
example:

LnPO4 & Ln*" +P0O,>" 15)

Ky, = [Ln®*] [PO,™] (16)

Solubility constants are only applied to complexes with neutral
charge, for example the first order phosphate complex (LnPO,4), which
has a neutral charge. Therefore, based on solubility constants (logKsp =
~ — 25; Table 6; Fig. 6) and the dominance of LnPO4 in aqueous
modelling at circumneutral pH (Fig. 5), first order REE-phosphate
complexes in natural waters will facilitate REE phosphate precipita-
tion and inhibit REE enrichment in REE IACD (Banfield and Eggleton,
1989; Bern et al., 2017; Firsching and Brune, 1991; Johannesson et al.,
1995; Sanematsu and Watanabe, 2016). Other complexes such as third
order REE-fluoride (LnF3) and REE-hydroxide (Ln(OH)3) have also been
shown to inhibit REE mobilisation in a multitude of geological contexts
through the formation REE precipitates, as expressed by low solubility
products (Hassas et al., 2021; Lee and Byrne, 1992; Migdisov et al.,
2016; Migdisov and Williams-Jones, 2014; Wood, 1990). Despite the
insignificance of third order REE-fluoride complexes according to
modelling within this study (Fig. 5), it is suggested that natural waters
with high F~ concentrations, sourced from surrounding F-rich lithol-
ogies, may inhibit REE transport and clay adsorption through the for-
mation of REE fluoride (LnF3) precipitates. As for hydroxide ions, it is
possible that hyperalkaline fluids facilitate hydrolysis and inhibit REE
IACD formation.

3.3. Deposition (and adsorption) of REE onto clay minerals

Following REE mobility and transport, REE are adsorbed out of
meteoric fluids onto clay mineral surfaces (e.g., kaolinite and halloy-
site). Adsorption of REE onto clays is controlled by surface physico-
chemical properties of the clays, such as surface charge, specific surface
area (SSA), and cation exchange capacity (CEC), which are strongly
controlled by the structural layering of clays and pH (Bergaya et al.,
2006; Coppin et al., 2002; Coppin et al., 2003; Laveuf and Cornu, 2009).
Redox conditions also influence REE adsorption onto clays, where
isomorphically substituted cations (e.g., Fe) enhance the cation ex-
change capacity through reduction or oxidation (Stucki, 2013). How-
ever, redox effects on REE adsorption onto clay minerals are relatively
understudied in the REE IACD context and will be omitted from further
discussion. Therefore, this section delves into the surface physico-
chemical properties of clays and pH controls on REE adsorption.

3.3.1. General structure of clays in REE IACD

Kaolinite and halloysite are recorded as the most dominant clay
minerals in REE IACD, however, it is not uncommon for smectite
(technically montmorillonite), vermiculite, and illite to be present, each
of which have different physiochemical properties (Borst et al., 2020; He
et al.,, 2023; Li and Zhou, 2023; Ram et al., 2019; Sanematsu and
Watanabe, 2016; Theng, 2012; Wang et al., 2024; Yang et al., 2019).
Clays are classified depending on the layering of silica-tetrahedra sheets
(referred to as T sheets) and Al- or Mg-octahedra sheets (referred to as O
sheets; Fig. 7; Bergaya et al., 2006; Schoonheydt and Johnston, 2011).
Clays with a 1:1 structure such as kaolinite and halloysite, exhibit TO
layering (i.e., where a T sheet is coupled with an O sheet in a layer),
whereas 2:1 clays, such as smectite, vermiculite, and illite, exhibit TOT
layering (i.e., where an O sheet is ‘sandwiched’ between two T sheets
within a layer; Fig. 7; Al-Ani and Sarapad, 2008; Bergaya et al., 2006;
Schoonheydt and Johnston, 2011). The sequencing of T and O sheets
within layers of clays influences the surface charge, SSA and CEC of
clays, effecting their ability to adsorb REE.
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Table 6

Solubility constants (logKsy,) values of various REE complexes at 25 “C.
Ligand How F~ OH™ clr NO3 Co3~ PO3~
Reference a b c d e f g
La —5.08 —20.5 —-21.79 3.79 4.09 —29.91 + 0.05 —26.15 + 0.52
Ce —3.22 -19.8 —23.93 4.30
Pr —-1.56 —18.8 —21.75 4.22 —33.19 £ 0.26 —26.06 + 0.18
Nd -3.03 —-19.3 —24.39 3.81 4.08 —34.1 £ 0.48 —25.95 + 0.06
Sm —5.95 -19 —23.56 3.68 3.96 —34.41 + 0.53 —25.99 + 0.05
Eu —-18.9 —23.27 3.88 —35.03 £ 0.25 —25.75 £ 0.27
Gd —4.28 —18.6 —25.29 3.65 4.00 —35.45 + 0.05 —25.39 + 0.23
Tb —18.5 —24.76 4.07 —34.86 + 0.65 —25.07 + 0.03
Dy —-18.1 —28.02 3.67 4.13 —33.97 £ 0.19 —25.15 £ 0.07
Y -1.38 —18.4 —27.89 4.35 —31.52 £ 0.52 —24.76 £ 0.14
Ho —-2.79 —-18 —26.38 4.23 -32.8+1.2 —25.57 + 0.46
Er —1.03 -17.8 —26.65 3.74 4.37 —28.25 + 0.32 —25.78 £ 0.45
Tm —-17.6 —25.19 4.54 —31.58 £ 0.28 —26.05 £+ 0.06
Yb 0.80 —-17.2 —26.64 3.84 4.72 —-31.67 +£ 0.78 —26.17 £ 0.01
Lu -16.9 4.76 —32.16 + 0.24 —25.39 + 0.03

Values are for complexes with zero ionic strength. References: (a) Spedding and Jaffe (1954), (b) Itoh et al. (1984), (¢) Diakonov et al. (1998), (d) Saeger et al. (1960),
(e) Maksimov et al. (2019), (f) Firsching and Mohammadzadei (1986), and (g) Firsching and Brune (1991).
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Fig. 6. Stability (a) and solubility (b) constants of REE complexes: sulfate, fluoride, hydroxide, chloride, nitrate, carbonate, bicarbonate, dihydrogen phosphate and
phosphate. Increasingly positive logf values indicate more stable complexes, whereas increasingly positive logK values indicate preferential solution-based
complexation. These figures show that sulfate, fluoride, hydroxide, carbonate, and phosphate ions form stable complexes with REE. The main purpose of this
figure is to show that REE-fluoride, —hydroxide, —carbonate, and-phosphate complexes fractionate REE (i.e., forming more stable complexes with HREE relative to
LREE). References for (a) and (b) are provided in the footnotes of Tables 4 and 6, respectively.

3.3.1.1. Clay minerals 1:1 (kaolinite and halloysite). Cation exchange
capacity is a physiochemical property of clay minerals that controls the
total capacity of clays to adsorb exchangeable cations (such as, REE).
Generally, the CEC of a clay mineral increases with increasing SSA and
decreasing particle size (Joussein et al., 2005; Ma and Eggleton, 1999;
Yukselen and Kaya, 2006). However, CEC is strongly controlled by
isomorphic substitutions within the clay mineral structure, effecting the
overall surface charge of the mineral and its affinity for cations (Avena
et al., 2003; Bleam, 1990; Yang et al., 2016). The structure of kaolinite
(Fig. 7) inhibits isomorphic substitution within the T and O sheets where
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strong hydrogen bonds form between the T and O sheets, resulting in
limited space to host water molecules and/or cations (as supported by
the layer charge of <0.01 in Table 4; Borst et al., 2020; Schoonheydt and
Johnston, 2011; Skibinska, 2017; Uddin, 2008). Nevertheless, the CEC
of clay is also controlled by pH through either protonation or deproto-
nation under acidic and alkaline conditions, respectively (Bergaya et al.,
2006; Ma and Eggleton, 1999; Theng, 2012). Regarding kaolinite, cation
adsorption is facilitated on the basal (OH) surfaces of the O sheets,
where CEC increases with higher pH through the substitution of H' ions
with REE3" (Ma and Eggleton, 1999). The influence of pH on REE
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Fig. 7. Schematic diagram of the (a) structure and (b) REE adsorption onto 1:1
clays (i.e., kaolinite and halloysite) and 2:1 clays (e.g., smectite). Tetrahedral
layers of 1:1 and 2:1 clays facilitate REE adsorption where the pH of the system
exceeds the pHy,. of the clay (refer to Table 5), resulting in hydroxyls that
promote Van der Waal bonding. Rare earth elements may also adsorb to edge
hydroxyl sites of the octahedral layer (green). 2:1 clays typically have larger
basal spacing between tetrahedral layers that is typically filled with water
molecules and exchangeable cations (e.g., Ca%"). As a result of the larger basal
spacing between layers, 2:1 clays tend to have higher surface charge sites,
facilitating a higher adsorption capacity for REE. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

adsorption onto kaolinite (and other clays) is further explained by the
point of zero charge (pHp,c), a unique pH value where a clay exerts a
neutral charge at specific temperature, pressure, solution composition
(and ionic strength), and particle shape (Chorover, 2023; Theng, 2012).
The median pHp,. for kaolinite is reported to be a pH of ~2-6.5
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(Herrington et al., 1992; Kosmulski, 2018; Theng, 2012), therefore,
under most natural systems kaolinite is negatively charged and facili-
tates REE (Ln>") adsorption.

Halloysite, unlike kaolinite, occurs as either a hydrated or dehy-
drated halloysite, causing large variability in the CEC (Table 7; Fig. 7).
The main distinction between hydrated and dehydrated halloysite is the
presence of a hydrated interlayer between TO layers, typically occupied
by water molecules and/or cations (Skibinska, 2017; Yang et al., 2016).
The hydrated interlayer in halloysite alters the charge of the mineral and
increases the CEC, therefore increasing adsorption of REE. Similarly,
halloysite is more susceptible to isomorphic substitution, typically
substitution of Al for Mg, Fe or Ti in the octahedral layer, affecting the
surface charge and thus CEC (Ouyang et al., 2018; Skibinska, 2017; Tari
et al., 1999; Theng, 2012). Nevertheless, similar to kaolinite, the CEC of
halloysite is strongly controlled by pH and readily adsorbs REE, where
some natural systems observe a pHp,c as low as 2 (Kosmulski, 2018).

3.3.1.2. Clay minerals 2:1 (smectite, vermiculite and illite). Clays with a
2:1 structure (Fig. 7), such as smectite (montmorillonite), vermiculite,
and illite, typically possess larger surface charges, increased CEC and
REE adsorption, relative to 1:1 clays (Table 7; Bergaya et al., 2011;
Brigatti et al., 2006; Kraepiel et al., 1999; Schoonheydt and Johnston,
2011; Wang et al., 2017). Higher adsorption capacities of 2:1 clays are
the result of hydrated interlayers incorporated into the clay structure
and isomorphic substitution within the hydrated interlayer and/or
within the T and O sheets. Isomorphic substitution of 2:1 clays typically
results in an overall negative charge that attracts cations, such as REE>",
and results in pH-independent REE adsorption, particularly under low
ionic strength conditions (Borisover and Davis, 2015; Coppin et al.,
2002; Han et al., 2023; Ma and Eggleton, 1999; Theng, 2012; Yang et al.,
2019). Experimental work by Coppin et al. (2002) reported pH-
independent REE adsorption onto smectite at low ionic strength (ex-
periments performed using 0.025M NaNO; at 25°C and pH values
ranging from 3 to 9), whereas kaolinite under the same conditions
exhibited pH-dependent REE adsorption. However, at high ionic
strength conditions (0.5 M NaNOs at 25°C and pH values ranging from 3
to 9), both smectite and kaolinite demonstrated pH-dependent REE
adsorption (Coppin et al., 2002). Differences in pH-independent and
-dependent REE adsorption between 2:1 and 1:1 clay behaviour under
low and high ionic strength conditions is attributed to the overall
negative charge of 2:1 clay, as further explained by ‘double layer the-
ory’. The double layer theory considers two layers of ion adsorption onto
clays minerals: (1) the stern layer, which refers to the inner layer where
ions are directly adsorbed onto clay surfaces, and (2) the diffuse layer,
which refers to the outer layer where ions are less strongly attracted to
the clay surface (Jayadeva and Sridharan, 1982; Laird, 2006; Stern,
1924). Under low ionic strength conditions, reduced competition be-
tween ions for adsorption onto the clay surface results in a larger diffuse
layer, reducing the sensitivity of surface changes to pH changes (and
consequently H" competition; Callaghan and Ottewill, 1974; Celik,
2004; Jayadeva and Sridharan, 1982; Sondi et al., 1996). Therefore,

Table 7

Common clay minerals in REE IACD and their physicochemical properties.
Layer Type 1:1 2:1
Group Kaolinites Smectites Micas Vermiculites
Clay mineral Kaolinite Halloysite Montmorillonite Illite Vermiculite
SSA (mz/g) 10-20? 50-60" 50-100 * 50-100 10-800 ?
Basal spacing (A) 7.2° 7.2-10 ¢ 9.8-20" 10° 10-25"
CEC (meq/100 g) 3-154 550 ¢ 70-100 ¢ 10-40¢ 100-150 ¢
PHpye 2-6.5°¢ ~2¢ 2.50-5.50 2.2-4.30
Layer charge <0.01 8 0.5-1.28 1.4-2.08 1.2-1.88

Abbreviations: SSA = specific surface area; CEC = cation exchange capacity; pHp,. = pH at point of zero charge.
References: (a) Belghazdis and Hachem (2022), (b) Kumari and Mohan (2021), (¢) Al-Ani and Sarapéa (2008), (d) (Carroll, 1959), (e) Kosmulski (2018), (f) Yu et al.

(2021), (i) (Uddin, 2008), (h) (Joussein et al., 2005).
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based on the low ionic strength nature of most surface waters and
groundwaters, it is suggested that REE adsorption onto 2:1 clays is more
likely controlled by layer charges (and isomorphic substitution) rather
than pH. Additionally, although layer charges in 2:1 clays potentially
facilitate greater REE adsorption (through increased CEC) relative to 1:1
clays, this may compromise ore processing (as further discussed in
Section 4.2.4). Therefore, it is recommended to understand the clay
mineralogy, and the intersection between physical and chemical con-
trols on REE adsorption, unique to a deposit.

3.4. Preservation of REE IACD

Preservation of REE IACD is controlled by chemical (e.g., chemical
leaching) and mechanical processes (e.g., erosion due to surface runoff,
topographic gradients, subsidence, and tectonic activity), where both
are addressed in this section with focus on climate, landscape evolution
and sedimentary dynamics. Kaolinite is often the major clay mineral
detected in REE IACD (Borst et al., 2020; He et al., 2023; Li and Zhou,
2023; Ram et al., 2019; Sanematsu and Watanabe, 2016; Wang et al.,
2024; Yang et al., 2019), therefore the formation and dissolution of
kaolinite significantly affects REE IACD development, controlling REE
adsorption and ore body preservation. Elevated kaolinite proportions
form in weathering profiles through intense chemical weathering,
particularly by high rainfall. However, excessive rainfall also promotes
kaolinite dissolution and saprolite collapse, causing significant impli-
cations for preserving weathering profiles and REE IACD. Early studies
on Hawaiian soils demonstrated that excessive annual rainfall (64-89
cm) resulted in decreasing kaolinite contents through dissolution (Dean,
1947; Sherman, 1949; Tanada, 1942). Weathering profiles in Malawi
(McFarlane, 1992) and Australia (Butt, 1985) show dissolution of
kaolinite at pH < 5, which became more aggressive at pH < 4 (Butt,
1985; Garrels and Christ, 1965; Norton, 1973). As a result, dissolution of
kaolinite in weathering profiles is more prevalent under excessive
rainfall, where the initial pH of rainwater is generally 5.5-6.5 but can be
as low as 3.5 in upper layers through interactions with organic acids and
soil COy (Norton, 1973). Dissolution of kaolinite in weathering profiles
facilitates lateral movement through saprolite collapse and potentially
results in lower grades of REE (Aleva, 1983; McFarlane, 1992; Ver-
planck, 2017; Wayland, 1934). The dissolution of kaolinite (and other
clay minerals) in weathering profiles is also facilitated by internal
drainage system changes. Impervious clay-rich zones throughout the
weathering profile result in stagnation and oversaturation of surface
waters, promoting the dissolution of clays and lateral movement (Mohr
and Pendleton, 1944; Sherman, 1949). Consequently, climates with
excessive rainfall (i.e., tropical humid climates) may not be ideal for REE
IACD preservation.

Lateral movement in weathering profiles also occurs in drier climates
where mechanical processes (e.g., direct surface runoff) are more
influential in redistributing weathering products (Li et al., 2020;
McFarlane, 1992). Li et al. (2020) stated that hillslope processes
(including runoff erosion, creep, and landslides) mobilise and transport
REE from ridgetops to footslopes, resulting in less mature profiles and
inhibiting REE IACD preservation (Fig. 4). However, Braun et al. (2018)
found that topographic effects generate insignificant REE loss in the
saprolite of ridgetops, whereas pedogenic REE losses were more signif-
icant and potentially promote vertical mobilisation at the footslopes
with longer residence times. Nevertheless, these processes facilitate REE
fractionation where ridgetops are preferentially enriched in LREE and
footslopes are preferentially enriched in HREE in subtropical areas (Li
et al., 2020; Liu et al., 2022). This fractionation is suggested to be a
function of the subsurface throughflow and/or groundwater chemistry,
where ligands in fluids (e.g., carbonate ions) remobilise and retain HREE
in solution as a result of higher affinities (Johannesson et al., 1999; Li
et al., 2022; Millero, 1992; Su et al., 2017). Therefore, understanding
landscape evolution (drainage dynamics through time), climatic con-
ditions (intense weathering versus moderate weathering conditions),
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and sedimentary dynamics is fundamental in assessing prospectivity for
REE IACD.

Mechanical surface processes that are responsible for preserving
weathering profiles (and REE IACD) include glacial activity (ice move-
ment), sea-level changes, and tectonic activity (Anand and De Broekert,
2005; Braun et al., 2016; Fairbridge and Finkl, 1980; Gonzalez-Alvarez
et al.,, 2016a; Gonzélez-Alvarez et al., 2016b; Kleman et al., 2008;
Marquette et al., 2004; Stroeven et al., 2002; Taylor and Howard, 1999).
For example, in southern Western Australia, between the Yilgarn Craton
plateau and the coastline, the preservation of weathering profiles are
influenced by the downward tilting of the Australia Plate, and therefore
sea level changes, from the Late Cretaceous to the Eocene (Gonzdlez-
Alvarez et al., 2016a; Gonzélez-Alvarez et al., 2016b). These sea level
variations led to the erosion of previously weathered profiles and the
development of newer weathering profles that are significantly younger
than their more distal counterparts in the Yilgarn craton, and are not
affected by tectonic induced erosional processes. This process also pro-
moted landscape changes including topographic highs, uneven base-
ment, and flat regions as a result of erosional and depositional effects.
Tectonic activity, alongside sea-level changes, also controls topography
and the depth of weathering through the disaggregation of bedrock
(Arrowsmith et al., 1996; Maitra et al., 2020; St. Clair et al., 2015).
Active tectonic landscapes promote erosion, which can disrupt the
preservation and development of weathering profiles and REE IACD
through the removal or alteration of REE-bearing clays by sedimentary
processes (e.g., reactivation of fluvial and coastal systems). Additionally,
tectonism can redirect groundwater flows and alter the chemical ar-
chitecture of the landscape at depth (Braun et al., 2016; Butt et al., 2000;
Pope, 2015). Glacial activity may also inhibit weathering profile and
REE IACD preservation through ice-sheet erosion (as observed in Baffin
Island, eastern Canadian Arctic; Refsnider and Miller, 2013).

4. Discussion
4.1. Considerations when undertaking aqueous speciation modelling

Aqueous speciation of REE in surface waters and groundwaters from
China (Liu et al., 2023b), Uganda (Owor et al., 2021), Ethiopia (Ayenew,
2005), and Nigeria (Nganje et al., 2017) were modelled using PHREEQC
(Fig. 5). These localities were selected based on their association with a
confirmed REE IACD and/or potential occurrence, as well as their
variability in pH and anion concentrations (more information is pro-
vided within the Appendix). The robustness of this modelling depends
on the quality of the geochemical data and database variables used.
Inconsistencies between databases is considered a limitation in
PHREEQC modelling where data is taken from various literature sources
without internal consistency and there is no systematic attempt to
determine its suitability (Parkhurst and Appelo, 2013). Therefore, in this
study internal inconsistencies were minimised by compiling and devel-
oping a database using stability and dissociation constants from Blanc
et al. (2012), Tables 4 and 5 (referenced database with datasets and
information on how to access the database are provided in the Appen-
dix). For simplicity all geochemical data of surface water and ground-
water used was modelled at 25°C, although this may not represent the
true natural temperature of the waters. However, minor differences in
ambient temperature in a low ionic strength systems are considered
negligible in assessing REE mobility trends for REE IACD development,
as demonstrated by the negligible differences in phosphate solubility at
23°C (logKndpos = —25.8; Cetiner et al., 2005) and 25 C (logKndpos =
—25.95; Firsching and Brune, 1991).

A further complication was incomplete geochemical data for the
relevant anions for some water samples used in the modelling (e.g. Cl,
F-, SO7~, PO3~, HCO3,/C0%~, NO3). For example, groundwaters from
Uganda did not include NO3 or PO?( concentrations (Owor et al., 2021).
Where anion concentrations are missing from the datasets, these ligands
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were not included in the modelling, therefore aqueous speciation in
these media should be interpreted with caution. The aqueous speciation
performed herein may also potentially overestimate the proportions of
some complexes given other cations (i.e., Ca%*, Mg?", AI** and Fe®")
that compete with REE complexing (Gimeno Serrano et al., 2000;
Johannesson et al., 1996; Tang and Johannesson, 2003) were omitted
from modelling for simplicity. Additionally, because of the limited trace
element geochemical data available for most water samples, global
average REE concentrations in groundwater (Noack et al., 2014) were
used rather than measured REE concentrations at each location. None-
theless, the speciation modelling performed herein (Fig. 5) serves as a
guide to better understand REE mobility in the context of REE IACD
formation.

4.2. Understanding REE IACD in the natural systems

4.2.1. Implications of diverse REE sources

It is reported that granitic rocks are the most common source rocks
for REE IACD (Chu et al., 2024; Huang et al., 1989; Li et al., 2019; Li
et al., 2017; Sanematsu and Watanabe, 2016; Santana and Botelho,
2022; Santana et al., 2015). However, recent discoveries suggest the
source of REE is diverse with examples of metamorphic (e.g., Mulanje
deposit, Malawi and Ningdu deposit, China; Huang et al., 2021; Le
Couteur, 2011; Orris et al., 2018; Sanematsu and Watanabe, 2016) and
sedimentary rocks (e.g., Makuutu deposit, Uganda; Ionic Rare Earths
LTD, 2022), as well as fluids (e.g., LREE enrichment in the Serra Dour-
ada granite, and associated weathering profile, by hydrothermal fluid;
Santana and Botelho, 2022; Santana et al., 2015) and sedimentary
processes (e.g., Koppamurra and Deep Leads deposits, Australia; ABx
Group, 2023a; ABx Group, 2023b; Australian Rare Earths, 2023; Lohr
et al., 2024). Therefore, it is important to consider the implications of
variable source rocks on REE IACD formation, particularly source rocks
with high P content. Source rocks that are high in P, such as S-type
granites, host most of their REE in weathering resistant phosphate
minerals (e.g., monazite and xenotime) that inhibit the release (and
therefore, adsorption) of REE during weathering (Bea et al., 1992;
Chappell, 1974; Chappell and White, 2001; Oelkers and Poitrasson,
2002; Oelkers et al., 2008; Sanematsu et al., 2015). Although organic
acids aid in the dissolution of these resistant minerals (Corbett et al.,
2017; Goyne et al., 2010; Lazo et al., 2017), when dissolved these phases
liberate both REE3* and PO3~ into solution and promote the precipita-
tion of REE-phosphates with both high stability and solubility (Figs. 5
and 6; Tables 4 and 6).

Phosphate-rich sources, and surrounding lithologies, influence the
chemistry of weathering profiles and sub-surface waters, and control
potential REE adsorption and enrichment onto clay minerals. Alterna-
tively, Fu et al. (2019) suggests that P-rich S-type granites are actually
prospective but only when apatite serves as the main REE source, a
result of its weathering susceptibility relative to other phosphate min-
erals (e.g., monazite and xenotime). In addition to P-rich sources, F-rich
sources (i.e., A-type granites) may also inhibit REE IACD formation,
where liberated REE®* and F~ during weathering can form stable and
insoluble third order REE-fluoride complexes (REEFg; Fig. 6; Tables 4
and 6). However, REEF3 complexes are not significant in most surface
waters and groundwaters (Fig. 5), indicating that F-rich lithologies are
less problematic than P-rich lithologies in REE IACD development.
Fluoride-rich lithologies may instead be more prospective in developing
REE IACD, where the formation of HF accelerates the breakdown of
weathering resistance minerals (da Silva Alves et al., 2018). Neverthe-
less, the potential sources for REE IACD are considered more diverse
than traditionally thought.

4.2.2. pH controls on REE mobility in natural waters

Transport of REE in solution in surface water and groundwater are
essential for REE IACD formation and is largely controlled by the
availability, stability, and solubility of complexes (e.g., REE-sulfate,
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—fluoride, —phosphate, and -hydroxide complexes). The proportions
of specific REE-complexes are largely controlled by pH (Fig. 5), where
REE-sulfate and hydrated REE species are most prominent under acidic
to circumneutral conditions with minor REE-fluoride complexes
(Helgeson, 1969; Johannesson et al., 2004; Marshall and Jones, 1966;
Petkovi¢, 1982; Tan et al., 2014; Tang and Johannesson, 2003). In
contrast, under circumneutral to alkaline pH conditions, REE-fluoride,
—hydroxide and -carbonate complexes are more dominant (Biddau
et al., 2002; Johannesson and Lyons, 1994; Johannesson et al., 1995;
Johannesson et al., 2000; Wood, 1990; Zwicker et al., 2022). Phosphate
complexes, although present under most pH conditions, are most
favourable under circumneutral to alkaline conditions (pH > 6.5; Byrne
et al.,, 1991; Lee and Byrne, 1992). Phosphate complexes have a strong
affinity for MREE and HREE (Table 4), potentially fractionating REE in
solution where MREE- and HREE-phosphate complexes precipitate and
LREE remain in solution until adsorbed onto clay surfaces (Fig. 5).

Rare earth element-fluoride, —hydroxide and -carbonate complexes
also preferentially complex with M-HREE, though not as strongly as
phosphate-complexes and are less likely to precipitate out of solution.
Nevertheless, pH strongly controls the relative LREE- and HREE-
enrichment of weathering profiles and REE IACD irrespective of
inherited source rock variations (Fig. 8). For example, at acidic to cir-
cumneutral pH, REE in solution are unlikely to fractionate, therefore a
LREE- or HREE-rich source rock will likely result in a LREE- or HREE-
rich weathering profile at acidic conditions, respectively. In contrast,
circumneutral to alkaline conditions can facilitate REE fractionation and
result in LREE-enriched weathering profiles from LREE- and HREE-rich
source rocks.

A study conducted on REE behaviour in springs and streams on the
basaltic island of San Cristébal, Ecuador, found that pH controlled REE
adsorption and fractionation onto colloid metal species (e.g., Fe- and
Mn-oxyhydroxides; Larsen et al., 2021). Low pH springs exhibited
enrichment of HREE onto the colloids, reflecting preferential adsorption
of HREE onto metal species and the prominence of non-fractionating
complexes (e.g., REE-sulfate complexes). High pH springs demon-
strated preferential adsorption of LREE onto colloids due to the higher
stability of soluble HREE complexes (e.g., HREE-carbonate complexes).
Additionally, groundwaters from the Carnmenellis area, southwest En-
gland, inherited LREE-enriched signatures from the source rocks (e.g.,
granite and metasediments) in the area (Smedley, 1991). Rare earth
elements in the groundwater preferentially existed as free hydrated
species or REE-sulfate or -carbonate complexes depending on the ac-
tivities of the sulfate and carbonate ions. Rare earth element-chloride,
—hydroxide, —nitrate, and -phosphate complexes were negligible, sug-
gesting that LREE-enrichment in the groundwater was caused by the
absence of strong complexing ligands that would have otherwise
retained HREE in solution and preferentially adsorbed LREE onto clay
(or other colloidal, such as Fe- and Mn-oxyhydroxide) surfaces (e.g.,
HREE-enrichment of seawater with a global pH average of 8.07; Byrne
and Kim, 1990; Jiang et al., 2019; Smedley, 1991; Tang and Johan-
nesson, 2010b). Therefore, applying this knowledge to REE enrichment
onto clays in REE IACD suggests that HREE-enriched deposits require a
HREE-rich source and REE mobilised under acidic to circumneutral
conditions where concentrations of fractionating complexes (e.g., PO3~
and CO%") are insignificant.

Additionally, pH influences relative LREE- and HREE-enrichment
throughout a weathering profile, where the acidic upper portions are
typically LREE-enriched and the circumneutral to alkaline lower por-
tions are more HREE-enriched (Wang et al., 2018; Wang et al., 2023;
Yaraghi et al., 2020). During the development of a weathering profile
(Fig. 9), weathering is facilitated by acidic rainwater that promotes an
acidic environment with the influence of organic acids. However, during
periods of elevated precipitation, the relatively more alkaline ground-
water table rises and promotes REE fractionation, with HREE prefer-
entially complexed with fluoride, hydroxide, carbonate, and phosphate
ligands. Once precipitation ceases and the groundwater table
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Fig. 8. Stylised REE patterns, excluding Ce and Eu anomalies, of LREE- and
HREE-enriched source rocks and their associated regolith profiles under low,
circumneutral and high pH conditions. An acidic regime will produce a LREE-
and HREE-enriched regolith from a LREE- and HREE-rich source, respectively,
as a result of non-fractionating REE complexation. Minor ligands (~1-5 % of
total complexation; written in gray) at acidic conditions include first (LnF?h)
and second order fluoride complexes (LnF3). Major ligands (> 5 % of total
complexation; written in black) at acidic conditions include hydrated REE
species (Ln®") and sulfate complexes (LnSO}). Circumneutral regimes will
produce similar REE patterns to acidic regimes, however fractionating com-
plexes (such as, fluoride, carbonate, phosphate, and hydroxide complexes)
become more significant (> 1-5 % of total complexation). Alkaline regimes will
produce LREE-enriched regolith from LREE- and HREE-rich sources as the
presence of fractionating complexes become more dominant (> 5 % of total
complexation). These fractionating complexes retain soluble HREE in the sur-
face waters and groundwaters, resulting in preferential adsorption of LREE onto
clay mineral surfaces. The influence of minor and major ligands under different
pH conditions in these stylised REE patterns is based on the PHREEQC
modelling undertaken in Fig. 5.

subsequently retreats (along with the preferentially complexed HREE),
LREE remain preferentially enriched in the more acidic upper layers of
the soil profile and can eventually be adsorbed onto clay minerals
(Fig. 9). Heavy REE may also favour in-solution complexation (such as
REE-carbonate complexation) with high affinities (Johannesson et al.,
1999; Johannesson et al., 2000; Li et al., 2022; Munemoto et al., 2015;
Tang and Johannesson, 2010b), therefore resulting in slightly HREE-
enriched lower layers when LREE are exhausted. Ultimately, the
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interplay of precipitation dynamics and regolith development will have
a strong influence on the relative LREE or HREE enrichment of a REE
IACD.

4.2.3. Adsorption of REE onto clays in natural systems

Clays are rarely pure end-member specimens. The selectivity (and
CEC) of natural clays is strongly influenced by clay purity. For example,
halloysite-rich soils from northern California exhibited higher than ex-
pected CEC for pure kaolin minerals (i.e., kaolinite and halloysite),
which is attributed to the minor proportions of 2:1 clays (e.g., smectite;
Takahashi et al., 2001). Variability of clay minerals and properties
throughout the weathering profile also influences adsorption, as
demonstrated at the Zudong deposit, China. The upper horizons of the
weathering profile at Zudong reflect a reduced adsorption capacity
relative to lower portions as a result of changes in the porosity, SSA, and
CEC (and pHy,c) of the clays (Li and Zhou, 2020). Additionally, pH
disparities between the upper (acidic) and lower (circumneutral to
alkaline) horizons control the adsorption of REE, where a pH range
between ~5.5.-6.5 is considered ideal to minimise competition between
H™ and REE>* for adsorption sites and hydrolysis (Huang et al., 2021; Li
et al., 2017; Nesbitt, 1979; Sanematsu et al., 2013; Wang et al., 2023;
Yang et al., 2019). Nevertheless, the influence of parameters, such as
SSA, CEC, pH, clay purity and weathering progression on REE clay
adsorption in the REE IACD context remains poorly understood and
understudied.

4.2.4. Implications of different clays for REE IACD ore processing

Clay mineral properties, such as SSA and CEC, control the adsorption
of REE onto clays, with higher SSA and CEC resulting in higher
adsorption. However, these parameters also significantly impact the
mining and production of REE concentrates from REE IACD. Alshameri
et al. (2019) assessed the adsorption and desorption efficiencies of clay
minerals using La®t and Yb%" and demonstrated that adsorption effi-
ciencies followed the order montmorillonite > muscovite > illite >
kaolinite, with order attributed to higher clay mineral charges and 2:1
clay impurities (Alshameri et al., 2019; Alshameri et al., 2018; Bergaya
et al.,, 2011; Bhattacharyya and Gupta, 2008; Brigatti et al., 2006;
Schoonheydt et al., 2018; Theng, 2012). The highest REE extraction
efficiencies from clays showed the inverse relationship (i.e., kaolinite >
illite > muscovite > montmorillonite; Alshameri et al., 2019). The
observed trend for extraction efficiencies may be the result of pH
changes across desorption experiments and hydrolysis of available REE
(i.e., pH increased from 4.5 to 5.7 for montmorillonite and muscovite),
as well as stronger affinities of REE to higher charge clays (Alshameri
et al., 2019; Moldoveanu and Papangelakis, 2013). Consequently, a
thorough understanding of the clay mineralogy of any prospective REE
IACD is crucial for understanding the leaching protocol required to
create REE concentrates.

4.3. Conceptual exploration model for REE IACD

Previous conceptual models developed for REE IACD have focused
on regions where there has been extensive REE IACD development (i.e.,
REE IACD formed from granitic rocks in China; Chu et al., 2024; Li et al.,
2017; Sanematsu and Watanabe, 2016) or have been deposit dependent,
highlighting characteristics unique to that deposit (e.g., Koppamurra
deposit, Australia; Lohr et al., 2024). The conceptual model presented
here integrates the above information, while focusing on features from
confirmed REE IACD that ubiquitously contribute to REE IACD forma-
tion (Fig. 10). The conceptual model is broken up into four separate
parts, synthesised below based on the extensive literature review pre-
sented in Section 3:

(1) Source of REE: The source rocks that provide the REE required for
the formation of REE IACD can originate from either weathered
igneous, metamorphic, or sedimentary basement terranes.
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Fig. 9. Schematic diagram demonstrating how climatic events (e.g., flooding)
influence the groundwater table and facilitate REE fractionation within the
weathering profile. (a) Precipitation facilitates weathering (and erosion),
resulting in the development of a weathering profile. The acidic nature of the
rainwater, alongside organic acids, results in acidic soil water in the upper part
of the profile and the predominance of hydrated REE species and REE-sulfate
solution complexes. (b) As precipitation increases, the alkaline groundwater
table rises and increases the pH of the soil water and promotes complexing with
phosphate, fluoride, carbonate, and hydroxyl ions. These ions facilitate minor
REE fractionation, where HREE are preferentially retained in alkaline solutions.
(c) Precipitation ceases and results in drawdown of the alkaline groundwater
table. The higher affinity of HREE with fractionating complexes in alkaline
solution results in more extensive REE fractionation, with HREE preferentially
drawdown with the groundwater table until eventually adsorbed onto clays in
lower horizons of the weathering profile. Therefore, resulting in LREE-enriched
upper horizons and HREE-enriched lower horizons typically exhibited within a
\Lveathering profile.

Igneous rocks, particularly granites, are the most common sour-
ces for REE IACD as evidenced by the multitude of deposits across
China (Chu et al., 2024; Huang et al., 1989; Li et al., 2019; Li
et al., 2017; Sanematsu and Watanabe, 2016) and Brazil (Aclara,
2023; Santana and Botelho, 2022). However, metamorphic (as
exhibited in Ningdu deposit, China and Mulanje deposit, Malawi;
Huang et al., 2021; Orris et al., 2018) and sedimentary rocks
(Makuutu deposit, Uganda; Ionic Rare Earths LTD, 2022) can also
supply REE. In addition to weathered basement, external sources
may also contribute to the REE budget, such as hydrothermal
fluids (as speculated for the weathering profile associated with
the Emeishan basalt, China; Zhao et al., 2017) and fluvial pro-
cesses (Koppamurra deposit, Australia; Lohr et al., 2024). These
external sources can also supply the clay minerals required for
REE adsorption.
Mobilisation of REE: Once liberated, REE are mobilised and
transported in solution to or within a weathering profile as either
complexes with ligands or as hydrated species (Li et al., 2022;
Wood, 1990). At acidic to circumneutral pH conditions, hydrated
species and REE-sulfate complexes are the most dominant,
whereas REE-fluoride and -phosphate complexes are minor.
Under circumneutral to alkaline conditions, REE-phosphate,
—carbonate, —fluoride, and -hydroxide species become more
prominent. These complexes under circumneutral to alkaline
conditions may also facilitate REE fractionation, where HREE are
preferentially retained in solution and LREE are preferentially
adsorbed onto clay surfaces. Therefore, pH strongly controls REE
mobility and fractionation, meaning that acidic and circum-
neutral conditions are ideal for inhibiting preferential HREE
soluble complexes.

(3) Adsorption of REE: Following mobilisation, REE are adsorbed
onto clay minerals. 1:1 clay minerals (e.g., kaolinite and halloy-
site) are most commonly observed within these deposit types,
however, adsorption is also facilitated by 2:1 clays (e.g., smectite;
Borst et al., 2020; Wang et al., 2024; Yang et al., 2019). 2:1 clay
minerals typically have higher adsorption capacities than 1:1
clays, however, this is potentially problematic when desorbing
REE during mining and processing of REE IACD. Adsorption of
REE is strongly controlled by pH, where at acidic conditions
adsorption sites are occupied by available H" and at alkaline
conditions hydrolysis inhibits REE adsorption. Therefore, a
slightly acidic to circumneutral pH range (e.g., ~5.5-6.5; Huang
et al., 2021) is ideal for REE adsorption and ensures the influence
of fractionating ligands (e.g., carbonate and phosphate ions) is
minimal.

(4) Preservation of a deposit: To preserve an ore body, a low
erosional setting is ideal, therefore tropical climates are not
necessarily ideal for long-term REE IACD preservation. Similarly,
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Fig. 10. Stylised mineral system framework for development of a REE IACD. (1) REE source from weathering of basement and/or external fluids or lithologies; (2)
mobilisation of REE through complexation with ligands or free hydrated species; (3) adsorption of REE onto clay minerals, such as kaolinite and halloysite; (4)
preservation of the ore body under low erosional settings with minimal lateral transport.

mechanical, and chemical processes, such as excessive precipi-
tation, can facilitate saprolite collapse and clay dissolution,
resulting in lateral transport. Locations where lateral transport of
REE is predicted to be minimal will ensure higher grades of REE
in the ore body. Topographic ‘highs’ and ‘lows’ (or ridgetops and
footslopes, respectively) also have implications given ridgetops
represent high erosion settings with large lateral fluxes and
footslopes represent low erosion areas with a less prominent
lateral flux. Therefore, footslopes are considered more favourable
in forming economic REE IACD, particularly HREE-enriched REE
IACD (as suggested by the Bankeng deposit, China; Li et al.,
2020).

This conceptual model is considered a framework to build upon over
the coming years. As the unknowns highlighted in this review become
better understood our knowledge can only be improved, aiding in future
REE IACD exploration efforts.

4.4. Implications for mineral exploration of REE IACD

Understanding and comparing the genesis, mineralogy, and physi-
cochemical properties of REE IACD across the globe (e.g., Borst et al.,
2020; Chu et al., 2024; Huang et al., 1989; Li et al., 2019; Li et al., 2017;
Liu et al., 2023a; Lohr et al., 2024; Ram et al., 2019; Sanematsu and
Watanabe, 2016) provides insight into different depositional environ-
ments and processes that result in REE IACD formation and preservation.
Based on the extensive review provided above, the following exploration
proxies can be extracted for targeting REE IACD:
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(1) Despite warm temperate climates being considered favourable
for REE IACD, increased (and improved) global exploration has
resulted in confirmed deposits in equatorial and arid climates (e.
g., Ampasindava, Mulanje, Makuutu, Carina and Serra Verde
deposits; Table 1; Aclara, 2023; Borst et al., 2020; Ionic Rare
Earths LTD, 2022; Liu et al., 2023a; Orris et al., 2018; Ram et al.,
2019; Sanematsu and Watanabe, 2016; Serra Verde Group,
2024). Additionally, cold climates may also be prospective for
REE IACD with anomalous concentrations of adsorbed REE in
weathering profiles in Finland reported (Al-Ani and Sarapaa,
2009; Al-Ani et al., 2009; Sarapaa and Sarala, 2013). As a result,
understanding climatic conditions, alongside landscape evolution
and drainage dynamics, is fundamental for assessing REE IACD
prospectivity.
Topographic ‘highs’ (or ridgetops) are high erosion settings that
facilitate lateral transport, therefore inhibiting REE IACD for-
mation. Topographic ‘lows’ (or footslopes), on the other hand,
may be more prospective for REE IACD with low erosion and
relatively minimal lateral transport. These topographic ‘highs’
and ‘lows’ may also result in preferentially LREE-enriched
ridgetops and HREE-enriched footslopes.

(3) Granitic rocks are the prominent source (particularly A- and I-
type granites) for REE IACD because of their high content of
feldspar and mica minerals, which are the precursors of clay
minerals, and REE-rich accessory phases, which release REE into
the profile upon weathering. Metamorphic rocks are also pro-
spective source rocks as a result of the redistribution of REE be-
tween minerals, particularly from sedimentary protoliths.
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Basaltic rocks, although less common, demonstrate potential as
source rocks.

Sedimentary processes driven by the lateral flow of meteoric
water can transport REE (and other weathering constituents, such
as clay minerals) from their original source location and accu-
mulate them. Additional fluid and wind transport mechanisms
can enhance REE mobilisation and deposition (e.g., hydrothermal
and basinal brines, and aeolian transport).

Under acidic conditions (pH < 5.5), REE occur predominantly as
simple hydrated cations, REE-sulfate and/or -fluoride complexes.
Under circumneutral to alkaline conditions (pH 5.5-7.2 and pH
> 7.2, respectively), REE-carbonate, —phosphate, and -hydroxide
species become more significant. Ligands under circumneutral to
alkaline conditions tend to fractionate REE as a result of higher
in-solution complex stability amongst HREE, preferentially
adsorbing LREE onto clay mineral surfaces. Therefore, circum-
neutral to alkaline conditions may inhibit the formation of HREE-
rich REE IACD from HREE-rich source material.

Kaolinite and halloysite are common clay minerals that host REE
adsorption in REE IACD, although smectite, vermiculite, and illite
may also be present. It is important to understand the clay
mineralogy of a profile, particularly for mining and processing.
Although 2:1 clays (e.g., smectite, vermiculite, and illite) adsorb
higher proportions of REE relative to 1:1 clays (e.g., kaolinite and
halloysite), 2:1 clays have lower desorption efficiencies stifling
REE recovery.
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By utilising these proxies, explorers can better target areas with high
potential for REE IACD, enhancing the efficiency and effectiveness of
exploration efforts.

5. Conclusions

Through compiling a comprehensive review and applying the min-
eral system framework, the following has been proposed:

(1) Granitic rocks are the most common source rock for REE IACD, as
exhibited by extensive exploration in China and Brazil. However,
mafic to intermediate igneous rocks, as well as metamorphic and
sedimentary rocks and external processes are proven sources for
deposits across the globe (e.g. China, Brazil, Chile, Malawi,
Madagascar, Malawi, Uganda, and Australia). This suggests that
the REE (and clay) source materials for REE IACD are more
diverse that originally thought. In fact, granitic rocks, particu-
larly those high in phosphate, may inhibit REE IACD formation
through low weathering susceptibility of REE phosphate mineral
phases (e.g., monazite and xenotime) and the insoluble tendency
of REE-phosphate complexes when liberated into surface waters
and groundwaters.

(2) Aqueous speciation modelling suggests that pH controls the
fractionation of REE and the formation of LREE- and HREE-
enriched REE IACD. Under acidic to circumentrual conditions,
dominant species such as hydrated REE species and REE-sulfate
complexes are unlikely to facilitate REE fractionation. There-
fore, weathering of a LREE- and HREE-rich source under acidic to
circumentrual conditions will preferentially result in a LREE- and
HREE-rich regolith, respectively. However, under circumneutral
to alkaline conditions, the presence of fractionating complexes (e.
g., REE-carbonate and -phosphate complexes) facilitates REE
fractionation and results in a LREE-rich regolith from a LREE- and
HREE-rich source rock.

(3) Adsorption of REE is complicated in natural samples, where 2:1
clays (e.g., smectite, vermiculite and illite) can be present in
horizons rich with 1:1 clays (e.g., kaolinite and halloysite). This
natural contamination of samples can complicate the mining and
processing of REE IACD, where REE remain more strongly
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adsorbed to 2:1 clays than 1:1 clays. Therefore, understanding
deposit mineralogy is crucial. Adsorption of REE onto clay is also
strongly controlled by pH, where a slightly acidic to circum-
neutral pH is considered ideal for minimising competition of REE
with H' at acidic pH and hydrolysis of clays at alkaline pH. A
slightly acidic to circumneutral pH also ensures that the influence
of fractionating ligands in solution (e.g., REE-carbonate and
-phosphate complexes) is minimal helping to facilitate the
enrichment of the more critical HREE.

Collectively understanding the REE source, mobility, adsorption and
ore body preservation in REE IACD adds to both scientific knowledge
and global exploration efforts.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.gexplo.2025.107845.
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