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Abstract

Understanding the weathering processes of minerals containing rare earth elements
(REE) is crucial for unraveling the genesis of regolith-hosted REE deposits. However, the
weathering mechanisms of bastnaesite, a primary REE carrier in parent rocks, remain
uncertain. Discrepancies between field observations and thermodynamic calculations
regarding its weatherability during mineral-groundwater interactions have raised questions
about the factors controlling the natural weathering of bastnaesite. Here, we propose that
microbial activities significantly contribute to the dissolution of bastnaesite. To test this
hypothesis, we conducted bio-weathering experiments using natural bastnaesite and a wild
strain, Bacillus thuringiensis (Bt) isolated from regolith-hosted REE deposits. The results
indicate that, consistent with thermodynamic predictions, bastnaesite exhibited resistance
to dissolution under simulated groundwater pH conditions (~6). However, the presence of
Bt significantly enhanced bastnaesite dissolution. Bt exuded various types of organic acids,
acidifying the solution during bio-weathering. Comparative biotic and abiotic experiments
demonstrated that Bt could induce bastnaesite dissolution through acidolysis and ligand
complexation. These effects were further strengthened by direct cell attachment to the
mineral surfaces. Existing field studies suggest the rapid dissolution of bastnaesite during
the very early rock weathering period, adding uncertainty about the contribution of
bastnaesite to the enrichment of clay-adsorbed REE. Our results indicate that the
dissolution of bastnaesite is largely pH-dependent, with bio-dissolution rates (Rce =
107 3-10""2 mol-m2-s7!) close to or slightly lower than the lab-determined dissolution rates
of feldspars and micas at weakly acidic to neutral pH levels. Since the weathering of these

aluminosilicate minerals provides the dominant source of clay minerals, we infer that some
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REE released from bastnaesite can be retained by clay minerals in the weathering profile.
These findings may provide new insights into the natural weathering of bastnaesite and
advance our understanding of the REE biogeochemical cycling during the formation of

regolith-hosted REE deposits.

Keywords: bastnaesite, bio-weathering, Bacillus thuringiensis, REE mobilization, regolith-

hosted REE deposits
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1. Introduction

Rare earth elements (REE) include the 15 lanthanides, as well as Y and Sc. REE
fluorcarbonates, one of the largest groups of REE minerals, ubiquitously occur in various
types of REE deposits (Migdisov et al., 2016), including carbonatite-related (Guo and Liu,
2019), breccia-hosted (Williams-Jones et al., 2000), and regolith-hosted REE deposits (L1
et al., 2022a; Sanematsu et al., 2013; Yang et al., 2023). Bastnaesite [REE(COs)F], as the
dominant member of REE fluorcarbonates, is among the most economically important
REE resources. This has sparked considerable interest in the physicochemical conditions
controlling their formation (Shivaramaiah et al., 2016; Williams-Jones and Wood, 1992).
However, the supergene alteration of these minerals remains poorly understood, even
though they are closely linked to the development of critical and strategic regolith-hosted
REE resources (Li et al., 2022a; Sanematsu et al., 2013; Shi et al., 2024), which contribute
more than 15% of the worldwide REE supply (L1 et al., 2020).

The mobilization of REE primarily from the accessory REE phases in parent rocks,
followed by their downward transport during meteoric water leaching, and subsequent
sorption mainly by clay minerals result in gradual REE enrichment in the weathering
profiles and the formation of regolith-hosted REE deposits (Borst et al., 2020; Li et al.,
2019a; Shi et al., 2024). This transformation enables easier REE recovery using dilute
electrolyte solutions (e.g., ammonium sulfate solutions) without mineral processing,
thereby greatly reducing extraction costs and leading to higher economic benefits
(Sanematsu and Watanabe, 2016). Consequently, understanding the dissolution of REE
carrier minerals is essential for revealing the mineral source of clay-adsorbed REE and

comprehensively modeling the development of economic regolith-hosted REE deposits.
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Current knowledge about the stability of many REE-bearing minerals in supergene
weathering environments is largely derived from field investigations combined with
empirical conjecture (Li et al., 2022a; Sanematsu et al., 2013; Sanematsu and Watanabe,
2016). For example, REE fluorcarbonate minerals are generally inferred to be easily
dissolved during the early period of weathering, as they are found in the parent rock but
are rarely observed in the semi-weathered zone (Huang et al., 2021b; Sanematsu et al.,
2013). The typically weakly acidic weathering profiles of the regolith-hosted deposits
formed by subtropical weathering as well as the susceptibility of carbonate to acid
dissolution (Borst et al., 2020; Li et al., 2022a; Morse and Arvidson, 2002), also provide
plausible justification for this speculation. However, thermodynamic calculations
regarding fluorcarbonate stability in regolith-hosted REE deposits yield conflicting results
that fluorcarbonate minerals, such as bastnaesite, are predicted to be resistant to dissolution
in acidic environments (pH = 5.4—6) (Li et al., 2022a). This contradiction prompts the
question of what are the factors responsible for the dissolution of bastnaesite in the
weathering profile.

The above-mentioned thermodynamic calculation, only considered dissolution
reactions in inorganic systems (Li et al., 2022a), overlooking the potential effects of
microbial activities in the profile (Li et al., 2022b), which have been acknowledged as
significant driving factors for mineral weathering (Dong et al., 2022; Wild et al., 2022).
Unfortunately, the bio-weathering of REE fluorcarbonate minerals has rarely been
determined, possibly due to their occurrence as accessory minerals in trace amounts,
making them difficult to be separated from the bulk rock for dissolution experiments (He

et al., 2023; Sanematsu et al., 2013; Shi et al., 2024). To date, only Zhang et al. (2018),
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aiming to establish a cost-effective green technology for recovering REE from low-grade
ores, investigated REE bioleaching from bastnaesite-bearing rocks by actinobacteria from
a carbonatite-related REE deposit. The inherent challenge in elucidating the behavior of
REE released from different phases within a complex network of interactions among
different minerals or elements in the rocks warrants attention (Kelly et al., 2016). These
interactions may affect REE behavior during mineral dissolution, as well as the
interpretation of bio-weathering mechanisms, which may vary in specificity and efficacy
towards different geological substrates (Samuels et al., 2020). Therefore, the dissolution of
REE fluorcarbonate minerals in the presence of microbes and the underlying mechanisms
still need further study.

In this context, we propose that microbial activities may drive the natural dissolution
of REE fluorcarbonates, making them viable sources of clay-adsorbed REE in the regolith-
hosted REE deposits. Given that the living environment may mold the metabolic activities
and functions of microbes, a native strain from a regolith-hosted REE deposit was used in
the bio-weathering experiments. To reduce the geological complexity and explore bio-
weathering mechanisms in more detail (Kelly et al., 2016), high-purity bastnaesite was
employed in our experiments to examine mineral dissolution and the associated
mechanisms. This also enables us to quantify the dissolution rates of bastnaesite under
simulated weathering conditions representative of regolith-hosted REE deposits. By
comparing these dissolution rates to those of feldspars (plagioclase and K-feldspars) and
micas (biotite and muscovite), we further revealed the effective contribution of bastnaesite
to clay-adsorbed REE. Our findings provide plausible explanations for the discrepancies

between field observation and theoretical simulation of bastnaesite weathering and help
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improve the understanding of REE biogeochemistry during the formation of regolith-

hosted REE deposits.

2. Materials and methods
2.1 Mineral sample preparation and characterization

The bastnaesite mineral sample used in this study was selected from bastnaesite-
bearing rock collected from the Maoniuping giant REE deposit, in western Sichuan
Province, China (Weng et al., 2022). The selected bastnaesite mineral grains were crushed
in an agate mortar and sieved to obtain the 48—74 pum fractions. After that, the mineral
powders were washed more than 10 times to remove fine particles adhering to mineral
surfaces and then freeze-dried. Semiquantitative X-ray powder diffraction analysis (XRD),
performed using a Rigaku MiniFlex-600 X-ray diffractometer equipped with Ni-filtered
CuKa radiation, verified that the bulk sample is composed of ~97 wt% bastnaesite and ~3
wt% quartz (Fig. 1). The chemical compositions of the prepared mineral samples were
determined by X-ray fluorescence spectrometry (XRF; Axios Adv PW4400, PANalytical,
Netherlands) and inductively coupled plasma mass spectrometry (ICP-MS; Agilent 7900,
Agilent, USA). The total amount of LREE (from La to Nd) oxides is ~76% with La and Ce
being the dominant REE components (Table 1). The average specific surface area of the
prepared mineral sample was determined by Brunauer, Emmett, and Teller (BET) analysis

(ASAP2020, Micromeritics, USA).
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Fig. 1. XRD pattern of the bastnaesite sample and the calculated mineral compositions
following the methods shown in Supplementary Text S2.

2.2 Microbial inoculum preparation

Bacillus thuringiensis (Bt) was isolated from the Renju regolith-hosted REE deposits
in Guangdong Province, South China. The microbial isolation and identification
procedures were elaborated in our previous work (He et al., 2024). Bt is widely distributed
in natural environments and can be easily laboratory pure-cultured. It also exhibits great
performance in the bio-weathering of REE minerals (He et al., 2024) and can survive in
oligotrophic laboratory media containing bastnaesite. These are prerequisites for our
experiment. Before experiments, Bt was pre-cultivated on Luria-Bertani (tryptone 10 g-L~
! yeast extract 5 g'L !, NaCl 10 g-L !, and agar 15 g-L ') medium plates, harvested at their
exponential phase, washed with sterile ultrapure water, and then resuspended in fresh

experimental media.
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2.3 Mineral dissolution experiments
2.3.1 Biotic dissolution experiments

To ascertain whether the microbial strain can cause pH change (Liermann et al., 2000)
and more closely simulate natural conditions (Goyne et al., 2010), modified unbuffered
media (1.0 g'L™' MgS04-7H20, 0.2 g'L ™' KCI, 1.0 g'L"! NH4Cl, 10 g-L ™! glucose, pH = 6)
was used (Brisson et al., 2020; He et al., 2024). For comparison, media buffered by 20
mmol-L™! 2- [N-morpholino] ethane sulfonic acid (MES) were used to examine mineral
dissolution at constant pH = 6 (Kalinowski et al., 2000). Due to the high affinity between
REE and P, the addition of P-containing reagents in the media was avoided to reduce their
effects on REE behavior during mineral dissolution (Feng et al., 2011; Goyne et al., 2010).
Bacteria were expected to obtain trace P from minerals or use the products of cell
metabolism and dead cell lysis (Lamérand et al., 2020). All utensils and solutions were
sterilized in advance by autoclaving at 121°C for 30 min or filtrating with 0.22-pm filters.
In biotic dissolution experiments using unbuffered (Exp-Biow) and buffered (Buffered-
Biow) media, 250 mL flasks containing 100 mL of liquid media and 0.5 g of mineral
powders were inoculated with 100 pL of Bt cell suspensions. The final cell concentrations
were ~10° CFU-mL!. Dissolution experiments without Bt (Exp-Sterile and Buffered-
Sterile) and pure culture of Bt without minerals (Exp-Bt and Buffered-Bt) were performed
as controls in both unbuffered and buffered media. Additionally, to examine the potential
impact of cell attachment on bastnaesite dissolution, dialysis bags (10 K MWCO, 35 mm,
Thermo Fisher Scientific, USA) were used to inhibit direct contact between microbial cells
and the mineral sample (Fathollahzadeh et al., 2018; Sheng et al., 2023). The mineral

samples were enclosed in dialysis bags (Exp-bags) and other experimental set-ups were the
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same as those in the unbuffered bio-weathering experiment (Exp-Biow). All operations
were carried out in an aseptic workbench. All flasks were incubated on an orbital shaker at
180 rpm, room temperature for 30 days.

At different time intervals, 1.5 mL of suspensions were sampled from triplicate
reactors for solution pH, aqueous elemental concentrations, and cell density analyses. To
better reduce artificial interference, suspensions sampled from the unbuffered media on
days 4, 8, and 15 were used for metabolomic analysis (Brisson et al., 2020). Additional
replicates of the Exp-Biow and Exp-Bt groups were performed for metabolomic analysis,
respectively. Briefly, 1 mL of cell culture was collected, centrifuged at 4°C (1000 g, 10
min), and filtered through 0.22-um syringe filters to remove cells. The filtrates were
immediately quenched in liquid nitrogen for 30 s and stored at —80°C.

2.3.2 Abiotic dissolution experiments

Abiotic dissolution experiments were performed to verify the effect of pH and
microbial-exuded organic acids. 0.1 g mineral samples and 20 mL HCl or organic acid (1
or 0.02 mmol-L ") solutions were added in sterile 50 mL polypropylene tubes. The organic
acids used in this study are summarized in Table S1. The initial solution pH was set at 3, 5,
and 6 to mimic the pH range measured in the bio-weathering experiments and the pH range
of weathering profiles (Huang et al., 2021a). All solutions were filtered through 0.22-pm
filters to exclude microbial contamination. The tubes were shaken horizontally at 180 rpm
and room temperature. To better characterize REE release at the initial stage of mineral
dissolution, solution pH and dissolved elemental concentrations were analyzed at the end

of 96 h incubation (Zhang et al., 2018).
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2.3.3 Analyses

The solution pH was measured with a pH meter (FiveEasy Plus™, Mettler-Toledo,
USA) equipped with a micro pH electrode (LE438, Mettler-Toledo, USA). Conventional
ager plate counting was performed to evaluate the living cell densities (Sarrah and You,
2019). The quantified cell density only refers to planktonic cells and the cells attaching to
mineral surfaces are not included. Aqueous elemental concentrations were analyzed using
an inductively coupled plasma mass spectrometer (ICP-MS; iCAP Qc, ThermoFisher
Scientific, USA). Briefly, all solutions are filtered through 0.22 pm membranes and then
diluted in 2% HNOs. All certified reference materials were purchased from AccuStandard,
USA. Standard materials, including MISA-01-1, ICP-MS-CAL2-1, and ICP-MS-CAL4-1
were used to establish calibration lines. The internal standard was 20 pg-L™! Rh solution
(ICP-MS-IS-RH-1). According to established protocols (He et al., 2024), metabolomic
analysis was performed on an ultra-performance liquid chromatograph system (UHPLC;
Vanquish, Thermo Fisher Scientific) coupled with an Orbitrap Exploris 120 mass
spectrometer (Orbitrap MS, Therm) at Guangdong Magigene Biotechnology Co., Ltd.,
China. Details of metabolite extraction, analyses, and data processing are shown in
Supplementary Text S1. As for the resulting solids, XRD analysis was conducted to verify
any mineralogical change. Morphological and compositional analyses were performed on
a TESCAN MIRA3 field-emission SEM equipped with EDS at 20 kV, after Au or C coating.
To preserve the textural relationship between microbes and minerals, the solid samples
were fixed in 2% paraformaldehyde and 2.5% glutaraldehyde solutions and ethanol
gradient dehydration. In addition, to avoid interference during sample preparation, portions

of the collected suspensions without pre-treatment were directly dropped onto conductive
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tapes and air-dried for SEM analyses at 3 kV.

3. Results
3.1. Cell density, pH variation, and organic acid metabolism

The variation of cell densities was roughly similar across different treatments (Fig.
2A), with an initial increase followed by either a decrease or plateau. Specifically, in
unbuffered media (Exp-Biow & Exp-Bt), cell densities increased rapidly within the first
day followed by a sharp decrease and then maintained at around 5 and 3 (x10° CFU-mL™),
respectively in cultures with and without bastnaesite. In buffered media (Buffered-Biow),
Bt experienced exponential growth during the first 6 days followed by a stationary phase
with cell densities in the range of 78 (x10° CFU-mL™"). In dissolution experiments using
dialysis bags (Exp-bags), cell densities were slightly lower than those in the Exp-Biow
group without dialysis bags, slightly decreasing to ~3 (x10° CFU-mL ') between days 1 to
30.

The proliferation and metabolism of Bt resulted in significant acidification of the
unbuffered media (Fig. 2B). The solution pH in Exp-Biow and Exp-Bt groups decreased
by more than 1 unit within the first day. Subsequently, the pH of the Exp-Biow group
decreased at a faster rate, reaching the lowest level by day 10, and maintaining at ~3.5 for
the remainder of the experiment. The pH of the Exp-Bt group steadily decreased between
days 1 to 30, and the lowest pH was ~3.7. In dissolution experiments using dialysis bags
(Exp-bags), the solution pH underwent a sharp decrease within the first day, then slowly
dropped to the minimum of ~4.3 on day 4. Thereafter, the solution pH maintained around

this level with a slight upward trend, in line with the observed variation in cell densities



239

240

241
242

243
244
245

246
247

248
249
250
251

(Fig. 2A). The pH value of Exp-Control and Buffered-Biow groups remained at around 6

throughout the experiments.
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Fig. 2. Variation of cell densities (A) and solution pH (B). Error bars indicate the standard
deviation of triplicates.
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Fig. 3. Concentration profiles of 32 organic acids of interest. The concentrations were
normalized using internal standards. The heatmap shows average levels of identified
metabolites detected during experiments for each time point. The scale bar represents the
log2-transformed and z-score-normalized ratios. The names of organic acids in higher

concentrations (average normalized concentration > 2 at each time point) are given in bold.
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Metabolomic data show that Bt produced more than 5000 metabolites but only 111 of
them can be identified with chemical names (shown in Research Data). Particular attention
is given to organic acids due to their widespread occurrence and essential roles in bio-
weathering (Dong et al., 2022; Li et al., 2021) and REE bioleaching (Zhang et al., 2018;
Brisson et al., 2020). Identifying these metabolites as known compounds is a prerequisite
for further laboratory examination of their leaching abilities. Therefore, we focused only
on the identifiable organic acids. The concentration profiles of 32 organic acids of interest
are summarized in Fig. 3. The majority of these organic acids are commonly produced
during microbial metabolism and detected in soils (Li et al., 2021; He et al., 2024). The
concentrations of these organic acids on days 4, 8, and 15 were higher than those in the
media control (t = 0 d). Organic acids of potential bio-weathering importance were
identified through the approaches proposed by Brisson et al. (2020). Firstly, organic acids
with higher abundance were selected. Here, an average internal standard normalized
concentration > 2 at each time point (days 4, 8, and 15) was used as a screening criterion.
Consequently, crotonic, pyruvic, pelargonic, citraconic, and glutaric acids were screened
out (Fig. 3). Secondly, driven by nutritional needs, microbes might activate the metabolism
of efficient weathering agents to extract elements from minerals (Brisson et al., 2020;
Schmalenberger et al., 2015). There is no significant difference in the overall
metabonomics of Bt in the presence or absence of bastnaesite. Despite no compound being
unique to the Bt co-culture with bastnaesite, up-regulation of some metabolites was
detected in the culture with bastnaesite in comparison to the pure culture, including organic
acids, which was also in line with the accelerated solution acidification (Fig. 2B). Therefore,

we focused on organic acids with significantly higher concentrations in the co-culture of
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Bt and bastnaesite (Exp-Biow) compared to the pure culture of Bt (Exp-Bt). The screening
criteria were P-value < 0.05, VIP > 1, and Fold change > 2. As a result, 4 organic acids
were identified, including itaconic, benzoic, succinic, and pyruvic acids (Fig. 4). The 8
identified organic acids of potential bio-weathering importance are summarized in Table
S1. Only 7 of them were used for further abiotic leaching experiments because pelargonic

acid is insoluble in water under experimental conditions.
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Fig. 4. Organic acids of potential bio-weathering importance identified by their occurrence
at higher concentrations in the co-culture of Bt and bastnaesite compared to the pure culture
of Bt at certain time points. Screening criteria: P-value < 0.05, VIP > 1, Fold change > 2.
Error bars indicate the standard deviation of sextuplicate (co-culture of Bt and bastnaesite)

or quintuplicate (pure culture of Bt).

3.2. Bastnaesite dissolution and REE mobilization

Solution chemistry data support the dissolution of bastnaesite enhanced by Bt (Fig. 5).
The concentrations of aqueous REE measured in control groups (Exp-Control, Buffered-
Control, Exp-Bt, and Buffered-Bt) were close to the detection limits of ICP-MS. In the

presence of Bt, the concentrations of dissolved REE continuously increased during the 30-
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day experiments (Fig. 5). In unbuffered media, the highest amounts of aqueous REE were
~1698 pg-L~! (Fig. 5A). Consistent with the chemical compositions of initial bastnaesite
sample (Table 1), more than 98% of the dissolved REE were composed of La (~643 ug-L ™),
Ce (~805 pg-L™"), Pr (~60 pg-L™"), and Nd (~165 pg-L™!). When buffering the medium pH
at 6, the concentrations of aqueous REE decreased and the highest concentration of total
REE was ~84 pg-L™! (Fig. 5B). In dialysis bag experiments, Bt was still able to mobilize
REE from bastnaesite without direct cell-mineral contact (Fig. 5C), with the highest
concentration of total REE being ~490 pg-L!. The ratio of LREE relative to the total REE
(LREE/REE) is used to better characterize the potential incoherent release of different
groups of REE, due to the extremely high concentrations of LREE in bastnaesite. In
comparison, the ratios of dissolved LREE/REE in different treatments were slightly lower
than the LREE/REE ratio of the initial bastnaesite sample (~1.00) (Fig. S1). The slightly
higher mobility of HREE relative to LREE during the early stage of bastnaesite dissolution
simulated in our experiments may be related to the lower compatibility of HREE with the
crystal structure of bastnaesite (Shibata et al., 2006) or the preferential mobilization of
HREE relative to LREE through bacterial weathering (He et al., 2023). Here, we did not
further explore the factors controlling the incoherent mobilization of LREE and HREE
under different treatments because such a slight preferential release of HREE holds limited
practical significance. The compositions of released REE are substantially inherited from
the original bastnaesite, so the input of dissolved LREE into the environment is far higher
than that of HREE during bastnaesite dissolution.

The concentrations of REE leached from bastnaesite by HCI and organic acids

selected in Section 3.1 were illustrated in Fig. 6A. At pH = 3, the REE concentrations
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leached by organic acids (~1915—2180 pg-L ') were close to that leached by HCI solutions
(~1993 pg-L ™). At pH = 5, the tested organic acids (~343—579 ug-L!) showed higher REE

leaching efficiency than the HCI solution (~328 pug-L™"). When the initial pH was increased

to 6, neither the selected organic acids nor HCI solution successfully mobilized REE.
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Fig. 5. The aqueous REE concentrations throughout the 30-day unbuffered (A), buffered
(B), and dialysis bag (C) experiments. Error bars indicate the standard deviation of

triplicates.

4. Discussion
4.1. Mechanisms of microbial-enhanced REE mobilization from bastnaesite

The microbial strain survived in the experimental media throughout the 30-day
experiments (Fig. 2A), possibly using the products of living cell metabolism, dead cell lysis,
or bastnaesite dissolution as sources of nutrients (Lamérand et al., 2020). The cell densities
increased to different extents compared to the initial values but the increments were less
than one order of magnitude, suggesting that the available nutrients were sufficient to
maintain the viability of bacteria but not to stimulate significant proliferation (Lamérand
et al., 2020). In bio-weathering systems, living cell metabolic activities are the primary

drivers of pH decrease (Ahmed and Holmstrom, 2015; Li et al., 2019b). The continuous
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pH decrease in the Exp-Biow group indicates that living cell metabolism is the dominant
control of solution pH. Therefore, although thriving cell growth was not observed (Fig.
2A), our experimental systems still can reflect the interactions between living bacteria and
bastnaesite.
4.1.1 Acidolysis and ligand complexation

Acidolysis and ligand complexation have been recognized as the primary mechanisms
employed by heterotrophic microbes to induce mineral dissolution during bio-weathering
(Wild et al., 2022). In our bio-weathering experiments, Bt exuded various kinds of organic
acids and significantly acidified the solution (Figs. 2B & 3). Organic acids play a central
role, supplying both protons and ligands. Ligand-induced complexation can increase the
concentration of dissolved REE primarily through forming surface complexes to detach
structural REE from the mineral surface and complexing aqueous REE to disrupt equilibria
at the mineral-solution interface and enhance mineral dissolution to restore equilibrium
(Samuels et al., 2020). In this study, the dissolved REE concentrations generally increased
as a function of decreasing pH in both biotic (Figs. 2B & 5) or abiotic systems (Fig. 6A).
At pH = 5, the higher REE leaching efficiencies of organic acids compared to the HCl
solution indicating the involvement of ligand-promoted dissolution (Fig. 6A). When the
initial pH was increased to 6, neither the selected organic acids nor HCI solutions
successfully mobilized REE (Fig. 6A), however, Bt was still capable of inducing
bastnaesite dissolution (Fig. 5B). This suggests that the stronger organic acid ligands
exuded by Bt may be responsible for the REE release at pH = 6. To further investigate this
possibility, we additionally examined the bio-weathering potential of tartaric and gluconic

acids produced by Bt (Figs. 3 & 7B). REE release efficiencies by different organic acids
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are primarily determined by their complexing stability with REE (He et al., 2023; Goyne
etal., 2010). These two organic acids, which contain multiple -COOH and -OH groups can
form more stable chelates with metals (Konhauser, 2007). The results confirm that tartaric
and gluconic acids could liberate REE from bastnaesite even at pH = 6 and a low
concentration (20 uM) (Fig. 6B). Overall, bastnaesite dissolution is largely pH-dependent,
but ligand-promoted complexation plays an important role at pH > 5. This pH range
corresponds to conditions typically found in the weakly-weathered zone, where REE

fluorcarbonates are dissolved in large quantities (Huang et al., 2021a, b).

2500 A B B pH=3, 1 mmol/L

] B pH=5, 1 mmol/L

pH=6, 1 mmol/L

2000 I pH=6, 20 pmol/L
1500 -

REE concentration (ug-L™")

Fig. 6. Concentrations of REE leached from bastnaesite by HCI and selected organic acid

solutions. Error bars indicate the standard deviation of triplicates.

4.1.2 Potential positive effects of cell attachment on mineral surfaces
Microbial colonization occurred on the bastnaesite particle surfaces during incubation,
leading to the formation of erosion features and secondary precipitates formed in the

vicinity of cells (Fig. 7). These alteration features were absent in the original mineral grains
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with clean and smooth surfaces, as well as the mineral samples in the abiotic dissolution
experiments. Consequently, these features were interpreted as the result of microbe-
enhanced mineral dissolution (Lamérand et al., 2020). The newly formed precipitates
exhibited a loose and fine morphology, but their chemical compositions closely resembled
those of initial bastnaesite (Fig. 7E & F). The XRD results also verified that there was no
obvious mineralogical phase change after the 30-day incubation (Fig. S2). One possible
explanation is that microbial colonization could promote the detachment of REE while
reducing the local water/solid ratio, thereby inducing the localized reprecipitation of the
released elements (Benzerara et al., 2005). Similar secondary REE fluorcarbonates have
also been found in natural deposits as intermediate products. As weathering progresses,
these secondary phases can be eventually dissolved (Yang et al., 2023).

When direct microbial colonization on mineral surfaces was inhibited by dialysis bags,
the concentrations of released rare earth elements (REE) decreased (Fig. 5), even at similar
cell density levels (Fig. 2A), indicating that cell attachment favored mineral dissolution.
Bacterial colonization on mineral surfaces may occur either by chance or as a deliberate
strategy to exploit this specific niche (Dong et al., 2022) to cope with environmental stress
(Rather et al., 2021) or acquire inorganic nutrients (Uroz et al., 2011). Previous studies
have reported a strong correlation between microbial colonization and dissolution rate
(Bennett et al., 1996; Davis et al., 2007). Particle-attached bacteria tend to have a higher
proportion of cells with higher metabolic activity than suspending free-living bacteria
(Flemming and Wuertz, 2019). Additionally, higher local concentrations of protons and
ligands within the micro-scale environment formed between cell and mineral surfaces

could also further enhance bastnaesite dissolution (Ahmed and Holmstrom, 2015; Li et al.,
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2016; Wild et al., 2022). In our experiments, the enhanced metabolic activity of Bt induced
by bastnaesite was reflected by the time course change of cell density and solution pH in
cultures with or without cell-mineral contact (Fig. 2). In bio-weathering experiments using
dialysis bags, corresponding to the lower and decaying cell density, the solution pH level
was about 1 unit higher than that observed in the unbuffered bio-weathering experiments
without dialysis bags. Therefore, we infer that direct cell attachment on mineral surfaces is

an effective approach for microbes to enhance bastnaesite dissolution.
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Fig. 7. SEM analyses of bastnaesite mineral surfaces at the end of experiments. SEM-
Secondary Electron images showing (A & B) etch pits and (B & D) secondary precipitates
in the vicinity of cells. The green arrows point to the bacterial cells. (E & F) The
corresponding SEM-Energy dispersive spectroscopy patterns of the points labeled by

yellow circles.
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4.2. Implications for the contribution of bastnaesite weathering to clay-adsorbed REE
4.2.1 Natural weathering of bastnaesite triggered by microbial activities

The dissolution of bastnaesite and REE liberation from the mineral structure are the
prerequisites for bastnaesite to act as a viable source of clay-adsorbed REE. Regarding the
discrepancy between natural phenomena and theoretical simulation of bastnaesite
dissolution, Li et al. (2022) proposed that the incorporation of radioactive Th and U in
natural REE fluorcarbonates may lead to metamictization and reduced mineral stability
(Pan and Fleet, 2002). However, our findings suggest that the natural complete weathering
of bastnaesite cannot be solely attributed to the distinct chemical compositions of natural
versus ideal minerals. Our results show that the natural bastnaesite sample remained
resistant to inorganic acid dissolution at a comparable pH level found in regolith-hosted
REE deposits (Huang et al., 2021a; Li et al., 2019a), despite its high concentration of Th
(Table 1). Surprisingly, REE mobilization from bastnaesite was significantly enhanced in
the presence of Bt within the same pH range (Figs. 6 & 7). Therefore, we reasonably
highlight the potential role of microbes in accelerating the natural weathering of bastnaesite.

The experimental results indicate that bastnaesite dissolution is largely pH-dependent
and also could be enhanced by organic ligand-induced complexation. Microbial activity is
one of the main sources of soil acidity and organic ligands. Field observations suggest that
the dissolution of bastnasite and other fluorcarbonates begins at the early stage of
weathering (i.e., in the lower weathering profile) (Huang et al., 2021b; Sanematsu et al.,
2013). Indeed, actively metabolizing microbial populations, including Bacillus spp., have
been detected in the nutrient-limited deeper regolith horizons, even at the weathering front,

contributing to oxidative rock weathering (Li et al., 2022b; Minyard et al., 2012;
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Napieralski et al., 2019). Additionally, some organic matter, particularly soluble organic
acids, generated by dynamic biological processes in the upper profile, can percolate
downward, impacting mineral weathering in the lower profile. The biomass levels in our
experiments (Fig. 2A) are also comparable to the average bacterial cell densities in natural
soils (10°-10° cells-mL"), deep subsurface environments (e.g., ~10° cells\mL" in a granite
bedrock borehole and ~10°-10° cells-mL™! in deep granitic bedrock fracture fluids), and
shallow aquifers (~10° cells-mL) (He et al., 2023; Shirokova et al., 2012; Purkamo et al.,
2016). In addition, the concentration of organic acids in soil solutions typically ranges from
0 to 50 uM for di/tricarboxylic acids and from 0 to 1 mM for monocarboxylic acids across
a broad range of ecosystems (Adeleke et al., 2017; Strobel, 2001). Our results show that
low concentrations (20 uM) of some strong organic ligands (e.g., gluconate and tartrate)
are capable of accelerating bastnaesite dissolution (Fig. 6B). In natural environments, over
99% of the total microbial biomass colonizes on mineral surfaces (Golubev and Pokrovsky,
2006). In the weakly-weathered zone, although the bulk soil pH is near-neutral (6-7) and
does not favor bastnaesite dissolution, the pH in the vicinity of metabolizing cells can be
more than 1 unit lower than the surrounding environmental pH (Bonneville et al., 2011; Li
et al., 2016). Therefore, the microbial effects on bastnaesite dissolution are expected to be
significant in the microenvironment between cell and mineral interfaces, where
concentrated ligands and low pH conditions prevail (Golubev and Pokrovsky, 2006). Given
the prevalence and high activity of heterotrophic organic acids-producing microbes like
Bacillus in the weathering profile of regolith-hosted REE deposits (Li et al.,2022b), the
aforementioned bio-weathering processes may partly account for the natural weathering of

bastnaesite in the lower profile. We hypothesize continuous, moderate dissolution of
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bastnaesite driven by bio-weathering in the deep profile, with microbial impacts becoming
more pronounced over long timescales.
4.2.2 Assessment of the preservation of REE released from bastnaesite by clay minerals
Once REE are released, their preservation within the soil profile is also of great
importance. The rapid dissolution of bastnaesite during the early stages of weathering
raises another question about the contribution of bastnaesite to the regolith-hosted REE
deposits. Clay minerals, the predominant REE reservoir in the profile, are primarily formed
by the weathering of rock-forming aluminosilicates, including feldspar and mica group
minerals (Borst et al., 2020). Field observations show that as the degree of weathering
increases, fluorcarbonates disappear in the upper semi-weathered zone, while some
feldspars and micas are still observable, indicating that fluorcarbonates are more
susceptible to weathering relative to these aluminosilicates. However, such rapid
dissolution may not favor the preservation of the released REE, due to the insufficient
amount of clay minerals to act as adsorbents during the early weathering period. To assess
the possibility, an evaluation of the weatherability of these minerals is required. Here, we
calculate the apparent release rates of REE using the equation (1) as follows (Wu et al.,

2008; Xia et al., 2020):

dc . v
— 2= % U
dt  Am ()

Where R (mol-m2-s7") is the linear release rate, dC (mol-L™!) is the variation of aqueous
concentration of element, df (s) is the time interval, Vo (L) is the volume of the initial
solution, m (g) is the mass and A (~0.18 m?-g!) is the specific surface area of the

bastnaesite sample.
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Table 2 shows the release rates of REE in the Buffered-Biow group at a constant pH
of 6. The apparent release rates of La, Ce, Pr, and Nd were in the range of 10714—107"2
mol-m2-s”! (Table 2), while the release rates of other REE were extremely low due to their
trace amounts in the mineral sample. Fig. 8 plots the release rates of Ce, as a representative
of REE, versus pH under different treatments with stable pH conditions. The release rates
of REE in bio-weathering systems are lower than those in the organic acids abiotic leaching
systems in this study (Fig. 8). This discrepancy may stem from the lower concentrations of
strong organic ligands (e.g., tartrate and gluconate) exuded by Bt compared to those used
in the abiotic chemical dissolution experiments. By analogy to our previous bio-weathering
experiments involving Bacillus spp. under similar conditions (He et al., 2023), we inferred
that the release of REE might be underestimated due to cellular scavenging through
sorption and precipitation at pH 6. The exact sorption efficiency was not reported in the
present study, as the complete separation of cells and minerals in the resulting solids at the
end of experiments was not achievable. Additionally, the presence of various metabolites
in bio-weathering reactors complicates mineral dissolution reactions. Some metabolites
may even inhibit mineral dissolution, resulting in lower bio-weathering efficiency (Balland
etal., 2010; Pokrovsky et al., 2021 and references therein).

Here, we compare the dissolution rates of bastnaesite (denoted as Rc.) from this study
to those of felspars (plagioclase and K-feldspars) and micas (biotite and muscovite)
measured in previous laboratory studies (denoted as Rs;) (Fig. 8). These data were obtained
from inorganic or organic systems with pH, temperature, or organic concentration levels
similar to those in our study (Balogh-Brunstad et al., 2008; Blum and Stillings, 1995; Bray

et al., 2015; Gudbrandsson et al., 2014; Hefmanska et al., 2022; Kalinowski and Schweda,
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1996; Lammers et al., 2017; Stillings et al., 1996; Voinot et al., 2013; Welch et al., 1999;
Wolft-Boenisch et al., 2006 and references therein). The dissolution of both
aluminosilicates and bastnaesite is pH-dependent so the dissolution rates are plotted against
pH (Fig. 8). The considerable scatter in the dissolution rates of the aluminosilicates may
stem from the differences in experimental set-ups (e.g., solid/solution ratio and duration),
sample characteristics (e.g., chemical composition and particle size), and the methods used
for rate determination, etc. (Bray et al., 2015; Gudbrandsson et al., 2014; Hefmanska et al.,
2022). Generally, the dissolution rates of K-feldspar and muscovite are slightly lower than
those of plagioclase and biotite, respectively (Fig. 8). These trends are consistent with the
inferred weathering resistance of these minerals based on natural observations (Huang et
al., 2021a, b; Li and Zhou, 2020). The results show that the dissolution rates of bastnaesite
are not so remarkably fast as previously speculated based on field investigation but are
comparable to those of plagioclase, K-feldspars, biotite, and muscovite (Fig. 8). According
to previous field studies, small amounts of clay minerals are present in the lower semi-
weathered zone (Huang et al., 2021b; Li and Zhou, 2020). Therefore, we infer that during
the early stage of weathering, it is highly likely that REE liberated from bastnaesite could
be preserved by clay minerals formed through the decomposition of these aluminosilicates,
especially plagioclase with relatively higher dissolution rates (Fig. 8). However, given the
complexity of natural processes, a comprehensive evaluation of the contribution of
bastnaesite to clay-adsorbed REE requires additional data, including the kinetics of clay
mineral formation, the migration rates of REE, and other relevant factors for an integrated
analysis. In natural settings, the preferential disappearance of bastnaesite relative to

feldspars and micas in the lower part of weathering profiles might be determined by several



529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

factors. Firstly, the weathering susceptibility of minerals is the dominant factor. For
example, K-feldspar and muscovite have relatively stronger weathering resistance and thus
they can even be preserved in the completely-weathered zone (Yusoff et al., 2013; Li and
Zhou, 2020). Additionally, the visibility of minerals across different weathering horizons
is also associated with their abundance in the parent rocks, with lithogenic aluminosilicates
generally presenting in much higher quantities than accessory phases. This may clarify why
plagioclase, although having a dissolution rate similar to or slightly higher than that of
bastnaesite (Fig. 8A), remains visible in the upper semi-weathered zones where bastnaesite
has almost disappeared (Huang et al., 2021a, b). Furthermore, bastnaesite and other REE
fluorcarbonate minerals, are typically in smaller particle sizes (commonly less than 100
um) and are often distributed in cavities, cracks, or along the boundaries of the lithogenic
major minerals (Li et al., 2024; Sanematsu et al., 2013), enhancing their accessibility to
microbes and fluids, thereby promoting their dissolution (Xia et al. 2020). Our results can
provide some insights into the weathering of both primary and secondary REE
fluorcarbonate group end-members with similar chemical and crystallographic
characteristics to bastnaesite. As the natural REE fluorcarbonate minerals with variable
crystallography or chemistry, their thermodynamical stability is likely to show some
differences (Gysi and Williams-Jones, 2015). For instance, LREE fluorcarbonates, notably
bastnaesite-Ce, parisite-Ce, synchysite-Ce, are predicted to be more stable than synchysite-
Y in acidic environments (Li et al., 2022). Therefore, it is necessary to determine the
weatherability of different REE fluorcarbonates in future studies, to permit reliable
assessment of their potential as effective sources for the enrichment of clay-adsorbed REE

in the regolith-hosted REE deposits.
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Fig. 8. Comparisons of the dissolution rates of bastnaesite (represented by Rce) in this study
to those (represented by Rs;i) of (A) plagioclase (P1) and K-feldspars (Kfs), and (B) biotite
(Bt) and muscovite (Ms) measured under similar physicochemical conditions in previous
laboratory studies. The shaded area guides the eye to show the spread of literature data.
Buffered-Biow Rce refers to the Ce release rates measured in the bio-weathering
experiment buffered at pH = 6. The release rates of Ce from days 8 to 30 under stable acidic
conditions (pH ~3.7) in the unbuffered bio-weathering experiment (Exp-Biow), as well as
those measured in the abiotic chemical dissolution experiments in this study are also shown

for comparison.

5. Conclusion

In this study, a wild Bacillus bacterium was used in bio-weathering experiments to
investigate the microbial effects on the weathering of bastnaesite. The results indicate that
the microbes significantly enhance bastnaesite dissolution and REE mobilization through
a synergy of acidolysis and ligand complexation mechanisms under pH conditions similar
to that in the regolith-hosted REE deposits. Direct microbial colonization on mineral
surfaces promotes the bio-weathering performance. To the best of our knowledge, the
present study is the first to report the REE release rates from natural bastnaesite.
Comparisons of the dissolution rates between bastnaesite and feldspar or mica group

minerals support the positive contribution of bastnaesite to the clay-adsorbed REE resource.
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However, the contribution of bacterial activities to the overall weathering budgets of
bastnaesite in natural soil profiles has not been quantified. Further well-designed
experimental and field studies that consider diverse microbial communities, reactions at
microbe-mineral interfaces, and large space and time scales in natural settings are needed

to address this gap.
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Appendix A. Supplementary data

Supplementary materials supporting this article are available online. These materials
include descriptions of the methods for organic acids identification (Text S1) and mineral
compositions calculation (Text S2); a summary of identified organic acids with potential
bio-weathering importance (Table S1); LREE/REE ratios of dissolved REE in the
experimental solutions (Figure S1); and XRD patterns of the mineral samples before and

after bio-dissolution (Figure S2).
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Table 1 Chemical compositions of the bastnaesite sample.

Oxides % Elements mg-kg!
CeO2 36.1 Eu 463
Lax0O3 30.1 Gd 806
Nd203 7.40 Tb 84.4
PrsO11 2.57 Dy 121
SiO2 0.635 Ho 11.9
NaxO 0.450 Y 252
MgO 0.335 Er 21.0
Sm>03 0.275 Tm 1.24
ThO, 0.246 Yb 10.1
LOI 20.5 Lu 0.545

Table 2 Log apparent release rates (mol'm 2:s™!) of La, Ce, Pr, Nd, and total REE in the bio-
weathering experiment buffered at pH = 6. The standard deviation was calculated from triplicate

samples.
Time La Ce Pr Nd Total REE
(day)
1 —12.74+£0.08 —-1241+0.07 -13.45+0.04 -12.89+0.05 -12.08+0.06
2 -12.80£0.01 -12.52+0.01 -13.52+0.04 -1296+0.03 —12.17+0.02
4 —12.61 £0.04 -1237+0.05 -13.41+£0.04 -1290+0.03 -12.04+0.04
6 —12.66 £0.07 —1244+0.05 -13.48+0.04 -1296+0.03 —12.11+0.05
8 —12.79+0.08 -12.54+0.06 -13.56+0.05 -13.05+0.04 -12.21+0.06
10 -12.90+0.03 -12.63+0.02 -13.64+0.02 -13.12+0.03 —12.31+0.02
15 -13.07£0.01 -12.76+0.01 -13.77+£0.00 -13.23+0.01 -12.44+0.01
20 -13.13+£0.07 -12.83+0.05 -13.84+0.03 -13.32+0.02 -12.52+0.04
25 —13.19+£0.04 —-1290+0.02 -13.91+£0.03 -13.38+0.04 —12.59+0.01

30 —13.20+£0.03 —-12.89+0.03 -13.90+0.02 -13.39+0.02 —12.59+0.03






