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| ABSTRACT |

The energy transition, which aims to reduce carbon emissions and to slow down climate change, demands an
ever-increasing supply of the so-called “critical metals”. Rare-earth Elements and Yttrium (REY) are among the
most critical metals, as they are indispensable in most technologies associated with the generation and storage
of renewable energy. In recent years there has been a growing interest in the potential of karst bauxites as non-
conventional sources of REY and other critical metals such as Sc and Ga. The Sierra de Bahoruco (SW Dominican
Republic) contains the most REY-enriched karst bauxites globally. In view of the high potential for hosting
important REY contents, the Dominican Republic government has declared the Reserva Fiscal Avila (RFA), a
state-owned area within the Sierra de Bahoruco for assessment and exploration of its REY resources. In this study,
we present the first data on the mineralogy and composition of bauxitic rocks from the RFA. The bauxitic deposits
comprise clayey bauxites and Fe-rich bauxites that are composed predominantly of Al-oxyhydroxides (gibbsite,
boehmite and nordstrandite), kaolinite and Fe-oxyhydroxides. The bauxites are enriched in REY, with a median
value of 1,310ppm and up to 2,542ppm, with a consistent enrichment in Light REE (LREE) and Y compared
to Middle REE (MREE) and Heavy REE (HREE). The positive correlation between the contents of REY and
Th, and negative correlation with K, makes gamma-ray spectrometry an appropriate tool for the exploration. In
addition, bauxitic rocks from the RFA contain significant Sc (up to 105ppm) and Ga (up to S4ppm) contents, and
their extraction could potentially represent a substantial economic surplus to the revenue generated solely from the
aluminum production.
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INTRODUCTION

The last Climate Summit (COP28) held in Dubai in
December 2023 was marked by an unprecedented call
for an energy transition that should cut off coal, oil and
gas, in order to slow down climate change. However, the
deployment of low-carbon energy technologies is expected
to result in a significant surge in the demand for minerals
(European Commission, 2023; International Energy
Agency, 2023; International Renewable Energy Agency,
2023). The energy transition to renewable energies will
only be possible if there is security in the supply chains
of the so-called “critical metals” (European Commission,
2023; Herrington et al, 2021). The criticality of these
metals resides in whether they are essential for modern
technologies, economies and national security, yet their
supply chains are susceptible to disruption.

Among the most critical metals are the Rare-earth
Elements and Yttrium (REY). While REY were previously
extracted in limited quantities, their unique physical-
chemical properties have made them indispensable in
technologies associated with renewable energy production,
greenhouse gas emissions reduction, and energy efficiency
(Balaram, 2019; Charles et al, 2021; Goodenough et
al, 2017). Currently, worldwide, there are only eleven
significant active REY mines and seven processing plants
(six of them in China). Despite this, the global REY mining
production increased from 110,000 tons in 2013 to 300,000
tons in 2022 (USGS, 2024). In response to the growing
demand, numerous exploration projects are underway,
mostly in Canada, the United States, Russia, Australia,
Norway, South Africa and other African countries (Liu ef
al., 2023).

The everincreasing interest in REY has led to the
identification of the so-called “non-conventional” REY
deposits, which include karst bauxites. Karst bauxites,
especially those belonging to the Mediterranean subtype,
described by Bardossy (1982) as “karst bauxites in the
strict sens€’ meaning that these represent the classic
model for karst-bauxite deposits, are typically well-defined
karst infills with a wide variety of sizes and shapes, may
contain 100s to few 1000s of ppm of REY (e.g. Deady et
al., 2014; Mondillo et al, 2011, 2019; Mouchos et al,
2016; Putzolu et al., 2018; Radusinovic and Papadopoulos,
2021; Reinhardt et al, 2018), making them attractive
targets for REY exploration. The most REY-enriched karst
bauxites in the world are found in the Sierra de Bahoruco
(SW Dominican Republic), with average REY contents
of 1,900ppm (Proenza et al, 2017; Torr6 et al., 2017,
Villanova-de-Benavent ef al, 2023). In particular, specific
karst bauxite deposits of the Sierra de Bahoruco yield
REY contents exceeding 2wt.%, representing the highest
recorded contents in Kkarst bauxite materials (Villanova-
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de-Benavent et al, 2023). Due to the high potential of the
Sierra de Bahoruco to host significant REY mineralization,
the government of the Dominican Republic issued the
Decree 430-18, declaring the Reserva Fiscal Avila (RFA),
a state-owned area situated in the westernmost portion
of the Bahoruco mountain range, as a region warranting
exploration and assessment for REY resources.

This contribution presents the first detailed petrographic
and geochemical characterization of a representative
selection of bauxitic deposits distributed throughout the
RFA. This study is primarily concerned with constraining
the geochemistry of the bauxites in order to address the
potential of the RFA to host significant REY and other
critical metals (e.g Sc and Ga) resources. The trace
elements composition is also used to shed light on the
possible parental source of the RFA bauxites.

GEOLOGICAL SETTING

The RFA covers ~20x14km along the Pedernales
peninsula in the SW of the Dominican Republic. The area
is limited to the East by the Sierra de Bahoruco National
Park and to the West by the Pedernales river, which also
delineates the border with Haiti ( ).

The karst bauxites in the Pedernales peninsula are
hosted by different Eocene to Quaternary carbonate units
including the Aceitillar and Neiba formations (lower
Eocene-Oligocene), the Aguas Negras, Pedernales, and
Barahona units (upper Oligocene-Miocene), the La Cueva
Unit (Pliocene-lower Pleistocene), and lagoon and pocket
beach carbonates (Pleistocene-Holocene). These units
overlie the Campanian to lower Eocene volcanic Dumisseau
Formation, which consists of basaltic flows, pyroclastic
deposits and lesser sedimentary deposits representing an
on-land portion of the Caribbean Large Igneous Province
(Escuder-Viruete, 2010; EscuderViruete et al, 2016;
Lidiak and Anderson, 2015). The carbonate sequence
records a progressive shift in depositional environments
from deep, outer slope settings during the Eocene, through
shallow, inner platform and reef-boundstone deposition
in the Pliocene, to emersion in the Pleistocene (de Leon,
1989; Pérez-Valera, 2010; Pérez-Valera and Abad, 2010).

The uplift and deformation in the Bahoruco Peninsula
started in the Pliocene as a consequence of the oblique
convergence of the North American plate continental
margin and the Caribbean island arc (Mann, 2007; Pérez-
Valera, 2010). This led to the formation of high-angle
reverse and strike-slip faults, as well as soft, kilometric-
scale folds, which produced rugged relief and exposed the
carbonate units, causing widespread Kkarstification. The
resulting karst landforms and paleo-erosion surfaces now
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FIGURE 1. Geological map of the RFA within the Sierra de Bahoruco. Modified from Mendoza-Ulloa et al. (2023).

contain Pleistocene-Holocene decalcification red clays and
bauxite argillizations (Pérez-Valera, 2010), formed during
repeated sea-level lowstands, promoting the development
of alteration profiles and karsitification. These processes,
together with the uplift of the Sierra de Bahoruco
range, favoured the erosion of alteration profiles, and the
subsequent transport and deposition of eroded materials in
depressed landforms (e.g. Moseley et al., 2015; Thompson
et al,2011).

The studied karst bauxite deposits from the RFA are
hosted by the Aceitillar Unit, which also hosts the Km-30
and Aceitillar deposits described in Villanova-de-Benavent
et al. (2023), the Neiba Formation, the Aguas Negras Unit,
and the Pedernales Unit (Sitio Nuevo and Las Mercedes
members; ; 25 3A). The Aceitillar Unit (lower-upper
Eocene) is composed of homogeneous, oncolytic limestone
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and comprises two members: the upper La Compaiiia
Member and lower, El Mogote Member. The Neiba
Formation (upper Eocene-lower Miocene), in particular
the upper member that occurs in the study area, consists
of white-beige micritic limestone, with accumulation
of bioclasts and silex nodules. The Aguas Negras Unit
(upper Oligocene) is composed of beige, poorly organized,
silicified limestone with intervals of marly limestone and
levels with accumulations of macroforaminifera and, less
commonly, massive limestone with silex nodules. The
Pedernales Unit corresponds to the so-called ‘“Pedernales
limestones” (de Ledn, 1989). The Sitio Nuevo Member
(Oligocene-lower Miocene) consists of centimetric levels of
white-pinkish, slightly marly limestone with non-parallel,
wavy stratification and wackestone texture, containing
isolated foraminifera, alternating with decimetric
packstone levels with reworked shallow fauna. Finally, the
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FIGURE 2. Location of the studied bauxite occurrences within the RFA.
Satellite image taken from Google Earth.

Las Mercedes Member (lower Miocene), is composed of
pinkish limestone with abundant foraminifera, alternating
with centimetric levels of marly limestone (Pérez-Valera,
2010). The position of the carbonate units and members is
summarized in the stratigraphic column in

The bauxite deposits fill karst cavities and may be
disrupted by carbonate pillars ( ). They may reach
thicknesses of 15m ( ). The bauxitic material is loose,
fairly homogeneous, fine-grained and exhibits a distinctive
intense reddish-brown color ( ). It is commonly
overlain by up to 2-m-thick bauxitic clays (a.k.a. terra rossa).

METHODOLOGY

The geochemical and mineralogical characterization
was carried out in 121 samples collected throughout the
RFA in different fieldwork campaigns. A total of 70 karst
bauxite occurrences were sampled for this study and have
been classified geographically in northern, central and
southern according to their position within the RFA (

). The northern occurrences are: Aguas Negras 1, 2, 3, 4,
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5,7,8,9,10, 11, 13, 14, 15, 16 and 18; Canoa 2, 3, 4, 5,
6,7,8,9, 10 and 11; Guerrero 2; Los Arroyos 2; Mencia
1, 2, 3,5, 6 and 7. The central occurrences are: Avila 1,
2,3,5,6,8, 10, 11, 12, 14, 15, 17, 18 and 19; Cacharro;
Corral 1, 2, 3 and 4; inoegil 1; Sitio Quemado 1, 2, 3 and
4. Finally, the southern occurrences are constituted by:
Altagracia 4; Las Mercedes; Mango 2; Mogote 1,2, 3,4, 5
and 6; Rosa 1 and 3; Sitio Nuevo; Yagrumo. The different
samples for each deposit and their coordinates are provided
in . Twenty-three samples were embedded in
Epoxy® resin and prepared as polished thin sections for
petrographic microscope and scanning electron microscope
(SEM) observations. The SEM used was an Environmental
SEM Quanta 200 FEI, XTE 325/D8395 equipped with an
INCA Energy 250 EDS microanalysis system (operating
conditions: acceleration voltage of 20kV and a beam
current of 1nA) at the Centres Cientifics i Tecnologics of
the University of Barcelona (CCiT-UB).

Major, minor and trace element contents were
determined at: i) Activation Laboratories Ltd. (Actlabs,
Ontario, Canada), where 38 samples were analyzed by
means of fusion inductively coupled plasma emission
(FUS-ICP) and inductively coupled plasma emission
mass spectrometry (ICP-MS) and at ii) ALS (Vancouver,
Canada), where 83 samples were analyzed by means of
inductively coupled plasma atomic emission spectroscopy
(ICP-AES) and by lithium borate fusion ICP-MS. All
whole-rock data including element concentrations and
detection limits are presented in

Thirty-eight representative samples from different
deposits of the RFA were selected for mineralogical
characterization. The samples were carefully ground using
agatemortar and pestle, and were manually pressed by means
of a glass plate to get a flat surface, in cylindrical standard
sample holders of 16mm of diameter and 2.5mm of height.
Diffractograms were obtained in a Bruker D8 Discover
powder diffractometer in Bragg-Brentano 6/26 geometry
with a 240mm radius, nickel-filtered Cu Ka radiation (k=
1.5418A) and 45kV-40mA at Centro de Caracterizacién
de Materiales of the Pontifical Catholic University of Peru
(CAM-PUCP). The software X Pert HighScore was used
to identify, as well as to semiquantitatively determine, the
mineral phases present in the powder samples. All X-ray
diffraction data and representative patterns are presented in

and 1] respectively.

RESULTS
Textures of the bauxitic rocks

The studied deposits consist of red, ochre, and brown
unconsolidated bauxites devoid of discernible stratification.
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FIGURE 3. A) Schematic lithostratigraphic panel of the RFA sedimentary units. Field photographs of B) bauxite outcrop in Las Mercedes deposit
(southern RFA) with a thickness over 15m, C) 4m deep test pit in the Mencia 6 deposit, D) bauxite outcrop at Los Arroyos 2 deposit (northern RFA)

and E) bauxite outcrop at Sitio Quemado 3 deposit (central RFA).
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The bauxite lumps easily crumble when handled, resulting Additionally, the bauxite deposits comprise roundgrains
in particles primarily ranging from 0.3 to 7mm in diameter (sensu Bardossy, 1982) with diameters between 0.3 and
( ). However, some slightly compacted bauxite 1.5mm ( ), as well as ooids and pisoids ( ;
deposits yield larger fragments ( ), reaching diameters ). The roundgrains frequently assemble into ellipsoid-
up to 1.5cm. The bauxite particles typically exhibit sub- shaped aggregates ranging from 1 to 2mm in diameter (

rounded to irregular, sharp-edged outlines ( ). ). The different types of particles are often intersected by

A

| 0.5 mm | Tmm

1 mm 1 mm

N

| 1 mm | I 0.5 mm |

FIGURE 4. Photomicrographs of bauxite particles in transmitted (A-C, E-F) and reflected light (D). A) Sub-rounded to angular-edged micron-sized
bauxite particles exhibiting a brown pelitomorphic matrix including darker ferruginous grains (red arrow). B) Close-up view of a relatively homogeneous
red pelitomorphic texture intersected by an irregularly branching network of open fissures. C) Detail of loose roundgrains with interiors made up of
a homogenous pelitomorphic matrix. D) Close-up view of a pisoid sensu Bardossy (1982). Note the presence of open fissures and void dissolution
of pelitomorphic matrix on the right side of the particle. E) Close-up view of a millimeter-sized ellipsoid-shaped aggregate (red arrow) of roundgrains.
F) Example of coalescing clay- and sand-sized grains forming bauxitic masses.
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irregularly branching fissure networks, most of which are
open ( ). Some fissures, however, may be occluded
by ferruginous cements. Under petrographic examination,
the bauxite particles reveal coalescing clay- and minor
sand-sized grains ( ). The particles exhibit a reddish
to brownish pelitomorphic texture (see Bardossy, 1982),
which includes rounded to elongated darker ferruginous
grains ( ). Micron-sized void dissolution within
the pelitomorphic matrix of the bauxite particles occurs

( )-
Mineralogy of the bauxite ore

In general, the most abundant phases are kaolinite
(9-39modal%) and Al-oxyhydroxides (5-34modal%
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gibbsite, up to 34 modal % boehmite and up to 50 modal%
nordstrandite, another AI(OH); polymorph), followed by
Fe-oxyhydroxides (2-9modal% hematite and 3-13modal %
goethite), and minor TiO, (1-5.1modal% anatase and up to
8.1modal% rutile; ; ). In all samples
a phase with the florencite structure is present in small
quantities (1-6.1modal%). Additionally, all the studied
deposits, with the exception of Corral 1 and Sitio Quemado
3, contain smectite.

Most of the samples have kaolinite as the main Al
phase. The samples in which gibbsite is the predominant Al
phase come from Los Arroyos 2, Mencia 1, Sitio Quemado
3, Las Mercedes and Yagrumo. Conversely, boehmite is
dominant in Canoa 10, and the Avila 1, 2, 3, 8, 14 and 15

Los Arroyos 2: 2023-AR2-1

Canoa 9:
2 2023-CANOA9-1

5 \
Yagrumo:

2023-YA-4
2

Ay

Avila 2: 2023-AV-2-1

20\
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2023-M-2

[ Anatase [l Florencite
[ Rutile [ Kaolinite

FIGURE 5. Location of the studied bauxite samples within the RFA, together with the quantitative mineralogy of 5 representative bauxite samples
distributed throughout the RFA. The samples are color-coded according to their REY contents. Satellite image taken from Google Earth.
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deposits. With few exceptions, gibbsite is more abundant
than boehmite in the northern and southern areas and is
less abundant than boehmite in the central area.

The deposits in which nordstrandite has been identified
include Avila 1, 2, 3, 8 and 15; Corral 1; Altagracia 4; Las
Mercedes; Yagrumo. The highest amounts of this mineral
were found in the southernmost part of the RFA (Yagrumo).

The deposits from the northern area (Los Arroyos 2;
Aguas Negras 13, 14; Canoa 6, 9, 10; Mencia 1, 2, 5) are
characterized by the prevalence of goethite over hematite. In
contrast, the remaining deposits exhibit a greater abundance
of hematite, which is either larger than or very similar in
quantity to that of goethite. With regard to quartz, most
deposits contain less than 10modal% of this mineral (Canoa
6; Mencia 2, Avila 1, 2, 3, 8, 14, 15; Cacharro; Corral 1;
Inoel Gil; Sitio Quemado 3; Altagracia 2, 4; Las Mercedes,
Yagrumo). However, certain deposits, concentrated in
the northernmost area of the RFA, have between 14 and
38modal% quartz (Canoa 9, 10; Aguas Negras, 13, 14;
Mencia 1, 5), with some reaching 66-67modal% quartz
(Los Arroyos 2).

Back-Scattered Electron (BSE) images reveal that
pisoids and ooids are internally heterogeneous and exhibit
cores with fine concentric zonation ( ), which
largely corresponds to variable Al, Fe3* and Mn contents
( ). In some instances, hematite aggregates constitute
the nucleus of these grains ( ). Minute anatase and
hematite grains are scattered in the pelitomorphic matrix

( )-
Geochemistry

Major and trace element geochemistry and geochemical
classification

The studied bauxite samples (n= 121) contain
variable Al,0; (16.4 to 48.2wt.%, median of 37.4wt.%),
Fe,0, (4.41 to 26.2wt.%, median of 17.9wt.%) and
Si0, (3.55 to 51.6wt.%, median of 17.4wt.%) contents.
Additionally, all samples contain considerable amounts
of TiO, (0.53 to 2.78wt.%, median of 2.00wt.%) and
P,0O5 (0.86 to 7.09wt.%, median of 3.06wt.%), and low
CaO contents (0.19 to 4.7wt.%, median of 1.11 wt.%).
In the ALO;-Fe,05-Si0, ternary diagram proposed by
Bardossy (1982), the RFA samples are mostly classified
as clayey bauxites, Fe-rich bauxites and bauxites sensu
stricto ( ), which is consonant with moderate to
strong weathering according to the compositional fields
of Chen et al (2018) ( ). Two samples from the
northernmost deposit of Los Arroyos 2 are classified
as bauxitic clays due to their differential enrichment in
silicates.
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The studied samples show general positive correlation
trends between Al,O; and Fe,O;, as well as TiO,, and good
negative correlation (R?*= 0.79) with SiO, ( ). These
results suggest that SiO, becomes progressively depleted,
and ALO;, Fe,0; and TiO, more enriched, during the
bauxitization process. The analyzed bauxites have also
high contents of Zr (median contents of 343ppm, and up
to 543ppm), V (median contents of 277ppm, and up to
698ppm), Sc (median contents of 66ppm, and up to105ppm),
Ga (median contents of 40ppm, and up to 54ppm) and Th
(median contents of 26ppm, and up to 37ppm). Al,O; has
moderate positive and negative correlations with Th (R*=
0.40) and K,O (R?= 0.42), respectively ( ).

REE + Y geochemistry

The studied bauxite samples from the RFA are
systematically REY¥-rich, with a median content of
1,310ppm, and minimum and maximum contents of 440ppm
and 2,542ppm, respectively. Geographically, the most REY-
enriched samples are situated towards the northernmost
areas of the RFA ( ) and are classified as Fe-rich
bauxites ( ). The REY content of the RFA bauxites
is independent of the Al,O; values ( ), however, it
appears that, in broad terms, the lower SiO, in the samples,
the higher REY they contain ( ; 9C). Additionally,
REY present general positive correlations with Fe,O;, TiO,,
Sc, Ga, Th and Zr, and negative correlations with K,O (

). All the bauxite samples are more enriched in LREE
(La to Nd; median content of 753ppm) than in MREE (Sm
to Gd; median content of 88ppm) and HREE (Tb to Lu;
median content of 106ppm), and have median Y contents
of 371ppm. The chondrite-normalized REY plot for the
studied samples exhibits linear negative slope patterns and
systematic negative Ce and Eu anomalies, with Ce/Ce* and
Eu/Eu* ratios of 0.34 to 0.71 and 0.61 to 0.83, respectively

( )-

DISCUSSION
Bauxite formation and source material

One of the primary challenges in understanding the
genesis of bauxite deposits hosted within karst systems
is determining the origin and accumulation of Al, Si, Fe,
and other minor elements such as Ti and REY, which
are normally found only in small amounts in the host
limestone. For example, the average REY content of
carbonates hosting bauxites in Bahoruco is ~25ppm
(Torrd et al., 2017). Mass balance calculations indicate
unplausible degrees of carbonate dissolution to be the
source material of karst bauxites, thus precluding the
limestones as exclusive and even significant contributors
(Muhs and Budahn, 2009). Consequently, external sources,
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FIGURE 7. Whole rock Al,05-SiO,-Fe,05 ternary plots of the studied bauxites. Bauxite classification fields are from A) Bardossy (1982) and B) Chen

etal. (2018).

such as volcanic ash (e.g. Lyew-Ayee, 1986), debris from
basement rocks (e.g. Bardossy, 1982), lateritic clays (e.g.
Yuste et al., 2015), and other wind-borne material (e.g.
Pye, 1988), have been traditionally invoked to explain the
anomalous geochemistry of karst bauxites. In the case of
karst bauxites in Bahoruco, Torr6 ef al. (2017) suggested,
based on mineralogical evidence, that the source material
of the bauxites could derive from either the basalts of the
Dumisseau Formation or volcanic ash deposited on the
emerged Eocene-Pliocene carbonate series.

Notwithstanding the fractionation of major and trace
elements that takes place during bauxitization (MacLean et
al., 1997; Nesbitt, 1979), the relative abundances of certain
elements that are immobile at near-surface environments
(ie. Ti, Zr,Y, Cr, Sc, Ta, La, Nd, Ga) have been extensively
utilized to ascertain potential parent materials and its
provenance (Muhs and Budahn, 2009; Pearce and Cann,
1973). The composition of the studied bauxites from the
RFA, as indicated in terms of Zr-Cr-Ga, is consistent with
derivation from intermediate to mafic magmatic rocks (

). The trace element composition of the studied basalts
differs from that of the Dumisseau Formation basalts
(Escuder-Viruete et al., 2016) and Quaternary mafic-
alkaline lavas associated with the Enriquillo-Plantain
Garden Fault Zone to the north of the Bahoruco (Kamenov
etal, 2011) ( ). In addition, the trace elements
composition would also disfavor Miocene to Present
volcanism along Central America and the Lesser Antilles
as sources of the RFA bauxites. Conversely, bauxites from
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the RFA plot near the fields defined by Jamaican bauxites
and “terra rossa” soils, suggesting similar sources (

). The only difference between both datasets involves
higher Y in the bauxites from the RFA relative to those
from Jamaica ( ). In conclusion, it is probable that
Jamaican and RFA bauxites have a similar parental source.
However, the ultimate source rock remains undetermined
based on the current available data.

Geochemical patterns and exploration tools

The results of a Principal Component Analysis (PCA)
conducted on the whole rock geochemistry of the studied
bauxites show that only the first two components, PC1
and PC2, have eigenvalues exceeding 1. Consequently,
the variance of the system can be adequately explained
by these two components ( ). Combined, the first
two components account for 77.7% of the total variance
of the dataset. The PC2 reflects the antithetic behavior of
AlLO; with Si0, and K,O in the bauxites under study (

), tendency also observed in the binary diagrams from

and 7B. The samples yielded a broad range of
ALO; and SiO, contents, that allows for the classification
of the bauxitic material into several categories ( ).
These include Fe-rich bauxites and bauxites sensu stricto
(SiO,-poor and Al,O;-rich), as well as clayey bauxites and
bauxitic clays (SiO,-rich and Al,O;-poor; ). The
antithetic behavior of Al,O; and SiO, provides compelling
match with the mineralogy, with the samples enriched in
Al O, having higher amounts of gibbsite and/or boehmite

[ 10|
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and/or nordstrandite, and the SiO,-rich samples being more
enriched in kaolinite and/or quartz.

The observed trend from SiO,- to AL,Os-rich bauxites
( ) has also a geographic correspondence within the
RFA, as the bauxites from the southern area contain higher
amounts of Al-oxyhydroxides in comparison to those
from the northern area ( ). This shift from SiO,- to
Al,O;-rich samples is connected to bauxite maturation
(Proenza et al., 2017; Torrd et al., 2017; Villanova-de-
Benavent et al., 2023). In this process, clay minerals such
as kaolinite, are steadily replaced by Al-oxyhydroxides like
gibbsite (Slukin et al., 2014). While it is true that gibbsite
is more stable than nordstrandite, which in turn is more
stable than bayerite (also an Al(OH); polymorph) and
microcrystalline gibbsite, it must be noted that gibbsite,
boehmite, nordstrandite and bayerite are all metastable
under surface weathering conditions (i.e. their occurrence
is related to non-equilibrium processes; Anovitz et al.,
1991 and references therein). However, these phases may
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FIGURE 10. Chondrite-normalized REY spider diagram of the studied
bauxites. Normalization values are after McDonough and Sun (1995).
Data are compared to REY values from Mediterranean-type bauxites
(Deady et al., 2014; Mondillo et al., 2011, 2019; Mouchos et al.,
2016; Putzolu et al., 2021; Radusinovic and Papadopoulos, 2021;
Reinhardt et al., 2018).
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precipitate at different pH. Thus, according to Barnhisel
and Rich (1965), gibbsite is the only phase to precipitate
from solutions at pH< 4.4; at pH= 4.4-5.8, gibbsite
precipitates along with nordstrandite. At pH= 5.8-7,
nordstrandite and bayerite precipitate, and only bayerite
precipitates at pH> 9. Besides, whether gibbsite forms
as a direct replacement of a primary aluminosilicate, or
through an intermediate clay mineral, depends on the
formation conditions. While both processes may occur
following weathering of basic to intermediate rocks under
tropical to subtropical temperatures and high rainfall,
the direct replacement of a primary aluminosilicate is
characteristic of good drainage, whereas the replacement
through an intermediate clay mineral is associated with

Geologica Acta, 23.9, 1-18 (2025)
DOI: 10.1344/GeologicaActa2025.23.9

poor drainage (Hemingway, 1982 and references therein).
Regardless, the prevalent mineralogy of the karst bauxites
is independent of the host carbonate and is primarily
determined by physic-chemical conditions during the
bauxitization process.

The variation of the other major component in the
studied bauxites, Fe,O;, is mostly explained by the PC1
and appears perpendicular to the trends defined by Al,O,
with SiO, and K,O ( ). Other minor elements,
such as TiO,, trace elements, like V, Zr and Th, and
conspicuously the critical metals of interest, such as REY,
Sc and Ga, exhibit a similar trend as Fe,O; in the PCA.
This provides compelling evidence that their content
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in the studied samples is independent of the degree of
bauxite maturation. It is noteworthy that the REY, and
other critical metals such as Sc and Ga, contents in the
RFA samples are similar irrespective of their Al,O; and
SiO, contents ( ). This observation pinpoints that
REY, Sc and Ga are equally enriched in samples with
broadly different silicate-to-alumina ratios and that they
did not undergo differential concentration during the
bauxite maturation process.

In this line of evidence, the samples from the southern
area of the RFA, which have higher Al-oxyhydroxides
modal proportions and therefore are more mature, yielded
lesser contents of REY compared to samples from the
northern area, which are characterized by containing lesser
amounts of Al-oxyhydroxides and should be catalogued as
immature bauxites ( ). Consequently, the degree of
bauxite maturation cannot be used in the RFA as a vector to
explore REY, Sc or Ga. An alternative approach would be
to utilize Th, a radioactive element that is well-correlated
to REY, Sc and Ga in the studied samples ( ; ).
Thorium contents can easily and quickly be estimated using
a gamma-ray spectrometer. Likewise, K, whose isotope “°K
is also radioactive, is also negatively correlated with REY,
Sc and Ga ( ; ) and therefore could also be used
during exploration. Thus, a detailed geophysical campaign
using gamma-ray spectrometry on the RFA bauxites could
prove advantageous to seek for the most favorable areas for
REY, Sc and Ga.
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to 1,000 ppm

REY from 1,000 ppm
to 1,200 ppm

La-17.88

Gd-324~/ 071 Lsm-293
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REY resources of the RFA

The studied bauxites are enriched in LREE and Y
compared to MREE and HREE, and consequently exhibit
linear negative slope patterns in chondrite-normalized
REY diagrams ( ). These characteristic patterns
are also observed in Mediterranean-type karst bauxites
globally. The main difference between the RFA and other
Mediterranean-type bauxites resides in their REY contents
( ). The Mediterranean-type bauxites have REY
contents that oscillate between 85 to 1,506ppm, with a
median value of 657ppm (Deady et al, 2014; Mondillo
et al, 2011, 2019; Mouchos et al., 2016; Putzolu et al.,
2018; Radusinovic and Papadopoulos, 2021; Reinhardt et
al,, 2018). On the contrary, the studied samples from the
RFA exhibit considerably higher REY contents, with values
ranging from 440 to 2,542ppm and a median content of
1,310ppm, doubling the one from the Mediterranean-type
bauxites, thus proving the extreme REY enrichment of the
RFA baucxites.

In regard to the distribution of each element of the REY
in the studied bauxite samples, the most abundant are Y
(~28-30% of total REY), La (~18-20%), Ce (~15-19%) and
Nd (~14-15%) ( ). The remaining ~20 to 25 of the
REY are composed predominantly of MREE and HREE.
The proportions of these elements remain consistent and
are not dependent on the total REY contents. Villanova-de-
Benavent ef al (2023), in their study of the karst bauxite
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to 1,400 ppm

REY from 1,400 ppm
to 1,600 ppm

REY from 1,600 ppm
to 1,800 ppm

REY from 1,800 ppm
to 2,000 ppm

REY from 2,000 ppm
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Km-30 bauxite (avg. REY
2.63 wt.%)
Ce

La-1924131 o o

FIGURE 13. Cake diagrams showing the distribution of each element of the REY within the studied bauxite samples sorted by whole-rock total REY
contents. Data for the Km-30 karst bauxite deposit (Villanova-de-Benavent et al., 2023) is shown for comparison.
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deposits of the neighboring Sierra de Bahoruco Natural Park,
described an ultra-rich REY bauxite deposit, named Km-30
(mislabeled “El Turco” in the referred work), whose REY
contents have an average of 2.63wt.%. The distribution of
REY in this deposit is radically different from that observed
at the RFA, as this deposit has a pronounced enrichment
in MREE and HREE relative to LREE adopting a bell-like
shape in their chondrite-normalized REY pattern (see

in Villanova-de-Benavent et al, 2023). The most abundant
REY elements of this deposit are Y (~52%), Nd (~10%), Gd
(~9%) and Dy (~8%; ). The extraction of REY could
represent an important surplus in the economic revenue of
RFA bauxite exploitation. However, given that the market
values of the MREE and HREE are higher relative to that
of LREE (Gielen and Lyons, 2022), it would be of great
importance to explore for deposits like Km-30 within the
RFA to enhance the economic significance of its bauxites.

Other critical metals and the concept of full-value
mining

In addition to REY, the bauxites from the RFA are also
enriched in other metals that are listed by several national
and international agencies as critical, such as Sc and Ga, (e.g.
European Commission, 2023; International Energy Agency,
2023; USGS, 2024). Scandium is most commonly found
in very low contents in dozens of minerals and is currently
recovered as a by-product in large scale production of other
metals such as REE, Ti, Ta, Nb, U, and Ni (Mostajeran ef
al., 2021; Yasukawa et al, 2018). The economic viability
of exploiting Sc as a by-product is established at contents
between 20 to 50ppm (Wang et al, 2011). The RFA
bauxites contain Sc concentrations oscillating between 17
and 105ppm (median of 66ppm), which are very similar to
the ones found in other deposits where Sc is considered as
a viable commodity (e.g. the Moa Bay Ni laterite district,
Cuba, with a median Sc content of 77ppm; Aiglsperger et
al., 2016; Dominguez-Carretero et al., 2024).

Gallium is mostly produced as a by-product of bauxite
and zinc processing (USGS, 2024). The average Ga content
of bauxite that is economically viable for its exploitation is
~50ppm (USGS, 2024). The bauxite samples from the RFA
have Ga contents that range from 11 to 54ppm (median of
40ppm), rendering them suitable targets for this metal.

The energy transition currently underway in many countries
aiming to a shift from a carbon-based society to a society with
low or zero CO, emissions, implies an increasing demand for
certain critical metals, such as REY, Sc or Ga (e.g. European
Commission, 2023). Hence, the opening of new mines and
the re-assessment of the existing ones will be required. The
strategy of “full-value mining” involves identifying new ways
to produce more metal(s) out of the same mined material,
thereby reducing waste while enhancing the economics of
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the mine (Dold, 2020). This more sustainable approach to
mining can certainly be applied at the RFA with a focus on the
recovery of REY with Sc and Ga.

CONCLUSIONS

The Mediterranean-type karst bauxite deposits from
the state-owned Reserva Fiscal Avila (RFA) in the Sierra
de Bahoruco (SW Dominican Republic) are composed of
clayey to Fe-rich bauxites, whose mineralogy consists mainly
of Al-oxyhydroxides and kaolinite. The deposits contain
high REY contents, with a median value of 1,310ppm and
up to 2,542ppm. The contents of REY are decoupled form
the degree of bauxite maturity. Our study also indicates that
different bauxites from a same district may exhibit disparate
REY patterns. In addition to REY, the bauxites from the RFA
also have significant contents of Sc (median value of 66ppm)
and Ga (median value of 40ppm). The positive correlation
between the contents of these critical elements and Th, and
negative correlation with K, makes gamma-ray spectrometry
an appropriate tool for the exploration and early targeting
of the bauxite deposits that are more prospective for their
economic benefit. The contents of these critical metals
confirm that karst bauxites from the Sierra de Bahoruco,
including those from the RFA, are among the richest deposits
of this type with regards to these elements globally. Their
extraction could potentially represent a substantial economic
surplus to the revenue generated solely from the aluminum
production, while concurrently reducing the volume of waste.
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