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Abstract The recovery of rare earth elements (REEs) through heap leach/in situ
techniques from so-called ion adsorption clays (IACs) is attractive due to their
inherent simplicity. However, the underlying mechanisms of these processes are
poorly understood. In this study, the deportment of REEs in a typical IAC material
has been investigated and was found to concentrate in the phyllo-layers of the clays,
especially hallyosite, and was readily desorbed by various ion-exchange reagents
indicating various potential routes to liberate them. Here we are reporting the use of
seawater (0.5 M NaCl), spiked with various amounts of (NH4)2SO4, and found
better extraction using a reagent mixture than NaCl on its own. Further, the leaching
of REEs from a bed of clay material was investigated over time to understand the
rate of transport through the stagnant material. Results indicate that REE release is
likely to be controlled by diffusion through the clay material, while desorption in
agitated systems is rapid. A degree of fractionation between different REEs can be
observed during diffusion. Nonetheless, the successful operation of in situ leach
operations for this type of material would depend primarily on how easily solution
cocktails can be made to flow through the bed material.
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Introduction

Rare earth elements (REEs) are essential ingredients for the high-tech industry,
especially in the manufacture of permanent magnets, laser and optical devices, and
chemical catalysts. They are commonly grouped by their atomic number as light
REEs (La, Ce, Pr, Nd), and heavy REEs (Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu,
and Y). The latter category finds application in many high-tech and clean energy
applications, is rarer and hence of higher strategic importance. World production of
REEs has been dominated by China over the past 2 decades where the largest
reserves have been found; however, REE deposits exist all over the world, but have
been under-exploited. Since around 2005, China has been enforcing export quotas
for REE raw materials citing environmental concerns over their production by
small-scale and illegal miners, although retaining the resources for its own hi-tech
industries is also a significant factor [1, 2]. Consequently, significant R&D efforts
have commenced outside of China to re-develop REE mining and novel extractive
technologies [3].

The key REE bearing minerals are: (1) Bastnaesite, REE flourocarbonates;
(2) Monazite, REE phosphates which also contains significant quantities of
radioactive thorium and uranium; (3) Xenotime, Y,REE phosphates; and
(4) Ion-adsorption clays (also known as Weathered Crust Elution-deposited Rare
Earth Ores), which are aluminosilicate minerals (such as kaolinite, illite, and
smectite) containing 0.05–0.3%wt REE physically adsorbed to the clay minerals
[4]. Ion-adsorption clay (IAC) deposits are the result of weathering of rare-earth
rich host rocks which lead over geological times to the formation of clays. These
account for ∼35% of China’s total REE production [5]. Despite their low grade,
these clays are of considerable interest due to their mining and processing being
substantially easier and less hazardous (since these clays contain virtually no
radioactive elements). They also tend to accumulate more of the desirable heavy
REE fraction.

The formation of this type of ore is due to physical, chemical, and biological
(microbial) weathering of REE-rich granitic and volcanic rocks under warm, humid,
slightly acidic conditions in subtropical zones. There is strong indication that
deposits can be found in many parts of the world which fall into the same tropical
zones as the Chinese deposits. Deposits have been found in South America and
Southern Africa [6].

The mined ore is leached with concentrated inorganic salt solutions of mono-
valent cations, especially those of ammonium, at ambient temperature from which
they can easily be recovered as high-grade REE oxide products [7–9]. Historically,
the leaching technology employed was batch leaching, but it has gradually given
way to heap leaching where the leach solution is injected into piles of the mined ore
at the top and recovered at the bottom over a period of a few weeks. The intense
application of both batch and heap leaching with ammonium sulphate in a largely
unregulated and small-scale mining industry in China has led to severe and
long-lasting environmental, ecological, and health damage in certain regions there

2430 C. Burcher-Jones et al.



[5]. In situ mining of such deposits is considered the approach of choice moving
forward, in which the ore is not actually mined, but the leach solution (still
ammonium sulphate) is injected directly into the deposit and recovered in pro-
duction wells or from springs at the foot of a deposit [10, 11].

In situ leaching is a well-established technology, especially in uranium mining
where similarly low-grade ore-bodies in the context of U bearing sandstone
deposits are flushed with carbonate or sulphate solution which facilitates the
complexation and solubilisation of U compounds. The relatively low-tenor solu-
tions are contacted with ion exchange resins for concentration and recovery. There
are a number of U in situ leach plants in operation in the US, Kazakhstan, and
Australia, accounting for as much as 47% of world production [12]. Similar to U,
the extraction potential of REE IACs is tested at the laboratory scale using shake
flasks or batch leach reactors, usually of a finely ground or dispersed sample in a
relatively large volume of leach solution. Extraction kinetics are rapid for the
readily ion-exchangeable portion of REEs [6, 8, 9], and differ widely from deposit
to deposit as well as element to element.

The recovery of both U and REE through in situ leaching is in the order of 70–
80% within 12 months of operation [10] and usually at very low solution con-
centrations, which does not tally with the rapid desorption into solution observed in
laboratory tests. The discrepancy lies in the solution flow-dynamics through the ore
bed. In an actual heap or in situ leach scenario, solution tends to flow through the
bed in discrete channels, connected to the bulk of ore particles by diffusion through
a network of pores containing stagnant solution [13]. The relative rate of elution of
target minerals from the deposit as a whole is determined by the size of the stagnant
zone, or the mean distance of diffusion between mineral and solution flow. The
overall rate of extraction thus becomes governed by the rate of diffusion from such
stagnant pores.

The present study focuses on a particular sample of an REE adsorption clay from
a Madagascan prospect and explores the REE association with the various clay
phases and their elution characteristics using two key lixiviants, NaCl and
(NH4)2SO4, as well as a study to demonstrate the diffusion leaching from a stagnant
clay bed into a supernatant solution.

Materials and Methods

Ion Adsorption Clay Material

The sample studied originates from a site situated in the Ambohimirahavavy
igneous complex on the Ampasindava peninsula in Northern Madagascar, a
Cenozoic annular complex approximately 18 km across. Peralkaline granitic dykes
flank the Ampasibitika intrusion. These intrusions are characterised by central
depressions known as calderas and include volcanic rocks of trachyte composition.
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The rim of the caldera has a higher terrain comprised of syenite resistant to
weathering. The granite is more susceptible to weathering and forms the low terrain,
with the exception of a small central rhyolite at the centre of the intrusion forming a
cone of high terrain.

The primary magmatic assemblage for this region are alkali feldspar, arfved-
sonite (a type of sodium amphibole), aegirine (clinopyroxene), and quartz. The
accessory minerals responsible for REE enrichment include chevkinite, eudialyte,
monazite, pyrochlore, and zircon.

Samples provided for this project were sampled from a regolith through a ver-
tical excavation pit. Sample A2, which is considered further in this study, was
collected from the saprolith layer at 6.5–10 m depth.

The material was thoroughly characterised using laser diffraction particle size
measurements, XRF, XRD with Rietveld refinement, and QEMSCAN techniques
[14]. Table 1 shows the bulk mineralogical characterisation of the A2 sample. To
differentiate between kaolinite and 7Å-halloysite (which has an identical XRD
pattern) the formamide intercalation method was used [15].

SEM imaging was done using a Field Emission Gun (FEG) high resolution Nova
NanoSEM. The image shown in Fig. 1 clearly illustrates the presence of the rolled
7Å-halloysite amongst the platy kaolinite particles. The platy phases, which
dominate, are indicative of the degradation of the material due to drying and wetting
cycles during weathering. The particle size distribution is bi-modal with peaks
around 2 and 20 µm, indicating the formation of smaller particles from larger ones
through fracturing in the course of weathering. The various REEs were analysed by
hot digesting the clay samples with 5:1 v/v hydrofluoric acid added to aqua regia
and analysing the digests with ICP MS. The results are shown in Table 2.

Elution Tests

To test the effectiveness of various lixiviants in eluting the desired REE phases,
batch-stirred tank reactor tests were conducted. In these tests, 150 mL of 0.5 M
lixiviant was added to a 500 mL glass flask with magnetic stirrer, kept at constant at
25 °C. Dried clay sample (75 g) was added to the reactor to result in a solid:liquid
ratio of 1:2. The reaction was allowed to proceed for 15 min, which is sufficient to
achieve equilibrium but avoid re-precipitation of REEs [8]. After the reaction, the

Table 1 Quantitative
analysis of whole rock
mineralogy using Rietveld
Method (wt%)

Mineral Composition A2

Kaolinite Al2Si2O5(OH)4 69.6
Halloysite-7Å Al2Si2O5(OH)4 20.6
K-Feldspar (microcline) K(AlSi3O8) 9.2
Gibbsite Al(OH)3 0.55
Hematite/Goethite Fe2O3/FeO(OH) trace
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solid and liquid were separated by centrifuge and vacuum filtration using 0.2 µm
filter paper. The liquid was analysed by ICP-MS.

Two sets of tests were considered in the present study as shown in the matrix in
Table 3. To investigate the REE association with different phases in the deposit, the
multiple sequential extraction procedures by Sanematsu and Kon [16] was used,
initially targeting the ion-exchangeable kaolinite with NaCl, then targeting
ion-exchangeable halloysite with NaCH3COO. The third step is to target
REE-organic compounds using sodium pyrophosphate (Na4PO3OPO3). Experi-
mental details can be found in [16]. The same set of experiments were repeated with
the cation of the respective salt used changing from Na+ to NH4

+ as well as to Mg2+.
This was done to compare the performance of these cations in a chloride system.
Instead of usingMg-acetate in step 2 of experiment 3 (as it gives an alkaline solution),
K-acetate was used due to the strong affinity of halloysite for K+ [15].

tubes

plates 

Fig. 1 White kaolinite sample SEM images showing some tubular morphology (left) and highly
disordered platy morphology (right)

Table 2 REE concentrations
in Sample A2: light REEs
(LREE) refer to La–Nd;
heavy REEs (HREE) refer to
Sm–Lu; total REEs
(TREE) = LREE + HREE

REE Sample A2 REE Sample A2
ppm ± ppm ±

La 3 033 0.7 Ho 32 0.4
Ce 459 0.5 Er 96 1.0
Pr 557 0.4 Tm 15 0.8
Nd 1 488 0.3 Yb 76 0.1
Sm 194 0.6 Lu 15 0.3
Eu 20 1.0
Gd 146 0.4
Tb 25 0.3 LREE 5 751 3.4
Dy 131 1.0 HREE 1 458 4.9
Y 923 0.6 TREE 7 209 8.3
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In the second series of tests (Exp 4 through Exp 5), 0.5 M NaCl was used to
simulate seawater (approximately 0.47 M) as the samples originate from a coastal
region where seawater could be used as a lixiviant. Ammonium sulphate is added to
varying degrees to improve the performance. The tests were run for 15 min,
although equilibrium was usually achieved in less than 10 min. The pH was not
controlled and not found to vary much during the experiments.

Diffusion Test

While the agitated elution tests allow rapid access of eluant to the mineral surface
and thus rapid desorption of the eluted species, in an in situ scenario this access is
limited by solution flow through discrete channels in the ore bed and diffusion
through interstitial spaces. These effects are commonly tested in column experi-
ments; however, such tests do not allow for the distinction between bulk flow and
diffusion effects, and it is well known that column tests do not well represent full
scale leach scenarios due to the difference in packing and wall effects, both giving
rise to solution channeling. While macroscopic solution flow in in situ operations
can be modelled with hydrological models based on field observations, the local
transport reaction kinetics of the elution process still need to be tested separately.

To this end, a diffusion test was conducted in a stagnant bed leach apparatus
developed by Petersen [17] as shown in Fig. 2. A bed of 100 g of clay paste was
carefully moulded into the bottom of a beaker to a height of about 10 mm, and
200 mL of lixiviant (0.5 M (NH4)2SO4) very carefully poured on top of the bed so
to not stir up solids. The solution was gently agitated with an overhead stirrer.
Liquid samples (3–5 mL) were taken every 10 days for 37 days. The samples were
analysed by ICP-MS.

Table 3 Matrix of leach tests
(SS refers to simulated
seawater—0.5 M NaCl)

Exp 1 1 M NaCl
1 M NaCH3COO
0.1 M Na4PO3OPO3

Exp 2 1 M NH4Cl
1 M NH4CH3COO
0.1 M Na4PO3OPO3

Exp 3 0.5 M MgCl2
1 M KCH3COO
0.1 M Na4PO3OPO3

Exp 4 0.5 M NaCl (SS)
Exp 5 SS + 0.05 M (NH4)2SO4

Exp 6 SS + 0.1 M (NH4)2SO4

Exp 7 SS + 0.25 M (NH4)2SO4

Exp 8 SS + 0.4 M (NH4)2SO4
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Results and Discussion

Elution Tests

The aim of the sequential leach extraction was to identify the REE distribution in
the kaolinite, halloysite, colloidal REE-organic, and mineral phases. The secondary
aim was to compare the ion-exchange capabilities between Na+, NH4

+, and Mg2+.
Figure 3 gives a comprehensive overview of the various sequential extraction tests
(Exp. 1–3) conducted on the clay sample. These experiments indicate comparable
distribution between the mineral phases, with generally better ion-exchange
extraction from the kaolinite fraction and overall by NH4

+ in the order of 10%. This
is also reflected in Table 4, summarizing the recoveries associated with the different
mineral phases.

There is no significant difference between the extraction with Na and Mg in
these tests. Also, there is almost no ion-changeable Ce in the sample, with all Ce
present as part of the mineral phase. This was confirmed with QEMSCAN analysis,
which identified cerite (CeO2) associated with a manganese rich phase in the
material. This is not uncommon in an ion-adsorption clay deposit, as Ce was
scavenged by Mn minerals through its ability to be readily oxidised to Ce(IV) by
MnO2 [18].

The results of the elution tests with simulated seawater (SS) with various
amounts of added (NH4)2SO4 are shown in Fig. 4. The first experiment with

Fig. 2 Stagnant bed leach experiment

Fig. 3 Sample A2 sequential leach extraction comparing the recoveries between Na+ (Exp.1—1st
block), NH4

+ (Exp. 2—2nd block) and Mg2+ (Exp. 3—3rd block)
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simulated seawater (0 M AS) gave a TREE concentration of 999 ppm compared to
2432 ppm with 1 M NaCl in the first stage of experiment 1. The addition of 0.05 M
ammonium sulphate improves concentration to 1938 ppm, however further
increases result in an overall decrease in TREE concentration. Interestingly the
HREE concentration continues to improve with the addition of ammonium sulphate
until 0.25 M, but the LREE recovery falls sharply after 0.05 M. Spark et al. [19]
showed that leaching kaolinite with high ionic concentrations had adverse effects on
lixiviant access to the kaolinite surface due to lixiviant saturation. It would have
been of some interest to compare this result against eluting with 0.25 M (NH4)2SO4

alone, which would represent equivalent exchangeable cations to 0.5 M NaCl, but
this data was not available at the time of writing and is subject to a follow-up study.

Table 4 Sequential leach extraction test recoveries

Sample A2

Na+ (%) NH4
+ (%) Mg2+ (%) Ave (%)

Fraction

Kaolinite 48.2 66.9 46.7 53.9
Halloysite 22.5 12.7 23.9 19.7
Organic 1.5 3.5 1.4 2.2
Mineral 27.8 16.9 27.9 24.2
Recovery

LREE 71.8 82.9 72.0 75.6
HREE 73.9 83.9 72.6 76.8
TREE 72.2 83.1 72.1 75.8
TREE Excluding Ce 79.3 88.4 77.5 81.7
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Fig. 4 REE concentration leached in simulated seawater (SS-0.5 M NaCl) lixiviant with
increasing (NH4)2SO4 (AS) addition (pH and overall experimental conditions)

2436 C. Burcher-Jones et al.



Diffusion Test

The results of the stagnant bed diffusion test are shown in Fig. 5. Only the three
light REEs that leached in significant quantities (La, Pr, Nd) are shown, and sim-
ilarly for the three most prominent heavy REEs (Y, Gd, Dy). The curves show the
characteristic profiles for a diffusion-governed process, reaching around 76% of the
equilibrium extraction (that is the extraction to be expected if solid and liquid were
perfectly mixed) for La, but only 65% for Dy (the heaviest REE considered) over
37 days. There is a clear trend towards slower extraction of the heavy REEs,
indicating that even over the relatively short diffusion distance a fractionation
between the REE phases is likely to occur. As the reaction proceeds, the heavy
REEs tend to desorb less readily or potentially re-adsorb onto sites already vacated
by the lighter REEs higher up in the bed.

Conclusions

The ion adsorption clay considered in this study holds a considerable portion of
REEs adsorbed to the kaolinite/halloysite phase except for cerium, which is pre-
cipitated (as CeO2) onto Mn phases. The abundance of small, fractured particles
indicates a high degree of weathering with the associated exposure of the adsorption
sites. Agitated leaching of such material is extremely rapid, regardless of lixiviant.
However, different lixiviants achieve somewhat different degrees of extraction
under a given set of conditions, likely to be determined by the relative position of a
multitude of adsorption isotherms. The use of a mixed NaCl/(NH4)2SO4 lixiviant
clearly demonstrates the possibility that mixtures can be formulated to achieve
optimised chemical conditions, but this will require much more detailed study.

The stagnant bed experiment indicated how a clay material would behave under
non-agitated leaching, with diffusion gradients introducing serious time constraints

Fig. 5 Leach profile of stagnant bed experiment at 0.5 M ammonium sulphate, L:S = 2:1
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in the dissolution of the REE phases. This explains the substantial leach times
reported for the in situ leaching of IAC materials. Of some interest, leaching from
stagnant zones seems to induce a degree of fractionation between the lighter and
heavier REE phases, which could potentially be exploited through the targeted
design of in situ operations. Nonetheless, the successful operation of in situ leach
operations for this type of material would depend on how easily solution cocktails
can be made to flow through the bed material.
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