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Karst bauxites have recently received renewed attention for their potential as non-conventional REE sources.
Karst bauxites from the Pedernales Peninsula in the Dominican Republic stand among the world’s richest in REE.
Bauxite ore from two deposits from this bauxite district, Aceitillar and El Turco, have been selected for this study

giocz:;;e REE nhosphates due to their outstanding REE contents and contrasting mineralogy. REE (La to Lu) contents in Aceitillar, range
Basmésiz pRosp from 0.07 to 0.16 wt%, and Y from 0.01 to 0.13 wt%, whereas El Turco contains between 0.28 and 1.40 wt%

REE, and 0.33 to 1.48 wt% Y. The characterisation of REE mineralisation was performed through powder and
monocrystal XRD, SEM-EDS, and EMP analyses. REE phosphates and carbonates reveal textural features that
suggest significant REE mobilisation and re-deposition within the bauxite profile. The identified REE minerals
can be classified into: i) primary monazite(-Ce) and minor monazite(-La); ii) secondary Y- and Nd-dominant
phosphates; and iii) secondary Gd- and Nd-carbonates of the (hydroxyl)bastnasite group. While monazites are
ubiquitous in the two studied deposits, secondary phosphates are predominant in El Turco while secondary
carbonates are exclusive of Aceitillar. This contrasting mineralogy is explained by the total concentration of
carbonate and/or phosphate in the karst bauxite groundwater solutions. REE phosphates are the most stable
phases at [CO3 Jiota/[PO3 Tiotal < 2; Whereas REE carbonates are stable at near neutral pH when the total
aqueous carbonate concentration is two orders of magnitude higher than that of phosphate. Results of this
investigation contribute to a better understanding of the formation REE minerals in the supergene environment
and can be applied in REE separation methods.

1. Introduction REE are considered critical raw materials because of the increasing de-

mand due to their numerous technological applications (e.g., power

Bauxite ore is the main source for Al in the world (Bray, 2017). Karst
bauxites—characterised by a strong association with a carbonate host
(Bardossy 1982) and representing 14 % of the bauxite resources
worldwide (Mameli et al., 2007)—have gained interest recently also
because of their capacity to accumulate rare earth elements (REE) (e.g.,
Mouchos et al., 2016; Deady et al., 2014; Mondillo et al., 2019; Yang
et al., 2019). REE may be extracted as by-products in large-scale Al
mines (Weng et al., 2015; Goodenough et al. 2017; Vind et al., 2018).
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generation, advanced electronics, production of high-tech ceramics and
glass), with individual REE often having no substitutes in specific ap-
plications (Wall, 2014; Smith Stegen, 2015). An additional factor
contributing to their status as “critical” is that, around 60% of the cur-
rent REE mine production is supplied by one country (China) (Cordier,
2021), and it has been over 80% for a long time (Chakhmouradian and
Wall, 2012; Dutta et al., 2016; Gamboji, 2017; Goodenough et al., 2017;
European Commission, 2020). Separation and refining operations are
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Fig. 1. Geological map of the study area in Sierra de Bahoruco, Pedernales Peninsula, including the deposits of Las Mercedes, El Turco, and Aceitillar, indicated by
red stars. Map (a) modified from Pérez-Valera et al. (2010) and schematic lithostratigraphic column (b) modified from Torro et al. (2017). Key: Fm. = Formation;

Mb. = Member.

also concentrated in a single country (China, with more than 90% of the
market share in 2019) (International Energy Agency-1EA, 2021).

The karst bauxites of the Pedernales Peninsula (SW Dominican Re-
public) contain significant REE resources (Aiglsperger et al., 2019;
Proenza et al., 2017; Torr¢ et al., 2017; Villanova-de-Benavent et al.,
2017, 2021, 2022; Ramirez, 2015). All the deposits of the district yield
high total REE (La-Lu) contents, ranging from ~500 to ~14,000 ppm
(~1,900 ppm on average), and from ~50 to ~15,000 ppm Y (~1,200
ppm on average). Two deposits of the Bahoruco district, Aceitillar and E1
Turco, stand out with average total REE contents of ~1,200 and ~7,600
ppm, and average Y contents of ~700 and ~8,800 ppm: Aceitillar and El
Turco, respectively (Villanova-de-Benavent et al., 2017; Aiglsperger
et al., 2019; Proenza et al., 2021). This study presents a first detailed
characterisation of the REE-bearing minerals of these two karst bauxite
deposits and discusses the processes that lead to the deposition of sec-
ondary REE phases. Our results provide evidence of authigenic REE-
phosphate and REE-carbonate growth during bauxitisation and shed
light on the conditions of formation of phosphates versus carbonates in
weathering environments.

2. Geological setting

The studied karst bauxites are located in the Sierra de Bahoruco in
the Pedernales Peninsula, SW Dominican Republic (Fig. 1). This
Peninsula represents the eastern end of the Presqu’ille Du Sud (Southern
Peninsula) morphotectonic zone defined by Lewis and Draper (1991),
and is limited to the north by the regional, W-E trending Plantain
Garden-Enriquillo fault zone. Normal faults associated to the NNE-SSE
trending Beata Ridge delineate its eastern limit. According to Pérez-
Valera (2010), uplift and deformation in the Bahoruco Peninsula
commenced in the Pliocene in response to the oblique convergence of
the North American plate continental margin and the Caribbean island
arc (see also Mann, 2007). Transpressive stresses are accommodated by
a series of high-angle reverse and strike-slip faults and soft, km-scale
folds geomorphologically resulting in extremely rugged relieves and
ample development of karsts in the exposed carbonate strata.

The crystalline basement in the Bahoruco Peninsula is composed of
Campanian to lower Eocene volcanic rocks of the Dumisseau Formation,
an on-land portion of the Caribbean Large Igneous Province (CLIP;
Lidiak and Anderson, 2015; Escuder-Viruete et al., 2016). This basement
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Fig. 2. Images of the old mining pits of Aceitillar (a-c) and El Turco (d-f). Note
the yellow and black mineralisations in e) and f), which correspond to REE
phosphates (REE-Ph) and Mn oxyhydroxides (MnOxOH), respectively. Specific
sample sites are indicated by white diamonds with their associated sam-
ple number.

is overlain by a thick sequence of Eocene to Quaternary carbonate rocks,
which include, bottom to top: 1) the Aceitillar and Neiba Formations of
lower Eocene-Oligocene ages; 2) Aguas Negras, Pedernales, and Bar-
ahona units, of Upper Oligocene-Miocene ages; 3) La Cueva unit, of
Pliocene-lower Pleistocene age; and 4) Pleistocene and Holocene car-
bonates linked to lagoon and pocket beaches (Fig. 1). The carbonate
strata record a progressive shift in the environment of deposition from
deep, outer slope during the Eocene through shallow, through inner
platform and reef boundstones in the Pliocene, to emersion in the
Pleistocene (de Leon, 1989; Pérez-Valera, 2010; Pérez-Valera and Abad,
2010). Materials associated with chemical weathering, including
decalcification red clays and bauxite argillisations, are prevalent in the
area and have developed since the Pleistocene (Pérez-Valera, 2010).
They occur mostly in karst landforms on carbonate strata.

2.1. Geology of the bauxite deposits

The bauxite deposits in Sierra de Bahoruco have been mined
discontinuously since 1959 and until 2016 by Alcoa Exploration Com-
pany and DOVEMCO S.A. (Dominico-Venezolana de Mineria y Con-
struccion; Dominican-Venezuelan Mining and Construction Company).
The deposits are mainly hosted within Eocene-Oligocene (Aceitillar and
Neiba Formations) and Miocene (Las Mercedes Member in the Peder-
nales Unit) carbonates. For a detailed description of the lithofacies in the
three formations, the reader is referred to Pérez-Valera (2010), Pérez-
Valera and Abad (2010), and Torr6 et al. (2017). The bauxite deposits
fill karst cavities, are bag-shaped, and may reach thicknesses of 15 m
(Fig. 2). Bauxites have a massive texture, an intense red colour, and are
often overlain by up to 2-m-thick bauxitic clays (a.k.a. terra rossa).

The largest deposit is Las Mercedes, which was under exploitation
until 2016 by DOVEMCO. The Las Mercedes deposit is located at an
altitude below 450 m.a.s.l. (Fig. 1), where bauxites fill up a karst
depression of 2.3 km? along the core of a SE-trending gentle syncline.
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Bauxite displays thicknesses between 8 and 10 m and is disrupted by
carbonate pillars over a gentle hummock-shaped to flat base. Bauxite ore
is massive and mostly composed of gibbsite with lesser amounts of
kaolinite, hematite, boehmite, anatase, and goethite. Further detail on
the geology, geochemistry, and mineralogy (including REE-bearing
phases) of the Las Mercedes deposit can be found in Torro et al. (2017).

Most of the documented bauxite deposits in the district are located
higher up relative to Las Mercedes, mostly between 1100 and 1900 m.a.
s.l., and hosted in the Eocene-Oligocene carbonates (e.g., Aceitillar, El
Turco, and Sombrero deposits; Fig. 1). In this area, bauxites are reddish-
brown fine-grained material with small hard concretions (Goldich and
Bergquist, 1947), and display thicknesses of a few metres to tens of
metres (Fig. 2a), and may contain sterile limestone intercalations
(Fig. 2b). The contact with the underlying limestone is sharp, but
irregular-shaped (Goldich and Bergquist, 1947). Locally, these bauxites
show black coloured zones, rich in Mn oxyhydroxides (Fig. 2c). The
mineralogy of two of these deposits, Aceitillar and El Turco, is detailed
below.

3. Materials and methods

For this study, two karst bauxite deposits from the Sierra de Bahor-
uco, El Turco and Aceitillar, were selected because of their distinctively
high REE contents. Nine representative samples were collected in each
deposit during two field work campaigns (Fig. 2). The samples consist of
friable and/or loose, reddish brown material (Fig. 2a-d). In El Turco, this
bauxitic material is locally cut by REE phosphate veinlets of yellow color
(Fig. 2e-f).

Major, minor, and trace elements of bulk samples were determined at
Activation Laboratories Ltd. (Actlabs, Ontario, Canada) by utilising the
analytical package “4-Litho”, which uses fusion inductively coupled
plasma emission (FUS-ICP) and inductively coupled plasma emission
mass spectrometry (ICP-MS; for details see Lithogeochemistry at http
s://www.actlabs.com).

The general mineralogy of the bauxite samples was determined using
powder X-Ray diffraction (XRD). For this study, the samples were
powdered using an agate mortar and pestle, and were manually pressed
by means of a glass plate to get a flat surface in cylindrical 16x2.5 mm
sample holders. The diffractograms were obtained in a PANalytical
X’Pert PRO MPD Alphal powder diffractometer in Bragg-Brentano h/2h
geometry of 240 mm radius, nickel filtered Cu Ka radiation (k = 1.5418
A), and with 45 kV-40 mA. During analysis, samples were spun at 2
revolutions per second. A variable divergence slit kept an area illumi-
nated constant (10 mm) and a mask was used to limit the length of the
beam (12 mm). Axial divergence Soller slits of 0.04 rad were used.
Powdered samples were scanned from 4 to 80° 20 with a step size of
0.017° and measuring time of 50 s per step, using a X’Celerator detector
(active length = 2.122°). Sample preparation and analysis were per-
formed in the Scientific and Technological Centres of the Universitat de
Barcelona (CCiT-UB). Furthermore, one REE carbonate grain was
manually hand-picked from a monolayer polished section and was
analysed by monocrystal XRD. The monocrystal diffractometer used was
a Bruker D8 Venture with a Mo source, a 4 circle goniometer with Kappa
geometry, with a Photon 100 CMOS area detector, at a distance of 50
mm, and 20 = Q = Chi = 0°, Phi = 360°, in the CCiT-UB. The X-ray
diffractograms were processed using the software X’Pert HighScore®
(including background substraction, peak detection, mineral identifi-
cation, and semiquantitative determination).

For the production of heavy mineral concentrates, 100 g of two
homogenised bauxite samples, one from Aceitillar (sample AC-1-3) and
another from El Turco (sample KM30-1) were processed at the hydro-
separation (HS) laboratories available in the University of Barcelona (htt
ps://www.hslab-barcelona.com) and the Luled University of Technol-
ogy. The computer-controlled hydroseparation device CNT HS 11 was
used (Rudashevsky and Rudashevsky, 2007; see also https://www.cnt
-mc.ru) following the methodology for soft rocks proposed by
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Table 1

List of the REE-bearing minerals analysed, and the method used for their cor-
responding structural formulae based on EMP analyses (apfu: atoms per formula
unit).

Mineral Abbreviation  Ideal Structural formula calculation
formula method

Monazite Mnz REE(PO4) 0=4

Xenotime Xen Y(POy) 0=4

Churchite Che REE(POy)- O = 4; Hy0 = 2*(P + Si)apsu
2H,0

Rhabdophane Rha REE(PO,)- O = 4; HyO = (P + Siapu
H,0

Bastnasite Bas REE(CO3) SREE+Y + Ga+ Ca=1;0H+F
(OH) +Cl=1;CO; =Y REE + Y + Ga +

Ca

Aiglsperger et al. (2015). Heavy mineral concentrates from three size
fractions (<30, 30- 75, and 75-125 um) were further separated with a
FRANTZ magnetic separator. Each separation product was embedded in
resin to obtain cylindrical monolayer polished sections of 2.5 cm in
diameter for subsequent investigation. A total of 116 REE mineral
grains, 53 from El Turco and 63 from Aceitillar, were found in the dense
mineral separates of the coarser size fractions (30-75 and 75-125 um);
of these, 57 grains were phosphates, and 59 were carbonates.

The mineralogy and textures of REE-bearing minerals were studied
on monolayer polished sections, polished sections, and thin sections, by
means of transmitted and reflected light petrographic microscopy and
scanning electron microscopy. The scanning electron microscope (SEM)
used was an Environmental SEM Quanta 200 FEI, XTE 325/D8395
equipped with an INCA Energy 250 EDS microanalysis system (oper-
ating conditions: acceleration voltage of 20 kV and a beam current of
1nA) at CCiT-UB. Chemical analyses of the REE-bearing minerals were
performed using a JEOL JXA-8230 electron microprobe (EMP) also at
the CCiT-UB, operated at 20 kV acceleration voltage, 15nA beam cur-
rent, and a beam diameter of 5 um. Analytical standards and lines used
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for analyses were: wollastonite (Si K a), apatite (Ca Ko, P Ka), barite (Ba
La), celestine (Sr La), UO5 (U Mp), ThO, (ThMa), GaAs (Ga La), YAG (Y
La), LaB6 (La La), CeO; (Ce La), REE-1 (Pr L, Er La), REE-2 (Ho L, Tm
La, Eu L), REE-3 (Yb La, Sm LB, Gd La) and REE-4 (Lu La, Tb La, Nd L).
The structural formulae were calculated following the criteria described
in Table 1.

Aqueous speciation and predominance Eh-pH diagrams to study REE
mineral stability have been drawn with the code PhreePlot® (Kinniburg
and Cooper, 2011) using the database llnl.dat supplied with the code
PHREEQC (Parkhurst and Appelo, 2013) at 25 °C. This thermodynamic
database contains equilibrium constants for aqueous speciation and
mineral formation of major and minor elements. In the case of REE, lInl.
dat database accounts for the formation of pure hydroxides, carbonates,
and phosphates for most REE. However, data for churchite (YPO4-H50)
was not included in the database and the equilibrium constant from
Spahiu and Bruno (1995) for r.1 was used in calculations (Eq. (1)).

YPO,xH,0 = Y** +PO;” +xH,0 o
log K° = —22.4r.1

4. Results
4.1. Major and trace element composition

In the studied bauxite samples, Al and Fe are the elements with the
highest concentrations. In El Turco, AloO3 contents vary between 40 and
46 wt%, and Fe;O3 between 16 and 19 wt%. In Aceitillar, Al;03 contents
are between 35 and 50 wt%, and Fe;03 between 15 and 21 wt%. In both
deposits, SiO2 contents are below 2 wt%. CaO values are below 1 wt% in
both deposits, except for one sample from Aceitillar reaching 13 wt%.
MnO contents are contrasting in samples from both deposits, with values
of 2-7 wt% in El Turco and <1 wt% in Aceitillar. In El Turco and
Aceitillar, P2Os is up to 4 wt% and 1 wt%, respectively. Based on the
major element composition (Bardossy, 1982), samples from El Turco
and Aceitillar can be classified as iron-rich bauxites (Fig. 3), like bauxite

Si0, (Wt.%)

Bauxitic clay

@ Aceitillar
O Turco
@ Mercedes

Clayey bauxite

Bauxitic
clayey iron ore

$@’
N)
(] .
& [ wavie [ e
S )
~
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ALO,(Wt.%)

Fe,O,(wt.%)

Fig. 3. Geochemical classification of the studied karst bauxite deposits from Sierra de Bahoruco. Compositional fields are after Bardossy (1982).
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Table 2
REE geochemistry of selected bulk samples from El Turco and Aceitillar (analyses in ppm).
Deposit Sample Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Sum REY
El Turco Km30-1-2019-2 14,830 399 330 166 2320 1270 439 2870 453 2590 496 1320 169 990 145 28,787
El Turco Km30-1-2019-2A 12,580 613 358 334 3000 985 264 1630 262 1600 348 965 119 677 104 23,839
Aceitillar AC1-P1-2 1068 254 305 45 207 61 16 74 13 85 19 51 6 39 5 2248
Aceitillar AC1-P1-3 1303 228 311 38 171 90 33 162 33 214 40 109 16 103 15 2866
a 95, ... O~ Outlier
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Fig. 4. a) box and whiskers plot for Iree (la-nd), mree (sm-gd), hree (tb-lu), and y; b) chondrite-normalised ree plot for whole rock data from the studied deposits; c)
chondrite-normalised ree plot of the median values from diagram b). Normalisation values in (b) and (c) are after Boynton (1984). Shown for comparison are data
from Las Mercedes (Torro et al., 2017) and Mediterranean-type bauxites (Mondillo et al., 2011, 2019; Deady et al., 2014; Mouchos et al., 2016; Putzolu et al., 2018;

Reinhardt et al., 2018; Radusinovi¢ and Papadopoulos, 2021).

ore from Las Mercedes (Torro et al., 2017). Elements at minor and trace
levels include TiOy (<3 wt%), Ni (1,320-6,960 ppm in El Turco and
200-660 ppm in Aceitillar), Cr (<850 ppm), Zr (<515 ppm), Sc (<75
ppm), Ga (<50 ppm), and Ge (<6 ppm).

The analysed samples from El Turco and Aceitillar yield very high
REY (La-Lu + Y) contents. Samples from El Turco are particularly
enriched in these elements, with REY contents up to 2.88 wt% and an
average value of 1.64 wt% (Table 2). In samples from Aceitillar, REE + Y
contents are up to 2,865 ppm, with an average value of 1,810 ppm.

Samples from El Turco have average contents of LREE (La-Nd),
MREE (Sm-Gd), and HREE (Tb-Lu) between ~2,000 to 3,000 ppm each,
and Y contents reach 8,841 ppm (Fig. 4a). They are enriched between
1,000 and 10,000 times relative to chondritic values. In chondrite-
normalised diagrams, these samples are characterized by notable
dispersion and very irregular patterns with systematic negative anom-
alies of Ce, common negative Eu anomalies, and conspicuous

enrichment in MREE and HREE relative to LREE (Fig. 4b-c).

The samples from Aceitillar have LREE, MREE, HREE, and Y average
contents between ~120 and ~800 ppm. They are enriched ~1,000
times in LREE and ~200 to 300 times in MREE and HREE relative to the
chondritic values thus showing negative slopes in chondrite-normalised
REE patterns (Fig. 4b-c). Most samples from Aceitillar have moderate
negative anomalies of Ce and Eu (Fig. 4c).

4.2. General mineralogy of the bauxite and phosphate-vein samples

Powder XRD analyses indicate that bauxite samples consist mainly of
gibbsite [AI(OH)s], with lesser amounts of hematite [Fe;O3], boehmite
[AIO(OH)], goethite [Fe3+O(OH)], anatase [TiO»], and rutile [TiO5]
(Fig. 5a-b). In addition, minor amounts of lithiophorite-asbolane [(Al,Li)
MnO5(OH),-(Ni,Co)2xMn(0O,0H)4nH,0] and florencite [REEAIl3(-
PO4)2(0OH)e] have been identified in the sample from El Turco (Fig. 5b).
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The main mineralogy is very similar to that reported by Torro et al.
(2017) in the nearby Las Mercedes deposit. The predominance of gibb-
site and the scarcity of kaolinite, or lack thereof, indicate a mature
profile, representative of an advanced state of bauxitization (see also
Torré et al., 2017; Proenza et al., 2017; Villanova-de-Benavent et al.,
2017).

Furthermore, one sample from the yellowish vein infilling in baux-
ites from El Turco (Fig. 2f) was also analysed by powder XRD. The vein
material consists mostly of xenotime, with minor gibbsite and traces of
lithiophorite-asbolane and florencite (Fig. 6).

4.3. Detailed REE mineralogy

In the study area, REE-bearing minerals are divided into phosphates
and carbonates. According to textural features, phosphates may be in
turn sub-divided into primary (relict) and secondary (authigenic).

Primary phosphates are monazites, which occurs as individual grains
up to 60 pm in length. Most of them are euhedral (Fig. 7a), but some
exhibit slightly rounded edges and/or irregular, fractured outlines that
suggest transport (Fig. 7b-d). Melt inclusions are common in some
monazite grains (Fig. 7e). Most EMP analyses of primary monazite show
analytical oxide totals close to 100 wt% and near ideal stoichiometry
(both A and B site cations have total ~1 a.p.f.u.; Table 3). All monazites

from El Turco and Aceitillar classify as monazite-(Ce) except for one
grain from El Turco that has a monazite-(La) composition (Fig. 7f).
Monazite-(Ce) contains 27.5-33.3 wt% Cey03 (average of 30.6 wt%),
11.2-20.0 wt% LayO3 (average of 15.9 wt%), and 9.6-13.4 wt% Nd2O3
(average of 10.7 wt%). They also yield notable Pr (2.3-3.4 wt%, average
2.7 wt% Pry03) and Gd (1.0-3.6 wt%, average of 2.6 wt% Gd203)
contents. Y203, Sm203, EupO3, Dy203, and Tm3O3 are mostly below 1 wt
% each, and Tby03, H0o203, Er,03, YboO3, and LuyO3 are below their
respective lower limits of detection. As expected, analysed monazites
yield much higher ThO, (2.1-10.7 wt%, average of 4.7 wt%), than UO,
(<d.L-1.2 wt%, average of 0.4 wt%). CaO contents are up to 1.2 wt%
(average of 0.7 wt%; Table 3). Primary relict monazite-(Ce) from El
Turco and Aceitillar present similar textures and compositions to those
of Las Mercedes (Fig. 7g), where this phosphate constitutes the main
REE-phase in heavy concentrates of bauxite ore (Torr¢ et al., 2017).The
monazite-(La) grain contains 26.6 wt% LayO3, 17.0 wt% Nd203, 4.8 wt%
Smy03, 3.8 wt% Pry03, 2.7 wt% Gdo03, 1.4 wt% Y503, the rest of the
REE below 1.0 wt% REE;03, and 9.8 wt% CaO.

Based on EMP analyses, secondary REE phosphates are anhydrous
(possibly xenotime [REE(PO4)]) to hydrated (possibly rhabdophane
[REE(PO4)-H20] and/or churchite [REE(PO4)-2H201), all with a } REY:
PO, ratio of 1:1. However, it must be noted that some analyses were
slightly non stoichiometric, and data with high Al;O3 were not
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Fig. 6. REE-rich sample KM30-5 from El
Turco: a) photograph of the polished thin
section, where the yellow REE-phosphate
can be observed, surrounded by the
reddish-brown Fe-rich gibbsite and some
black Mn oxyhydroxides (length of the glass
slide is 4.5 cm); b) plane polarised light
photomicrograph of the REE-phosphate
(REE-Ph) veinlet crosscutting the gibbsite
(Gib) matrix; ¢) powder X-ray diffractogram
of the yellow REE-phosphate (the labelled
peaks represent the most intense dy of the
identified minerals).
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considered for this study since they were probably contaminated by
nearby gibbsite. Secondary REE phosphates display a wide variety of
textural features, most notably as porous vein infillings crosscutting the
gibbsite matrix; they consist of rounded, submicrometric free grains or
micrometric aggregates finely intergrown with gibbsite (Fig. 8a). Sub-
micrometric grains may agglomerate in larger porous clusters (Fig. 8a-
b). In numerous areas of the studied samples, secondary REE phosphates
occur as fine coatings on rounded micrometric (Fig. 8c) to millimetric
Mn oxyhydroxide grains (Fig. 8d-e). In addition, they also form angulous
grains with large pores (Fig. 8f), subrounded, homogeneous, irregular-
shaped grains of tens of micrometres in length (Fig. 8g-h). Although
EMP analyses revealed that Y is, by far, the main REE, some datapoints
yield Nd as the dominant REE. The analysed secondary REE phosphates
contain 2.3-50.3 wt% Y503 (average of 32.6 wt%), and up to 38.54 wt%
Nd;03 (average of 1.0 wt%), 10.0 wt% SmyOs3 (average of 1.1 wt%),
11.0 wt% Gdo03 (average of 6.2 wt%), and 10.2 wt% Dy»03 (average of
5.8 wt%). Pry0O3, Eus0O3, EryO3, and YbyO3 contents are below 5 wt%,
and Lay03, Ce303, Tby03, Ho203, Tmy03, and LuyO3 contents are below
2 wt% (Fig. 9, Table 4). Results of a few analyses include high Al,O3
contents (average 31.0 wt%) and Nd and Sm as the dominant REE cat-
ions (12.5 wt% Nd»O3 and 4.5 wt% Sm303), but are REE-deficient (23.1
wt% total REE203 + Y203) compared with the typical florencite
composition (analysed grain shown in Fig. 8f). Hence, even though
florencite (or a florencite-like structure) was detected by powder XRD,
representative analyses could not be obtained.

The REE carbonates belong to the bastnasite group. They have been
observed as individual free grains composed of porous and/or frag-
mented aggregates (Fig. 10a). In these aggregates, rod-shaped particles
can be commonly distinguished (Fig. 10b). Some aggregates display

concentric zoning (Fig. 10c) or more convolute internal heterogeneities
(Fig. 10d). In terms of chemical composition, they fall within the so-
called bastnasite [REE(CO3)(F,OH)]-synchysite [CaREE(COs3)2(F,0H)]
polysomatic mineral series (Zeug et al., 2021 and references therein).
Their main feature is that the dominant REE is mostly Gd (Fig. 10a-d)
and less commonly, Nd (Fig. 10e-f). They contain 4.8-38.8 wt% Gd,03
(average of 26.1 wt%), 4.1-40.1 wt% Nd,Os3 (average of 12.8 wt%) and
4.6-19.0 wt% Smy03 (average of 10.6 wt%), <10 wt% LayO3, PryOs3,
Eup03, Tbo03, Dy203, and Y203, and less than 2 wt% Ho203, EryOs3,
Tmy03, YbyO3, and LuyOs3. Cerium is below its lower limit of detection
(Table 5). Since Ca is below 5.6 wt% (average of 1.7 wt%) and F is below
its lower limit of detection, the datapoints plot closer to the bastnasite
end-member (vs. synchysite composition; Fig. 10g) and hence the name
hydroxylbastnasite is more appropriate. If so, and pending further
crystallographical or structural evidence, this would be the first
description of a natural Gd-dominated carbonate. Nevertheless, mono-
crystal XRD on one hand picked Gd-dominant carbonate grain gave a
calcioancylite [CaREE(CO3)2(OH)-(H20)] structure, which indicates
that the mineralogy of REE carbonates from bauxites in Bahoruco might
be particularly complex and requires more detailed and systematic
crystallochemical studies (Fig. 11).

While monazite can be found in similar proportions in both deposits,
secondary phosphates are more abundant in El Turco, and the secondary
carbonates are exclusive of Aceitillar. In addition, two grains of apatite
have been found in heavy concentrates in samples from El Turco. The
observed apatite grains are subhedral, poorly rounded, and have a
porous appearance; they do not have significant REE contents. Note-
worthy, cerianite [CeOs], which was documented in the Las Mercedes
deposit (Torro et al., 2017), was not observed in the studied samples
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@ Aceitillar (this study)
@ El Turco (this study)
¢ Las Mercedes (Torr6 et al., 2017)

Nd

La Pr

Fig. 7. Textures and mineral chemistry of primary monazites from El Turco and Aceitillar: a-f) SEM backscattered electron (BSE) images of monazite-(Ce) from EI
Turco (a-c) and Aceitillar (d-e), and monazite-(La) from EI Turco (f); g) ternary plots depicting the REE compositions of the monazite grains from El Turco and
Aceitillar (this study). Compositional data of monazite(-Ce) from the Las Mercedes deposit after Torro et al. (2017) is also shown for comparison. Abbreviations: Mnz

= monazite, Gib = gibbsite, Ph-Y = secondary Y phosphate.
from the El Turco and Aceitillar deposits.

5. Discussion
5.1. The mineralogical nature of REE ores in Sierra de Bahoruco

The most typical REE minerals identified in bauxite deposits
worldwide include cerianite, parisite, rontgenite, synchysite-(Nd),
rhabdophane, churchite, bastnasite-(Ce), bastnasite-(Nd), hydrox-
ylbastnasite-(Nd, La), hydroxylcarbonate-(Nd, La), xenotime, monazite-
(La), and monazite-(Nd) (Ochsenkiihn-Petropulu and Ochsenkiihn,
1995; Lymperopoulou, 1996; Maksimovi¢ and Pantd, 1996, 1991;
Mongelli, 1997; Pant6é and Maksimovi¢, 2001; Laskou et al., 2003;
Mameli et al., 2007; Wang et al., 2010; Gamaletsos et al., 2011; Li et al.,
2013; Liu et al., 2016; Kalatha et al., 2017). REE minerals in bauxite
deposits are originated by accumulation of residual (primary) phases,
precipitation (neoformation), and adsorption of ions onto mineral sur-
faces (mostly clay minerals) (Deady et al., 2014 and references therein).
The REE minerals identified in bauxites from the Pedernales Peninsula
are both relict and authigenic. On one hand, as in many other karst-
bauxite deposits, the main detrital REE-mineral is monazite-(Ce, La)
(Maksimovic and Panto, 1996). The presence of monazite grains results
in high LREE values in the studied bauxite ores. We interpreted that
monazite grains were transported into karstic pockets and survived the

bauxitisation process (Maksimovi¢ and Panto, 1991; Mondillo et al.,
2011). On the other hand, authigenic REE-phosphates and REE-
carbonates evidence REE mobilisation and redeposition during the
bauxitisation process as vein infillings crosscutting the gibbsite matrix
and/or coatings on other grains. Specifically, the secondary REE-bearing
phases can be grouped into: i) anhydrous and hydrated, Y-dominated
phosphates with a ratio REE:PO4 of 1:1 (possibly xenotime, rhabdo-
phane, and/or churchite), and ii) Gd-dominated carbonates of the
bastnasite group (precisely hydroxylbastnasite-(Gd)) (Figs. 7, 8 and 10).

It is noteworthy that hydroxylbastnasite-(Nd) is commonly described
as the most common authigenic REE mineral in karst-bauxite according
to Deady et al. (2014). However, hydroxylbastnasite from bauxite de-
posits in Bahoruco concentrate preferentially Gd. Therefore, the exis-
tence of new mineral species or varieties of REE minerals in Sierra de
Bahoruco is plausible and further, on-going work is required for their
correct crystallochemical characterization.

The mineralogical differences on the authigenic REE phases found in
the two bauxite deposits studied here are conspicuous. While REE-
phosphates are characteristic of El Turco, REE-carbonates are only
found in Aceitillar translating also in distinctive contents of particular
rare earth elements. Importantly also, the contrast between the main
REE in primary (Ce, La) vs. secondary (Y, Nd) phosphates and carbonates
(Gd, Nd) requires consideration of an additional source of REE for the
secondary phosphates and carbonates, other than the primary
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Representative EMP analyses of primary relict monazite grains from El Turco and Aceitillar. Cations are normalised to 4 oxygens (n.a. = not analysed, d.l. = below

detection limit).

Label 690 694 701 706 709 712 665 669 673 679 680 684
Deposit El Turco El Turco El Turco El Turco El Turco El Turco Aceitillar Aceitillar Aceitillar Aceitillar Aceitillar Aceitillar
P,05 (wt.%) 30.89 29.53 30.33 30.12 30.3 29.47 30.2 29.62 30.02 30.51 30.53 30.56
SiO2 d.l d.l d.l d.l. d.l d.l 0.85 d.l d.l d.l. d.l 0.43
TiO2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
CaO 0.67 0.58 0.40 0.60 0.62 0.38 0.73 1.18 0.41 0.85 0.90 1.02
BaO d.l d.l 0.11 d.l. d.l d.l d.l d.l d.l d.l. d.l d.l
SrO d.l d.l. d.l. 0.09 d.l. d.l d.l. 0.13 d.l d.l d.l 0.15
U0, 0.36 d.l. d.l. 0.25 0.18 d.l. 0.45 d.l. d.l. d.l. d.l. 0.47
ThO, 3.11 4.55 3.72 4.10 5.30 4.60 6.11 4.62 4.94 4.06 3.75 3.74
Gay03 d.l d.l. d.l. d.l d.l. 0.08 0.15 d.l. 0.08 d.l d.l d.l
Y203 0.43 0.37 0.50 0.79 0.47 0.38 0.52 0.40 0.34 0.43 0.44 0.41
Lay03 12.21 16.68 17.53 15.48 16.42 18.55 12.19 15.70 16.93 16.33 15.87 17.15
Ce203 29.77 30.76 30.90 30.40 30.26 30.35 29.16 30.75 30.27 30.98 30.57 30.81
Pr,03 3.32 2.64 2.76 2.56 2.40 2.60 2.85 2.92 2.45 2.55 2.87 2.53
Nd,053 13.25 10.08 10.17 10.65 9.65 9.72 11.28 9.89 10.14 10.29 10.48 9.82
Smy03 1.75 0.55 0.68 0.94 0.64 0.62 1.43 0.59 0.64 0.63 0.66 0.58
Eu,03 0.73 0.40 0.47 0.53 0.48 0.47 0.52 0.50 0.40 0.52 0.46 0.41
Gd,03 3.47 2.81 2.72 2.95 2.76 2.81 3.14 2.89 2.83 2.70 2.85 2.80
Tb,03 d.l d.l. d.l d.l d.l d.l d.l d.l d.l d.l. d.l d.l.
Dy203 0.30 d.l 0.20 0.22 0.14 d.l 0.30 0.28 d.l d.l. 0.14 d.l
Ho,03 d.l d.l. d.l d.L d.l d.l d.l. d.l d.l 0.22 0.11 d.l
Ery,03 d.l d.l d.l d.l d.l d.l d.l d.l d.l. d.l. d.l d.l
Tmy03 0.21 0.11 d.l 0.19 0.13 0.10 0.19 0.15 d.l d.l. d.l d.l.
Yby03 d.l d.l d.l. d.L d.l. d.l d.l. d.l d.l d.L d.l d.l
LuyO3 d.l d.l d.l d.l. d.l d.l d.l d.l 0.07 d.l. d.l d.l
Total 100.46 99.06 100.50 99.88 99.76 100.13 100.08 99.62 99.51 100.07 99.63 100.87
P (a.p.fu) 1.029 1.017 1.020 1.022 1.032 1.011 1.021 1.014 1.026 1.025 1.026 1.015
Si - - - - - - 0.034 - - - - 0.017
Sum B 1.029 1.017 1.020 1.022 1.032 1.011 1.055 1.014 1.026 1.025 1.026 1.032
Ca 0.028 0.025 0.017 0.026 0.027 0.017 0.031 0.051 0.018 0.036 0.038 0.043
Ba - - 0.002 - - - - - - - - -

Sr - - - 0.002 - - - 0.003 - - - 0.003
U 0.003 - - 0.002 0.002 - 0.004 - - - - 0.004
Th 0.028 0.042 0.034 0.037 0.049 0.042 0.056 0.043 0.045 0.037 0.034 0.033
Ga - - - - - 0.002 0.004 - 0.002 - - -

Y 0.009 0.008 0.011 0.017 0.010 0.008 0.011 0.009 0.007 0.009 0.009 0.009
La 0.177 0.250 0.257 0.229 0.244 0.277 0.180 0.234 0.252 0.239 0.232 0.248
Ce 0.429 0.458 0.449 0.446 0.446 0.450 0.427 0.455 0.448 0.450 0.444 0.443
Pr 0.048 0.039 0.040 0.037 0.035 0.038 0.041 0.043 0.036 0.037 0.041 0.036
Nd 0.186 0.146 0.144 0.152 0.139 0.141 0.161 0.143 0.146 0.146 0.149 0.138
Sm 0.024 0.008 0.009 0.013 0.009 0.009 0.020 0.008 0.009 0.009 0.009 0.008
Eu 0.010 0.005 0.006 0.007 0.007 0.006 0.007 0.007 0.005 0.007 0.006 0.005
Gd 0.045 0.038 0.036 0.039 0.037 0.038 0.042 0.039 0.038 0.036 0.037 0.036
Tb - - - - - - - - - - - -

Dy 0.004 - 0.003 0.003 0.002 - 0.004 0.004 - - 0.002 -

Ho - - - - - - - - - 0.003 0.001 -

Er - - - - - - - - - - - -

Tm 0.003 0.001 - 0.002 0.002 0.001 0.002 0.002 - - - -

Yb - - - - - - - - - - - -

Lu - - - - - - - - 0.001 - - -
Sum A 0.993 1.022 1.008 1.014 1.006 1.030 0.989 1.040 1.007 1.007 1.004 1.007

phosphates. Information on the REE mineralogy related to karst bauxites
being limited yet, we focus in the following lines on the stability of
authigenic REE minerals and constraints on their behaviour during the
bauxitisation process.

It must be noted that no textural relationships were observed be-
tween primary and secondary REE phosphates, between REE phosphates
and REE carbonates, and between REE-carbonates and REE-free
carbonates.

5.2. Mineral stability of REE phosphates and carbonates

Predominance diagrams shown in Fig. 12 summarise the stability
fields of the major minerals identified in the deposits of Aceitillar and El
Turco. In Aceitillar, the presence of gibbsite, kaolinite and hematite,
together with calcite suggests that groundwaters should be alkaline (pH
in the range 8-10); the fact that no Mn minerals have been identified

would, in addition, indicate that such groundwaters were not very
oxidant (Eh < 0.5 V). In Aceitillar, REE phases are mainly carbonate
minerals, whose stability field is close to the equilibrium of calcite and
agrees with equilibrium between kaolinite and gibbsite (Fig. 12, left). In
El Turco, however, as Mn oxides have been identified, Eh conditions
should be more oxic than in Aceitillar (Eh > 0.5 V; Fig. 12, right).
Neither kaolinite nor calcite are present at El Turco, and REE-bearing
minerals are mainly secondary phosphates. The stability field of these
minerals is located at more acidic pH than REE-bearing carbonate
minerals, and considering the Eh restrictions defined by Mn-oxides, the
Eh-pH conditions of El Turco are lower pH and higher Eh relative to
those of Aceitillar.

Concerning aqueous speciation, REE as free cations are the most
important species at pH lower than 6, even when fluoride ion is present,
and hydroxyl compounds prevail at pH higher than 11. The pH range
between 6 and 11 is dominated by carbonate and phosphate aqueous
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Fig. 8. Backscattered electron (BSE) images (a-d, f-h) and reflected light optical micrographs (e, and insets in ¢ and g) of secondary REE-phosphate grains identified
in the karst bauxites of Sierra de Bahoruco: a-b) hydrated Y-phosphate grains and aggregates as vein infillings within the gibbsite matrix (Gib), c-e) anhydrous (c) and
hydrated (d-e) Y-phosphate coating a Mn oxyhydroxide grain (MnOxOH), f) hydrated Y-phosphate grain with large pores, g) hydrated Y-phosphate subrounded grain,
h) fragmented, irregular-shaped, hydrated Al-bearing Nd-phosphate grain. Red arrows mark the REE-phosphates in Fig. 8a-e. Fig. 8f was taken in a sample from

Aceitillar, the others are from El Turco.

LREE (La-Sm)

Mineralogy
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Fig. 9. Ternary plots depicting the composition of REE-bearing minerals (monazite, secondary phosphates and carbonates) from Sierra de Bahoruco karst bauxites in
terms of LREE (La, Ce, Pr, Nd, Sm)-MREE (Eu, Gd, Tb, Dy)-HREE (Ho, Er, Tm, Yb, Lu) (left) and Y-LREE (La, Ce, Pr, Nd, Sm, Eu)-HREE (Gd, Tb, Dy, Ho, Er, Tm, Yb,

Lu) (right), as obtained by EMP.

complexes, being the distribution highly dependent on the concentra-
tion of total carbonate and phosphate in groundwater. Thus, although
the tendency of carbonate aqueous species of being formed is lower than
phosphate ones, they are the dominant species at neutral-basic pH,
because the carbonate aqueous concentration is usually higher than the
phosphate aqueous concentration in groundwater. Phosphate aqueous
species only appear at low pH, where carbonate is not stable, or in
groundwaters richer in phosphate compared to carbonate.

The predominance of Al oxyhydroxides (gibbsite) and the

10

insignificant amounts of kaolinite reveal a mature profile, characteristic
of later stages of bauxitisation (Gu et al., 2013). During advanced
bauxitisation, pH and Eh in the profile evolve towards more acidic and
oxidising conditions, respectively. Those changes in pH and Eh would
favour the dissolution of REE carbonates, formed during the initial
stages, and the remobilisation of REE (Li et al., 2013). REE in solution
(as free ions or forming organic acid or phosphate complexes) could
precipitate as REE phosphates (e.g., rhabdophane, churchite and flor-
encite) (Liu et al., 2016). This behaviour is coherent with the
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Representative EMP analyses of REE-phosphates from the Sierra de Bahoruco bauxite deposits (n.a.: not analysed; d.l.: below detection limit). FeOt: total Fe, H,O is
calculated according to Table 1.

Label 461 466 486 491 497 505 516 521 1020 1021 1026 1029
Deposit El Turco El Turco El Turco El Turco El Turco El Turco El Turco El Turco El Turco El Turco Aceitillar Aceitillar
P,0s (wt.%) 24.23 29.64 24.77 27.92 28.75 23.95 29.08 27.34 26.11 26.46 27.11 25.54
SiO, 2.11 1.54 1.60 2.35 1.83 0.65 1.57 1.57 1.80 1.30 2.60 2.59
TiO, 0.25 d.l d.l. 0.17 d.l. d.l d.l 0.25 n.a. n.a. n.a. n.a.
Al,03 1.04 0.13 0.29 0.35 0.15 0.10 0.21 4.31 0.62 0.26 0.25 0.30
MnO 0.61 0.41 0.37 1.15 0.25 0.16 d.l d.l. n.a. n.a. n.a. n.a.
FeOt 2.62 0.63 0.70 0.84 0.15 d.l 0.18 0.45 0.61 0.14 d.L 0.08
NiO d.l. d.l d.l d.L d.l 0.10 d.l d.l. n.a. n.a. n.a. n.a.
CaO 0.79 2.02 0.86 1.03 1.78 1.70 1.39 1.18 0.97 0.86 1.14 0.90
ThO, n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. d.l d.l d.l. d.l.
Gay03 d.l. d.l. d.l. d.l. d.l. 0.55 d.l. d.l. n.a. n.a. n.a. n.a.
Y,03 29.53 39.28 31.75 35.02 32.01 2.33 48.80 34.37 34.53 33.62 40.29 39.97
LayOs3 d.l d.l. d.l. d.l d.l. 0.90 d.l. d.l. d.l 0.20 d.l. d.l.
Ce03 0.25 d.l. d.l 0.10 d.l. d.l d.l. d.l 0.16 0.14 0.14 0.13
Pry03 d.l. d.l. d.l. dl d.l. 3.34 d.l. d.l. dl d.l. d.l. d.l.
Nd»03 0.79 0.21 1.01 0.61 1.09 38.54 0.12 0.22 1.17 1.16 1.63 1.52
Sm,03 2.47 0.61 3.09 2.59 1.57 9.98 d.l 0.63 3.80 3.81 1.37 1.45
Euy03 1.34 0.29 1.28 1.34 0.91 1.91 d.l. 0.28 1.78 1.84 0.61 0.58
Gd,03 10.04 2.95 8.90 8.73 7.68 1.90 0.72 2.75 9.89 10.36 4.50 4.36
Tby03 1.10 0.53 0.95 0.89 1.07 d.l 0.25 0.51 1.24 1.22 0.68 0.68
Dy,03 3.96 3.99 4.17 3.63 5.89 0.35 3.00 3.54 5.21 5.71 4.97 5.26
Ho,03 0.66 0.96 0.84 0.90 1.08 d.l 0.84 1.01 0.86 0.92 0.98 0.98
Er,O3 1.80 2.70 2.13 1.97 2.82 d.l 2.08 2.60 2.07 2.24 2.71 2.88
Tm,03 0.55 0.51 0.69 0.59 0.68 0.99 0.24 0.42 0.63 0.65 0.61 0.53
Yb,03 0.91 2.74 1.13 1.07 2.39 0.21 0.83 1.85 1.20 1.20 1.98 2.15
Luy03 0.36 0.65 0.39 0.38 0.75 dl 0.28 0.40 0.35 0.38 0.48 0.46
F 1.14 1.69 1.04 1.32 1.31 0.67 1.77 1.4 n.a. n.a. n.a. n.a.
Total 85.42 89.79 84.94 91.61 90.85 87.67 89.59 83.69 93.01 92.46 92.05 90.37
P (a.p.f.u) 0.820 0.885 0.851 0.854 0.890 0.906 0.855 0.847 0.858 0.881 0.862 0.840
Si 0.084 0.054 0.065 0.085 0.067 0.029 0.055 0.058 0.070 0.051 0.098 0.101
Ti 0.008 - - 0.005 - - - 0.007 - - - -

Al 0.049 0.005 0.014 0.015 0.007 0.005 0.009 0.186 0.028 0.012 0.011 0.014
Mn 0.021 0.012 0.013 0.035 0.008 0.006 - - - - - -

Fe 0.072 0.015 0.019 0.021 0.004 - 0.004 0.011 0.016 0.004 - 0.002
Ni - - - - - 0.004 - - - - - -

Ca 0.034 0.076 0.037 0.040 0.070 0.081 0.052 0.046 0.040 0.036 0.046 0.037
Th - - - - - - - - - - - -

Ga - - - - - 0.016 - - - - - -

Y 0.628 0.737 0.685 0.674 0.623 0.055 0.902 0.669 0.714 0.704 0.805 0.827
La - - - - - 0.015 - - - 0.003 - -

Ce 0.004 - - 0.001 - - - - 0.002 0.002 0.002 0.002
Pr - - - - - 0.054 - - - - - -

Nd 0.011 0.003 0.015 0.008 0.014 0.615 0.001 0.003 0.016 0.016 0.022 0.021
Sm 0.034 0.007 0.043 0.032 0.020 0.154 - 0.008 0.051 0.052 0.018 0.019
Eu 0.018 0.004 0.018 0.017 0.011 0.029 - 0.003 0.024 0.025 0.008 0.008
Gd 0.133 0.034 0.120 0.105 0.093 0.028 0.008 0.033 0.127 0.135 0.056 0.056
Tb 0.014 0.006 0.013 0.011 0.013 - 0.003 0.006 0.016 0.016 0.008 0.009
Dy 0.051 0.045 0.054 0.042 0.069 0.005 0.034 0.042 0.065 0.072 0.060 0.066
Ho 0.008 0.011 0.011 0.010 0.013 - 0.009 0.012 0.011 0.011 0.012 0.012
Er 0.023 0.030 0.027 0.022 0.032 - 0.023 0.030 0.025 0.028 0.032 0.035
Tm 0.007 0.006 0.009 0.007 0.008 0.014 0.003 0.005 0.008 0.008 0.007 0.006
Yb 0.011 0.029 0.014 0.012 0.027 0.003 0.009 0.021 0.014 0.014 0.023 0.025
Lu 0.004 0.007 0.005 0.004 0.008 - 0.003 0.004 0.004 0.005 0.005 0.005
F 0.144 0.188 0.133 0.151 0.152 0.094 0.194 0.162 - - - -

geochemistry and mineralogy observed in the karst bauxite profiles of
the Sierra de Bahoruco.

5.3. Metallurgical implications

Karst bauxite deposits from the Sierra de Bahoruco in the Dominican
Republic are characterised by relatively high REE contents (up to 2.8 wt
% REY in bulk) that represent a potential by-product commodity of Al
Simandl (2014), for example, reports on grades of economic interest as
low as 500 ppm REO when conditions are favourable (e.g., easy open pit
mining; beneficial LREE/HREE ratios; simple mineral processing). It
should also be noted that not all individual REE are equal in terms of
availability and necessity (a.k.a. replaceability; Du and Graedel, 2013,
Nassar et al., 2015). Of special interest in the current global market are
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MREE (Sm-Gd) and HREE (Tb- Lu) because of their greater economic
value compared with LREE (La-Nd; Gielen and Lyons, 2022). In the case
of Aceitillar and El Turco karst bauxite deposits (and likely other de-
posits in the district) with existing economic value from high-quality Al
ore (Si content ~4 wt%), the absolute contents of REE (0.12 wt% in
Aceitillar and 0.76 wt% in El Turco, on average), Y (0.07 wt% in Acei-
tillar and 0.88 wt% in El Turco, on average), and the MREE/LREE and
HREE/LREE ratios (0.22 and 0.30 in Aceitillar, and 0.89 and 1.28 in El
Turco, on average, respectively) presented in this article make the case
for a highly prospective ore for the extraction of REE as by-products,
metallurgical considerations aside.

Since the mineralogy of REE can influence the economic potential
and exploitation viability of the mining project, understanding the
residence of REE in bauxite ore (carbonates, different types of
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Fig. 10. BSE images (a-f) and reflected light optical
micrographs (small insets in ¢ and d) of REE-
carbonate grains identified in the karst bauxites of
Sierra de Bahoruco. a-d) Gd-dominant carbonates:
fragmented porous aggregates (a), aggregates con-
sisting of rod-shaped crystals (b), c) grains with
concentric zoning, d) porous and internally hetero-
geneous grains; note the colourless appearance, low
reflectivity and internal reflections in the reflected
light optical micrographs in ¢ and d. e-f) Nd-dominant
carbonates: rounded (e) and subhedral (f) fragmented
grains. g) Ternary diagrams showing the composi-
tional variation of Bahoruco REE carbonates in terms
of Ca and REE + Y. The ideal composition of selected
REE carbonates has been included for comparison.

"\ Gd-dominant (n = 69)

A

Ca

REY

Nd-dominant (n = 16)

*REY

phosphates, oxides) is crucial for any exploration project. Therefore, an
accurate mineralogical characterisation of REE minerals is important
from a metallurgical point of view. During the Bayer process, REE (and
other associated elements such as Sc), tend to stay unaltered in the solid
phases, ending in the residue of bauxite processing (the so-called “red
muds”). In fact, in red muds, LREE occur mainly as ferrotitanates and
carbonates, and Y as phosphates. While the ferrotitanates are neoformed
during the Bayer digestion, LREE-carbonates and Y-phosphates are
resistant to the process (Agrawal and Dhawan, 2021, and references
therein). Since LREE-carbonates and Y-phosphates are precisely the
main mineralogy in Aceitillar and El Turco, respectively, other ore
processing methods should be evaluated. The preliminary results of a
pilot leaching project using bauxite samples from Greece indicate that
up to 47 % of the REE in the bauxite are easily leachable using ion ex-
change agents like ammonium sulphate (Mouchos et al., 2016). The
impact of the REE mineralogy in the bauxite ore, prior to its metallur-
gical processing, in the final REE contents of the respective “red muds” is
yet to be evaluated.

6. Final remarks

This investigation in the deposits of Aceitillar and El Turco (SW
Dominican Republic) lead to the following conclusions:

- Aceitillar and El Turco consist of mature bauxite profiles, with pre-
dominant Al oxyhydroxides and insignificant amounts of kaolinite.

- In addition to the Las Mercedes deposit, other deposits in the Ped-
ernales Peninsula such as the ones studied in this article, contain
potential REE resources.

The REE contents in Aceitillar samples vary between 0.07 and 0.16
wt% (0.12 wt% on average), and in El Turco, between 0.28 and 1.40
wt% (0.76 wt% on average). Y ranges from 0.008 to 0.13 wt% in
Aceitillar (0.07 wt% on average), and from 0.33 to 1.48 wt% in El
Turco (0.88 wt% on average).

The MREE/LREE ratio in Aceitillar is 0.22 and 0.89 in El Turco,
whereas the HREE/LREE ratio is 0.30 in Aceitillar, and 1.28 in El
Turco, on average.

The REE host minerals mainly include relict monazite-(Ce), and
authigenic Y-dominant phosphates, and REE carbonates, namely
hydroxylbastnasite-(Gd).

Authigenic REE phosphates and REE carbonates appear concentrated
in different bauxite profiles, suggesting particular controls in their
environment of deposition during the bauxitisation process.

The predominance diagrams obtained are consistent with the REE
mineralogy in Aceitillar and El Turco (carbonates versus phosphates)
and the coexisting minerals (gibbsite, Mn oxyhydroxides). The con-
ditions at El Turco would indicate more oxic and acidic than in
Aceitillar.

Further data is needed to precisely identify some of the REE-bearing
minerals, and the presence of new mineral species (e.g., Gd-
dominant carbonates) is possible.
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Table 5
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Representative EMP analyses of REE-carbonates from the Sierra de Bahoruco bauxite deposits (n.a.: not analysed; d.l.: below detection limit). FeOt: total Fe, OH and

COj3 are calculated according to Table 1.

Label 528 533 549 566 572 576 583 590 601 897 926 949
Deposit Aceitillar

SiO, (wt.%) 1.17 0.40 d.l 0.92 0.38 0.57 0.57 d.l 1.31 n.a n.a n.a
TiO2 d.l d.l. d.l. d.l d.l. d.l. d.l. d.l d.l. n.a n.a. n.a
Al,03 d.l d.L d.l 0.10 d.l 0.40 d.l d.l. d.l d.l. 0.80 d.l.
MnO d.l d.l d.l. d.l d.l d.l. 0.13 d.l. d.l 0.30 d.l d.l.
FeOt d.l d.L d.l. d.lL d.l d.lL d.l d.l. d.l d.lL 0.69 d.l.
CoO d.l d.L d.l. d.l. n.a. n.a. n.a. d.l. d.l n.a n.a n.a
NiO d.l. d.L d.l. d.l d.l 0.11 0.06 d.l. d.l n.a. n.a. n.a.
CaO 1.01 2.19 0.66 0.98 1.05 1.31 0.64 1.86 1.67 1.08 0.71 1.82
BaO n.a. n.a n.a n.a n.a. n.a n.a n.a. n.a d.l d.l d.l.
SrO n.a. n.a n.a n.a n.a. n.a n.a n.a. n.a d.l. d.l d.l
U0, n.a n.a n.a n.a n.a. n.a n.a. n.a. n.a. 0.27 d.l. d.l.
ThO, n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. d.l d.l d.l.
Gay03 0.82 0.21 0.59 0.25 0.28 0.91 0.43 0.06 0.10 n.a. n.a. n.a.
Y,03 1.92 2.60 1.89 1.69 3.33 1.61 0.64 2.06 3.06 0.84 2.92 6.48
LayOs3 0.93 2.48 0.97 1.19 0.55 1.83 5.96 2.26 0.45 0.46 d.l. d.l
Cez03 d.l d.l d.l d.l d.l. d.l d.l. d.L d.l. d.l d.l. d.l
Pr;03 0.74 0.94 0.74 1.07 0.16 1.60 4.84 1.92 d.l. 2.15 0.23 d.l.
Nd,O03 12.26 15.54 12.79 13.98 4.67 19.86 40.11 23.57 4.37 28.59 6.99 5.30
Sm,03 14.29 8.74 13.95 14.79 6.73 15.42 7.15 11.68 5.85 18.60 8.16 6.52
Eu,03 5.12 3.60 4.87 5.01 3.46 4.92 2.36 3.38 3.17 4.74 3.46 3.25
Gd;03 25.76 23.45 26.93 24.86 38.03 17.47 4.77 16.06 38.39 8.45 34.19 32.66
Tby03 1.55 1.52 1.86 1.45 3.47 0.76 d.l. 0.72 3.57 0.53 3.54 3.24
Dy,03 1.12 3.28 1.69 1.04 4.39 0.40 0.33 2.11 4.52 0.75 6.54 6.77
Ho,03 d.l. 0.34 d.l. d.l 0.15 d.l d.l. 0.13 0.14 d.l d.l. 0.27
Er;03 0.13 0.34 0.08 0.18 0.42 d.l d.l 0.21 0.47 d.l 0.27 0.47
Tm,03 1.54 1.09 1.50 1.55 0.90 1.66 0.75 1.33 0.91 0.80 d.l. d.l
Yb,03 0.20 0.13 d.l. d.l d.l. 0.12 d.l. 0.18 d.l. 0.17 d.l. 0.16
LuxO3 d.l 0.23 0.08 d.L 0.31 d.l d.l 0.12 0.37 0.15 0.37 0.38
P20s d.l d.l d.l d.l 0.19 d.l d.l. d.L d.l. d.l d.l. d.L

F d.l d.L d.l. d.l d.l d.l d.l d.l. d.l d.l. d.l d.l.
CO3 (calc) 24.26 24.88 24.32 24.30 24.19 24.88 24.75 25.08 24.21 24.33 23.66 25.09
OH (calc) 6.87 7.05 6.89 6.89 6.86 7.05 7.01 7.11 6.86 6.90 6.71 7.11
Total 99.69 99.02 99.81 100.25 99.52 100.98 100.55 99.85 99.41 99.11 99.25 99.52
Si 0.048 0.016 - 0.038 0.016 0.023 0.023 - 0.054 - - -

Ti - - - - - - - - - - - -

Al - - - 0.005 - 0.019 - - - - 0.040 -

Mn - - - - - - 0.004 - - 0.010 - -

Fe - - - - - - - - - - 0.020 -

Co - - - - - - - - - - -

Ni - - - - - 0.003 0.002 - - - - -

Ca 0.045 0.094 0.029 0.043 0.046 0.056 0.028 0.079 0.074 0.048 0.032 0.078
Ba - - - - - - - - - - - -

Sr - - - - - - - - - - - -

0) - - - - - - - - - 0.020 - -

Th - - - - - - - - - - - -

Ga 0.022 0.006 0.016 0.007 0.007 0.023 0.011 0.002 0.003 - - -

Y 0.042 0.056 0.041 0.037 0.073 0.034 0.014 0.044 0.067 0.018 0.066 0.137284622
La 0.014 0.037 0.015 0.018 0.008 0.027 0.089 0.033 0.007 0.007 - -

Ce - - - - - - - - - - - -

Pr 0.011 0.014 0.011 0.016 0.002 0.023 0.071 0.028 - 0.032 0.004 -

Nd 0.180 0.223 0.188 0.205 0.069 0.285 0.578 0.335 0.064 0.419 0.105 0.075
Sm 0.203 0.121 0.197 0.209 0.096 0.213 0.099 0.160 0.083 0.263 0.119 0.089
Eu 0.072 0.049 0.068 0.070 0.049 0.067 0.033 0.046 0.045 0.066 0.050 0.044
Gd 0.352 0.312 0.367 0.339 0.520 0.233 0.064 0.212 0.525 0.115 0.478 0.431
Tb 0.021 0.020 0.025 0.020 0.047 0.010 - 0.009 0.048 0.007 0.049 0.042
Dy 0.015 0.042 0.022 0.014 0.058 0.005 0.004 0.027 0.060 0.010 0.089 0.087
Ho - 0.004 - - 0.002 - - 0.002 0.002 - - 0.003
Er 0.002 0.004 0.001 0.002 0.005 - - 0.003 0.006 - 0.004 0.006
Tm 0.020 0.014 0.019 0.020 0.012 0.021 0.009 0.016 0.012 0.010 - -

Yb 0.002 0.002 - - - 0.002 - 0.002 - 0.002 - 0.002
Lu - 0.003 0.001 - 0.004 - - 0.001 0.005 0.002 0.005 0.005
P - - - - 0.006 - - - - - - -

F — — — — — — — — — — — —
COs3 1 1 1 1 1 1 1 1 1 1 1 1

OH 1 1 1 1 1 1 1 1 1 1 1 1
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Fig. 11. Image of the handpicked REE carbonate grain selected for monocrystal XRD (a: binocular; b: secondary electron SEM; c: binocular, when inserted in the
sample holder). The results (d: raw data; e: processed X-ray diffractogram) indicate that the mineral has a calcioancylite structure, and the SEM-EDS shows that it is
enriched in Gd, Nd, Sm and Eu (f).
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Fig. 12. Stability diagrams for the deposits of Aceitillar (left) and El Turco (right), performed with PhreePlot®.
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