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ARTICLE INFO ABSTRACT
Keywords: Bauxites are an excellent indicator of tropical palaeoclimate and subaerial exposure in the geologic record, where
Karst bauxites the study of their structures, textures, mineralogy, geochemistry, and cover deposits can provide invaluable

behaviour of REE and trace elements during
bauxitisation
Regional unconformities

insight into the palaeoclimatic and palaeoenvironmental conditions during their formation. The present study
focuses on these aspects of the bauxite and its cover from the Rovinj-1 deposit with the aim of reconstructing the
Climate aridification during the late Tithonian evolution of the palaeoclimate and palaeoenvironments during its formation.

in the Tethyan realm The Rovinj-1 deposit formed during the early Kimmeridgian to late Tithonian subaerial exposure phase on the
Palaeoenvironmental and redox changes during Istrian part of the Adriatic Carbonate Platform (AdCP). The bauxite formation can be divided into two phases: (1)
the transgression of Karst terrains the formation of pelitomorphic bauxite under humid tropical climate, and (2) the erosion and redeposition of
bauxite at the end of its formation due to climatic aridification. The climate aridification also led to increased
iron oxide formation, which scavenged numerous trace elements, especially light and middle rare earth elements,
causing their increase in the upper part of the deposit. The upper part also exhibits negative Ce anomalies, while
the lower part displays high Ce anomalies. The bauxite formation was followed by an internal transgression
during which a karstic lake formed above the bauxite. At the beggining of the transgression, the deposition of the
alternation of limestones and clays started under anoxic to euxinic conditions, and equivocal to oxic conditions
towards the end of the transgression, indicating the shift in lake conditions from restricted to open which is also
supported by the presence of glauconite as this reflects the increasing marine influence. This sequence was
interpreted as a blue hole sequence. The clays/marls of the cover sequence also reflect climatic aridification as
they show a gradual increase in mixed-layer illite-smectite and illite content and a decrease in kaolinite content.
The end of this regional subaerial exposure phase and the restoration of full-marine carbonate deposition is
marked by the deposition of the limestones of Kirmenjak unit covering the bauxite deposit. Overall, this study
enabled a detailed palaeoclimatic and palaeoenvironmental reconstruction of the Istrian part of the AdCP,
expanding the current knowledge of the conditions at the AACP during the Late Jurassic.

1. Introduction bedrock: lateritic bauxites, which form on aluminosilicate-bearing rock
through its weathering, and karst bauxites, which form on carbonate
Bauxites are divided into two types according to their respective bedrock from the weathering and accumulation of aluminosilicate
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materials (Bardossy, 1982; Combes and Bardossy, 1995). The process of
bauxitisation is a result of chemical weathering in a humid tropical to
subtropical climate (Bardossy, 1982; Combes and Bardossy, 1995;
D’Argenio and Mindszenty, 1992, 1995; Mindszenty et al., 1995) for
extensive periods of time, usually longer than 100 Ka (Bardossy, 1982;
Birkeland, 1984). Since their formation requires prolonged periods of
subaerial exposure, their formation has also been largely linked to pe-
riods of tectonic instability (D’Argenio and Mindszenty, 1995; Mind-
szenty et al., 1995). The periods of widespread bauxite formation are
linked to the global periods of elevated humidity, temperature and
volcanism (D’Argenio and Mindszenty, 1992; Mindszenty, 2016). As
such bauxites have been extensively used in palaeoclimatic and
geotectonic reconstructions in numerous studies (Brlek et al., 2021;
Chanvry et al., 2020; Ellahi et al., 2017; Mongelli, 1997; Mongelli et al.,
2015; Yang et al., 2022; Zhou et al., 2023). Transgression usually follows
the formation and deposition of bauxites (Bardossy, 1982; Sinkovec
et al., 1994; Chanvry et al., 2020; Trabelsi et al., 2021), during which a
transgressive cover-sequence is deposited over the bauxite. The bauxite
cover may also contain useful information about the climatic and
environmental changes that followed the formation of bauxite, and
therefore several studies have focused on examining the bauxite cover to
gain additional insight into the changes that followed the formation of
bauxite deposits (Chanvry et al., 2020; Trabelsi et al., 2021), but most
studies focus mainly or exclusively on the bauxite. Bauxites represent an
end-product of chemical weathering, and as such they are composed of
Al, Fe and Ti oxides, which are generally immobile and concentrated
during bauxitisation. During this process, other immobile elements are
also concentrated, many of which are considered as critical raw mate-
rials (Mongelli et al., 2014, 2017, 2021; Radusinovic et al., 2017; Yang
et al., 2019; Abedini et al., 2020a,b; Radusinovi¢ and Papadopoulos,
2021). Rare earth elements (REEs) are one such group of elements
whose geochemistry and mineralogy in bauxites have been extensively
studied to better understand their behaviour and enrichment in baux-
ites, but also to better understand the evolution of bauxites as they
respond to physicochemical changes, intensity of chemical weathering,
acidity and redox condition (Maksimovic et al., 1991; Maksimovic¢ and
Pant6, 1991; Mongelli, 1997; Mameli et al., 2007; Zarasvandi et al.,
2012; Abedini and Calagari, 2014; Mongelli et al., 2014, 2017; Ellahi
et al., 2017; Yuste et al., 2017; Chen et al., 2018; Abedini et al., 2018,
2019; Reinhardt et al., 2018; Yang et al., 2019; Tomasic¢ et al., 2021;
Khosravi et al., 2021; Villanova-de-Benavent et al., 2023).

Rovinj-1 karst bauxite deposit is one of the few deposits with ongoing
bauxite exploitation which is not used in aluminium production, but as
an additive in cement industry and a secondary ore in mineral wool
production due to its high silica content. The deposit formed between
the early Kimmeridgian and late Tithonian, and it is the largest bauxite
deposit among the Upper Jurassic bauxite deposits formed in the
northern part of the Adriatic Carbonate Platform (Trojanovic¢, 1973;
Sinkovec, 1974; Veli¢ and Tisljar, 1988). Transgression followed the late
Tithonian subaerial exposure phase (Veli¢ and Tisljar, 1988; Vlahovi¢
et al., 2005), which is recorded through the deposition of the immediate
bauxite cover and through epigenetic changes of the bauxite in aqueous
environment (Sinkovec, 1974; Veli¢ and Tisljar, 1988; Durn et al., 2003,
2006, 2023). This deposit is also a part of a widespread Upper Jurassic
bauxite belt within the Tethyan realm, which extends from Spain
(Molina et al., 1991), Austria (Steiner et al., 2021) and Slovenia (Dozet
et al., 1993) all the way to Montenegro (Radusinovic et al., 2017;
Radusinovi¢ and Papadopoulos, 2021) and Greece (Laskou and
Economou-Eliopoulos, 2007; Gamaletsos et al., 2017). The timing of this
regional bauxitisation event coincides with the higher temperatures
recorded in the Late Jurassic (Frakes et al., 1992; Haq, 2018), as most of
the Jurassic was characterised by coldhouse conditions (Frakes et al.,
1992) and the rise in global eustatic sea level (Haq and Al-Qahtani,
2005; Haq, 2018). The Rovinj-1 deposit was first studied by Sinkovec
(1974), who focused on the genesis of the deposit, and a few decades
later by Durn et al. (2003, 2006, 2023), who also studied the evolution
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of its cover sequence.

New petrological, mineralogical, and geochemical data of the
bauxite and its cover from the Rovinj-1 deposit are presented here to
provide a more detailed genetic model of the deposit and the trans-
gression that followed its formation. The clay mineralogy of both the
bauxite and its immediate cover will be studied in detail to better assess
the palaeoenvironments and palaeoclimate in which the bauxite and its
cover formed, as clay minerals are excellent at recording palae-
oenvironmental and palaeoclimatic changes (Wignall and Ruffell, 1990;
Ruffell et al., 2002; Hesselbo et al., 2009; Kovacs et al., 2013; Btaz-
ejowski et al., 2023). Particular attention will be paid to the evaluation
of REE behaviour during bauxite formation and to the changes in their
behaviour during the flooding of the bauxite and the formation of the
immediate bauxite cover, which should lead to a better understanding of
the processes that influenced the genesis of the Rovinj-1 deposit. Over-
all, this study will contribute to the current knowledge of the behaviour
of rare earth elements during the formation of karst bauxites and their
subsequent flooding. It will also improve the current understanding of
the palaeoenvironments and palaeoclimatic changes that characterised
the Late Jurassic subaerial exposure phase in the northwestern part of
the Adriatic Carbonate Platform (AdCP) and its end, which should
overall improve the current picture of the geological framework and
palaeoclimate that led to the widespread Late Jurassic bauxitisation in
the Tethyan realm.

2. Geological setting and the description of the Rovinj-1 deposit

Istria is the largest Croatian peninsula, predominantly built of car-
bonate and clastic deposits, ranging in age from Middle Jurassic to
Eocene and Quaternary (Fig. 1A). Only a small portion of Istria (Fig. 1B)
in the NE (Ci¢arija Mt. and the topmost part of the Ucka Mt.) experi-
enced substantial tectonic deformation as a part of the Dinaridic
mountain belt, while the western, central, and southern Istria experi-
enced very little tectonic disturbance, and are regarded as a relatively
undeformed part of the Adria Microplate (Schmid et al., 2008, 2020; van
Hinsbergen et al., 2020). Several large-scale structures are found in this
generally undisturbed part of Istria — the Western Istrian Anticline which
is composed of lower Bathonian to lower Eocene carbonates, the Savu-
drija-Buzet anticline composed mostly of Upper Cretaceous carbonates,
and the Pazin Flysch Basin filled with middle to upper Eocene turbidite
deposits (Vlahovic et al., 2023; Velic¢ et al., 1995 and references therein).
The entire succession of Istrian deposits is divided into four depositional
megasequences, with the long-lasting regional unconformities sepa-
rating them (Fig. 1; Vlahovic et al., 2023; Velic et al., 1995).

The evolution of the studied Upper Jurassic Rovinj-1 bauxite deposit
must be discussed within the geological framework during the late
Oxfordian/Kimmeridgian to late Tithonian evolution of the Adria
Microplate. During this time, first compressional event was recorded in
the Adria Microplate after a very long period of extensional tectonics
which ended in the late Early Jurassic (Vlahovic et al., 2005 and refer-
ences therein). Extensive gentle folding characterised this event, which
formed as the far-field expression caused by the transition from intra-
oceanic supra-subduction to continental obduction of ophiolites, which
occurred along the NE Adria Microplate active margin (Picotti and
Cobianchi, 2017 and references therein). Consequently, very different
environments were established on the previously more or less uniform
shallow-marine area of the AACP (Vlahovic¢ et al., 2001). Some areas
were unaffected and remained shallow-marine, while some other areas
were either temporarily drowned in the form of elongated troughs which
were influenced by the open sea (Vitzthum et al., 2022, and references
therein) or were temporarily subaerially exposed (Vlahovic et al., 2003,
2005).

One of the best examples of subaerial exposure during this time is
exposed at the Rovinj-1 bauxite deposit (Figs. 2 and 3), located north of
Rovinj (Fig. 1A and C). The Rovinj-1 deposit was formed during the late
Oxfordian/early Kimmeridgian to late Tithonian terrestrial phase,
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Rovinj-1

deposit A

Fig. 1. Geological map of Istrian peninsula and its position in Europe. (A)
Geological map of Istria, modified after Velic et al. (1995) with the schematic
geological column. Legend: M1 — 1st Megasequence (lower Bathonian-lower
Kimmeridgian); M2 - 2nd Megasequence (upper Tithonian-lower/upper
Aptian); M3 - 3rd Megasequence (lower/upper Albian-Upper Santonian); M4a
— Carbonate deposits of the 4th Megasequence (lower-middle Eocene); M4b —
Clastic deposits of the 4th Megasequence (middle- upper Eocene); Q — Qua-
ternary deposits. Position of the studied section on the chematic geological
column is indicated by an arrow. (B) Map of central, western and southern
Europe with the indicated location of Istrian peninsula. (C) Map of Rovinj area
and geographic position of the Rovinj-1 bauxite deposit.

separating the first, lower Bathonian to lower Kimmeridgian M1 Meg-
asequence and the second, upper Tithonian to lower/upper Aptian M2
Megasequence (Fig. 1A). The footwall of the deposit is comprised of
karstified Oxfordian to lower Kimmeridgian Muca unit of the M1 Meg-
asequence (Fig. 3), while its cover is composed of a cyclical alternation
of clays/marls, black-pebble breccias and limestones, which is followed
by the deposition of the upper Tithonian Kirmenjak unit of the M2

LET]
profile
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Megasequence (Fig. 3). The Muca unit comprises three lithofacies types,
all indicative of the formation in high energy environment (Veli¢ and
Tisljar, 1988, and references therein): peloidal and skeletal wacke-
stones, ooidal grainstones and ooidal and bioclastic grainstones to rud-
stones. The Muca unit appears as lenses within the Lim unit, which is
composed of peloidal packstones deposited in a lagoonal environment
(Veli¢ and Tisljar, 1988, and references therein). Regression followed
the deposition of these two units, during which the Rovinj breccias were
formed locally, composed of the remnants of Lim and Muca limestones
(Veli¢ and Tisljar, 1988). Their formation was followed by the emer-
gence, which is recorded through the formation of bauxites (Sinkovec,
1974; Veli¢ and Tisljar, 1988), palaeosols (Veli¢ and Tisljar, 1988;
Vlahovic et al., 2003; Perkovic et al., 2024) and on some localities as
simple disconformities between the M1 and M2 Megasequences
(Vlahovic et al., 2003). The oscillating transgression marks the end of
the subaerial exposure phase, which is best recorded in the cover suc-
cession of the Rovinj bauxite (Sinkovec, 1974; Veli¢ and Tisljar, 1988),
after which the deposition of the Kirmenjak unit started. This unit
comprises a cyclical alternation of mudstones, ephemerally exposed
limestones and intercalations of black pebble breccias (Tisljar, 1986;
Veli¢ and Tisljar, 1988).

The Rovinj-1 deposit contains over 15 million tonnes of bauxite on
an area of approximately 40 ha (pers. comm. Milan Mihovilovi¢), the
thickness of which reaches more than 20 m and tapers outwards (Fig. 3).
These features are typical of the lenticular bauxite deposits as outlined
by Bardossy (1982). The deposit can be divided into two zones: (1) the
sinkhole zone, where the bauxite occurs in a large sinkhole that tapers
outward before being cut by normal faults (Fig. 3), and (2) the planar
zone, where the main volume of bauxite occurs in a broad, strip-like
bauxite body that gradually thickens toward the SE, and tapers later-
ally before being cut by normal faults (Fig. 3). Mining activity only takes
place in the sinkhole zone, although most of the bauxite occurs in the
planar zone, as the bauxite grade is much higher in the sinkhole zone.
This study will only focus on the sinkhole zone as this is the only section
of the deposit that was accessible for sampling. The bauxite in this zone
reaches a thickness of more than 20 m in its central section, which
gradually tapers to the southwest and is abruptly cut by a normal fault in
the northeast (Fig. 3).

3. Materials and methods

Two profiles from the sinkhole zone were sampled for this study
(Figs. 2 and 4): the main profile, which includes the thickest part of the
deposit and the overlying cover, and the second, smaller profile, which
includes only the contact between the uppermost bauxite and its cover.
The largest dataset was collected from the main profile, which comprises

Fig. 2. Photograph of the Rovinj-1 deposit with indicated positions of the main and second profile, together with the extent of bauxite, bauxite cover and Kirmenjak
unit. The direction of the photograph faces SE, while the height of the outcrop is 20 m.



L Perkovi¢ et al.

Ore Geology Reviews 173 (2024) 106236

cross-section

H

100 200 300 400m
N
v —7
2 —38
N Bl —o
[ 14 T, 10
................ 6 .¢. 12
Longitudinal Transverse

cross-section D

T | | T T T
900 1000 0

Fig. 3. Geological map of the Rovinj-1 deposit and longitudinal and transverse cross-sections (vertical scale exaggerated 3x). Legend: 1 and 14 — upper Tithonian
Kirmenjak unit; 2 — bauxite covered with the Kirmenjak unit; 3 — excavated section of the Rovinj-1 deposit; 4 and 11 — Oxfordian to lower Kimmeridgian Muca unit; 5
— faults; 6 — transgressive boundary; 7 — contour lines; 8 — positions of longitudinal and transverse cross-sections; 9 — main profile; 10 — second profile; 12 — bauxite; 13

- bauxite cover.

red (R1-1 to R1-10), grey (R1-11) and white bauxite (R1-WB) samples as
well as clays/marls (R1-12 to R1-19) and limestones from the cover
sequence. On the main profile, the contact of the bauxite with carbonate
bedrock was not sampled, due to the fact that the lower section of the
bauxite was not uncovered by mining activity and was inaccessible
(Fig. 2). On the second profile only the top metre of the bauxite was
sampled, from which samples of grey bauxite (R2-1), clay (R2-2), clayey
limestone (R2-4) and iron sulphide crusts (R2-3) were collected. This
profile was sampled because it is the only accessible section of the de-
posit in which the uppermost part of the bauxite is not weathered and is
completely preserved. From all limestone samples and bauxite samples
thin sections were studied using the OPTIKA B-1000 series polarizing
microscope equipped with the OPTIKA C-P6 FL camera and OPTIKA
PROVIEW software. Thin sections were also prepared from separated
heavy and light mineral fractions, which were separated using sodium
polytungstate (SPT) solution (3.0 g/cm®) from 250 to 63 pum granulo-
metric fractions of seven clay/marl samples and six bauxite samples, all
from the main profile. Prior to sieving, carbonates were dissolved from
clay/marl samples using a 1 M NaOAc solution buffered at pH 5 with
HOAc (Jackson, 1979), while iron oxides were dissolved using the
Dithionite-Citrate-Bicarbonate method (Mehra and Jackson, 1960)
from bauxite samples in order to liberate individual mineral grains.
Micromorphological and petrographic analyses on bauxites were con-
ducted following the guidelines outlined in Stoops (2021), while the

sedimentological and micropalaeontological analyses on thick sections
of limestones are based on methods by Fliigel (2004).

X-ray powder diffraction (XRPD) analysis was performed on all
samples, excluding the limestone samples. From each sample a smaller
portion was separated, gently crushed, and passed through a 0.5 mm
sieve. The following step included the milling of the sample in the
McCrone micronizing mill for 15 min, for which 2 mL of the sieved
material had to be mixed with 7 mL of isopropyl alcohol. The slurry that
was obtained after milling was subsequently air-dried and disaggregated
in an agate pestle and mortar. The dried samples were then side-loaded
to produce a randomly oriented sample with uniform grain size, essen-
tial for good-quality Rietveld refinement. The Rietveld refinement was
carried out using Profex version 5.2.4 software (Doebelin and Kleeberg,
2015), with the used structural data from the built-in files and crystal-
lography open database (Graulis et al., 2009). This was used in order to
obtain good-quality XRD data and semi-quantitative mineral composi-
tions. From a portion of red bauxite and clay/marl samples the < 2 pm
fraction was extracted and analysed using X-ray powder diffraction
(XRPD). The <2 pm fraction from clays/marls were obtained after the
dissolution of carbonate minerals, and from bauxite samples after the
dissolution of iron oxides. Out of the extracted <2 pm fractions, oriented
samples were prepared via dripping onto glass slides, from which dif-
fractograms were recorded after the following treatments: (a) air-drying
after Mg-solvation, (b) air-drying after K-solvation, (c) ethylene-glycol
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Fig. 4. Geological columns of the sampled main and second profiles together
with indicated sample names and positions. 1 — clay illuviation; 2 - red bauxite;
3 — white bauxite; 4 — pyritised roots; 5 — grey bauxite; 6 — weathered clay and
grey bauxite; 7 — clays/marls; 8 — clayey limestone and iron sulphide crusts; 9 —
limestone; 10 — grey limestone; 11 — black-pebble breccias. Labels on the main
profile (Bauxite): P — pelitomorphic bauxite; M — microclastic bauxite; A —
arenitic bauxite; C — conglomeratic bauxite.

solvation after K-saturation, (d) ethylene glycol solvation after Mg-
saturation, (e) solvation of K and DMSO, (f) heating for two hours at
350 °C, and (g) heating for two hours at 600 °C. The clay mineral
identification was performed after Moore and Reynolds (1997) and
Srodori (2006), while the semiquantitative composition of <2 pm frac-
tions were obtained after modelling in the Sybilla© software (property
of Chevron™).

For the additional analysis of clay minerals Fourier transform
infrared spectroscopy (FTIR) analysis was performed on extracted <2
pm fractions. Additionally, two occurrences of green clay impregnations
occurring within two clay/marl samples (R1-16 and R1-17) on the main
profile were also recorded using FTIR, to determine the green clay
mineral. The samples were recorded using a Bruker alpha II FTIR
spectrometer and analysed in the OPUS Version 8.7 software. The ab-
sorption bands were classified and assigned to specific mineral phases
and vibrational modes, where the data from Slonimskaya et al. (1986),
Andersen and Brecevi¢ (1991), Madejova and Komadel (2001), and
Zviagina et al. (2020) were used for the assignment of individual spec-
tral bands to their respective vibrational modes and phases.
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Additional micromorphological and geochemical data were
collected using scanning electron microscopy with energy dispersive
spectrometry (SEM-EDS) analysis, which was performed on five bauxite
samples from the main profile. The samples were cut into centimetre-
sized cubes, polished, and then subjected to detailed microstructural
analysis using a field emission scanning electron microscope FE-SEM
Ultra plus equipped with an energy dispersive spectrometer (EDS, Inca
400, Oxford Instruments).

To better understand the redox changes in the environment during
the deposition of the bauxite cover sequence, speciation of iron was
analysed, which is commonly used for the discrimination of different
water-column redox conditions, from fully oxic, equivocal, through
anoxic-ferruginous, to anoxic-euxinic states (Poulton, 2021; Poulton and
Canfield, 2011). This is achieved through the acquisition of iron abun-
dances in different phases, which can then be used to obtain the amount
of highly reactive iron (Fep,), whose concentration relative to the total
iron pool and iron-sulphide related pool (Fepy) is used to reconstruct the
redox conditions. Fep, comprises carbonate associated iron (Fecarp),
pyrite (Fepy), ferric oxides (Fe,y) and magnetite (Fepag). For this
method, grey bauxite (R1-11 and R2-1) and clay/marl (R1-12 to R1-19
and R2-2) samples from the cover sequence were selected. The standard
chemical protocol, described by Poulton and Canfield (2005), was fol-
lowed during the sequential extraction of Fey,, phases. For the extraction
of Fecarb about 65 mg of sample powder was first treated with a sodium
acetate solution at pH 4.5 at 50 °C for 48 h, which was followed by the
Feox extraction using the sodium dithionite solution at pH 4.8 and room
temperature for 2 h. Finally, Fen,; was leached using an ammonium
oxalate solution at room temperature for 6 h. After each extraction step,
obtained solutions were analysed on the ThermoFisher iCE 3300 atomic
absorption spectrometer (AAS) in the Cohen Geochemistry Laboratory,
University of Leeds, to obtain the proportions of iron found in each iron
pool. For the acquisition of Fepy, the extraction using the chromous
chloride distillation method (Canfield et al., 1986) was used. At the end
of the extraction, silver sulphide precipitated, from whose weights the
concentration of Fepy was calculated stoichiometrically.

To obtain the concentrations of major, minor, trace and rare earth
elements, twelve bauxite, five clay/marl samples and one sample each of
clayey limestone and iron sulphide crusts were selected and sent for
geochemical measurements to the commercial laboratory of Bureau
Veritas, Canada, where the samples were analysed via inductive-
coupled-plasma mass-spectrometry (ICP-MS) following the lithium
metaborate/tetraborate fusion and nitric acid digestion. Total sulphur
and carbon values were measured separately from the other major ox-
ides. The values of trace elements and REE were normalised with the
values of upper continental crust according to the values from Taylor
and McLennan (1985). Additionally, seven clay/marl samples from the
main profile were also analysed using Hitachi X-MET8000 handheld
XRF, recording and averaging five consecutive measurements with the
duration of 40 s. This method was used in order to obtain the amounts of
total iron, which is required for the calculations involved in the iron
speciation method, since three samples from the iron speciation data set
were not measured using ICP-MS, which required the measurement of
all seven samples in order to obtain the total iron using the same
analytical method. Total organic carbon was also measured in those
samples, using a LECO® carbon analyser.

Multivariate statistical analysis was also performed on geochemical
data, but only on red bauxite samples. Since the data represents a
compositional dataset, i.e. variables sum to a constant value, the dataset
was pretreated using the central log-transformation, using the compo-
sitions package in R, to remove the constant sum constraint of the data.
Two statistical techniques were used, principal component analysis
(PCA) and the construction of correlation matrices. PCA was done using
the stats package in R, while correlation matrices were constructed from
the obtained Pearsons p values and were sorted using hierarchical
clustering based on Ward’s method, which was all performed using the
corrplot package in R (Wei and Simko, 2017). The used cutoff p-value



1. Perkovié et al. Ore Geology Reviews 173 (2024) 106236

was 0.05, below which the individual elemental correlations were of white bauxite (Figs. 2 and 4), which are more abundant in the topmost
considered statistically insignificant. section of the deposit, where they represent a relic of the root-mat
related to the bauxite palaeosurface (Fig. 4). The white bauxite veins

4. Results represent mottling around the roots, which is also supported by the
occasional presence of pyritised root remains within the white bauxite

4.1. Outcrop and sample description veins (Fig. 4). Based on macroscopic bauxite structure, the bauxite main
profile can be divided into two zones: (1) the lower zone corresponding

The bauxite in the Rovinj deposit is mainly red and cross-cut by veins mostly to the lower half of the deposit, mainly composed of

Fig. 5. Photomicrographs of the bauxite in cross- (XPL) and plane-polarised light (PPL). (A) — Pelitomorphic bauxite with clear clay coatings and parallel-striated b-
fabric, sample R1-3 (XPL). (B) Iron oxide-rich bauxite grains in a pelitomorphic matrix with visible granostriation (a), sample R1-7 (PPL). (C) Arenitic to microclastic
bauxite with deferrified matrix, sample R1-8 (XPL). (D) Iron oxide-rich bauxite grains in the arenitic to conglomeratic bauxite, sample R1-9 (PPL). (E) Arenitic
bauxite with iron oxide impregnation (b), sample R1-10 (PPL). (F) Pseudooid with iron-oxide rich cortex (c) together with visible granostriation around bauxite
grains, sample R1-7 (XPL). (G) Iron oxide impregnation (d) and its fragments in pelitomorphic bauxite, sample R1-10 (PPL). (H) Gibbsite nest (e), sample R1-4 (XPL).
(I) Clear and silty clay coating (f) in pelitomorphic to microclastic bauxite with visible deferrification features, sample R1-8 (PPL). (J) Clear clay coatings (g, h) with
accompanying deferrification (h), sample R1-8 (XPL). (K) Grey bauxite with dispersed pyrite grains in the matrix, sample R1-11 (PPL), (L) Grey bauxite with visible
authigenic kaolinite growth (i). sample R1-11 (XPL).
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pelitomorphic to microclastic bauxite with rare intercalations of arenitic
bauxite (samples R1-1 to R1-3, Fig. 4) and (2) the upper zone, corre-
sponding roughly to the upper half of the deposit, composed of the
alternation of arenitic, conglomeratic and pelitomorphic to microclastic
bauxite layers, with a coarsening-upward trend (samples R1-4 to R1-11,
Fig. 4). In the contact of the bauxite and carbonate bedrock the bauxite is
underlain with a 10-metres-thick bauxitic clay (pers. comm. Milan
Mihovilovi¢), which was unfortunately not sampled, since this section
was not available during the sampling performed for this study. In the
uppermost section of the bauxite, overlying the root-mat, about 0.2-0.5
m of grey bauxite is found, which contains pyritised root remains
(Fig. 4). Grey bauxite gradually transitions into c. 0.2 m thick grey clay
intercalated with decimetre-thick clayey limestone lenses, encrusted by
centimetre-thick iron sulphide crusts. This section marks the end of the
bauxite deposition and the beginning of cover sequence, and it is
weathered on the main profile, so the additional second profile was
sampled where the contact of the bauxite and its cover is preserved and
accessible. The cover sequence comprises the 8-metres-thick alternation
of few centimetre to 0.3 m thick clays/marls with limestones, brecciated
regoliths and black-pebble breccias, as seen on the main profile (Fig. 4).
The cover sequence of the deposit is overlain by lagoonal limestones of
the Kirmenjak unit (Fig. 3).

4.2. Petrography

Structural bauxite types observed during profile sampling were also
confirmed by petrography with the additional insight into different
textures, grain types and features too small to be observed in hand
specimens. Pelitomorphic to microclastic bauxite (sensu Bardossy,
1982) is composed of a cryptocrystalline matrix consisting of aluminium
oxides, clay minerals and iron oxides, containing variable amounts of
10-60 pm iron-rich bauxite clasts or reworked iron oxide impregnations
(Fig. 5A and B). The cryptocrystalline matrix exhibits random-striated,
cross-striated, porostriated and grano-striated b-fabric (Fig. 5A and B)
sensu Stoops (2021). Porostriation is observed along ped boundaries
together with clear clay coatings (Fig. 5A), being a result of bauxite
compaction, which also produced granostriation along different fabric
elements. Arenitic to microclastic bauxite (Fig. 5C) differs from pel-
itomorphic to microclastic bauxite in the abundance of different grains
ranging in size from 60 to 200 um and is usually matrix-supported.
Arenitic to conglomeratic bauxite is the same as arenitic bauxite, but
exclusively clast supported (Fig. 5D and E), with the grains usually be-
tween 500 to 1500 pm in size, but larger grains up to 4 — 5 mm are also
present. Grains in arenitic to conglomeratic bauxite are mostly repre-
sented by iron oxide-rich bauxite roundgrains, reworked iron oxide
impregnations (Fig. 5D and E) and sporadically pseudooids (Fig. 5F),
sensu Bardossy (1982). Pseudooids in this deposit mainly contain a
bauxite roundgrain in its core (which is in places deferrified) and are
always enveloped with iron oxide cortex (Fig. 5E). In situ iron oxide
impregnations are mainly present in the upper section of the deposit,
where they envelop grains and other fabric elements (Fig. 5E) or are
present within the matrix as bands or areas rich or completely composed
of iron oxides (Fig. 5G). Gibbsite crystals are in places found in associ-
ation with iron impregnations, but they also occur rarely as nests within
the matrix (Fig. 5H). Clay and silty clay coatings are found throughout
the main profile in red bauxite (Fig. 5I and J) and are locally related to
iron depletion (Fig. 5J). Grey bauxite was also subjected to the remo-
bilisation of iron, but here iron oxides were replaced by 10-60 pm-sized
iron sulphide clusters and impregnations, disseminated uniformly
throughout the matrix (Fig. 5K and L). Grey bauxite also hosts undu-
lating bands of parallel-oriented kaolinite crystals within the matrix
(Fig. 5L), but these features do not exhibit a sharp contact with the
matrix or grains, indicating their in situ formation. As such they are
interpreted as authigenic kaolinite growth during resilification along
fluid pathways. In all bauxite samples, irrespective of their colour,
structure or texture, a mixture of 5-20 ym mineral grains is observed,
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mainly composed of mica platelets, kaolinite, quartz and sporadic oc-
currences of zircon and apatite. They are seen in most photomicrographs
as uniformly dispersed white speckles in the bauxite matrix (Fig. 5A, B, F
and G). Additional minerals were observed in the heavy mineral fraction
such as clinozoisite, garnet, kyanite and hornblende, while the presence
of apatite and zircon was also confirmed (Fig. 6A-E). Epidote was also
found (Fig. 6F), but only in the overlying clays. Within the light mineral
fraction calcite, quartz and feldspars were detected (Fig. 6G).

The carbonate samples were studied separately from the bauxite
samples, with the main focus being on the analysis and description of
microscopic lithological features and fossil assemblages. The lithology of
the limestones is predominantly uniform, represented by peloidal to
bioclastic wackestone (Fig. 7A) and bioclastic to peloidal wackestone
(Fig. 7B and C) with varying amounts of allochems as well as sporadic
occurrences of fenestrae (Fig. 7B). Bioclasts mainly comprise reworked
ostracod shells, Charophyta oogoniums and rare occurrences of miliolid
foraminifera (Fig. 7B and C), while some peloids represent Favreina
coprolites (Fig. 7A). The limestones are frequently cross-cut with calcite
veins, and in places with iron sulphide veins (Fig. 7D), especially
abundant in the lower half of the cover sequence. Samples with pyrite
veins are also accompanied by large iron sulphide clusters, mainly be-
tween 0.5 and 5 mm in diameter, the most abundant in the first few
meters of the cover sequence (Fig. 7D). Laminar textures were also
observed throughout the cover sequence.

4.3. XRPD

Determination of bulk mineralogical composition of studied samples
was primarily based on XRPD, which was used for identification of
present mineral phases and their variations along the studied profiles.
The red bauxite is mainly composed of boehmite, kaolinite and
haematite with smaller amounts of hydroxy-interlayered vermiculite
(HIV) and titanium oxides (Fig. 8). Bauxite composition on the main
profile is very uniform, although a slight increase in kaolinite can be
observed in the topmost and lowermost sections, and a slight increase in
boehmite and HIV in the middle section of the bauxite profile (Fig. 8).
Grey bauxite is composed of kaolinite, boehmite, pyrite, titanium ox-
ides, illite, HIV, and sulphate minerals (Fig. 8) on both the main and
second profile, and it contains more kaolinite than the red bauxite from
the main profile. The clays that overlie the bauxite are composed of
kaolinite, illite, mixed-layer illite—smectite (MLIS), calcite and minor
amounts of HIV, sulphate minerals, boehmite, titanium oxides, pyrite,
and marcasite (Fig. 8). The clay minerals from these clays/marls exhibit
a decrease in kaolinite content, coupled with an increase in illite and
MLIS content. The clayey limestone is primarily composed of calcite,
with minor amounts of kaolinite and traces of illite (Fig. 8), while the
iron sulphide crusts are primarily composed of pyrite and marcasite,
with moderate amounts of kaolinite, sulphate minerals and calcite
(Fig. 8).

Study of clay minerals was based on the observations made on x-ray
diffractograms of <2 pm fraction of two sample sets from the main
profile: the clays/marls in the cover sequence from the main and second
profile and red bauxite. Bauxite samples are composed from poorly- and
well-crystallised kaolinite, hydroxy-interlayered vermiculite (HIV),
illite, anatase and boehmite (Fig. 9A and B). Poorly crystalline kaolinite
was determined after treatment with DMSO, where a major portion of 7
A peak shifted towards 11.2 A, which is indicative of well-crystalline
kaolinites, while the remaining 7 A peak was attributed mainly to
poorly-crystalline kaolinite (Fig. 9A). The presence of HIV was
confirmed by the collapse of 14.3 A peak towards lower spacings after
heating to 350 and 600 °C, during which it collapsed onto 13.5 A and
12.6 [o\, respectively (Fig. 9A and B), which is indicative for such clay
minerals (Georgiadis et al., 2020 and references therein). The HIV does
not contract after K-saturation (Fig. 9A), suggesting that it contains a
high degree of hydroxy-interlayering, and does not swell after ethylene
glycol saturation after Mg-saturation (Fig. 9B), which indicates that the
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Fig. 6. Photomicrographs of transparent mineral grains from heavy and light mineral fractions in plane-polarised light. (A) Clinozoisite (a) and garnet (b). (B)
Kyanite. (C) Amphibole. (D) Apatite. (E) Zircon. (F) Epidote. (G) Quartz (c, d) and feldspars (f, e).

observed phase is a hydroxy-interlayered vermiculite and not a hy-
droxyl-interlayered smectite minerals (Georgiadis et al., 2020 and ref-
erences therein). During modelling in Sybilla, diffraction maxima of
boehmite and anatase were excluded from the calculation since struc-
tures other than clay minerals cannot be modelled in Sybilla, and the
focus of the modelling was the acquisition of relative proportions of
different clay minerals along the bauxite profile. The HIV model was
approximated using the chlorite structure with low interlayer cation
content. Towards the lower section of the bauxite profile, an increase in
HIV and illite can be observed, accompanied with the slight decrease in
kaolinite content (Fig. 10).

The <2-pm fractions from cover clays/marls contain similar clay
minerals as in the bauxite samples, with the addition of MLIS (Figs. 9C, D
and 10). HIV displays the same characteristics as in the bauxite (Fig. 9C
and D), but in one sample it shifts towards 13.6 A after heating to 600 °C,
indicating that it contains a higher degree of hydroxy interlayering
compared to the other samples. The MLIS is characterised by a broad
illite(001)/smectite(001) peak located at approximately 11.5 A in air-

dried Mg-saturated state (Fig. 9D), which contracts towards 10.3 A upon
K-saturation (Fig. 9C), which is characteristic for vermiculite as it
transforms into illite-like structure after K-solvation (Moore and Rey-
nolds, 1997; Srodori, 2006), which is also supported by no change after
ethylene glycol solvation and K-saturation (Fig. 9C). Upon ethylene
glycol solvation and Mg saturation, this peak shifts to approximately 15
A (Fig. 9D), which is characteristic for smectite (Moore and Reynolds,
1997; Srodor, 2006). The fact that the smectite interlayers in MLIS
display behaviour characteristic for both smectites and vermiculites,
indicates that this phase is a high-charge smectite. In the ethylene gly-
colated Mg-saturated sample (Fig. 9D), the illite(001)/smectite(002)
peak appears at about 9 A, which coupled with the presence of a 15 A
illite(001)/smectite(001) peak indicates a degree of ordering in the
MLIS (Srodor, 1980, 1981; Moore and Reynolds, 1997). This was also
established by modelling in Sybilla, where a R2 ordered MLIS model
with approximately 85 % of illite layers provided the best fit on X-ray
diffractograms of ethylene glycol-solvated and air-dried samples. This
phase is therefore characterised as a R2 illite/smectite with 85 % of illite
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Fig. 7. Photomicrographs of limestones from the cover sequence cross- (XPL) and plane-polarised light (PPL). (A) Favreina peloid (a) in a peloidal wackestone, XPL.
(B) Bioclastic wackestone with Charophyta oogoniums (b), ostracods (c) and fenestrae (d), PPL. (C) Milliolid test (e) and ostracod shells (f) in bioclastic wackestone,
PPL. (D) Iron sulphide crystal clusters (g) and calcite veins in peloidal wackestone, XPL. (E) Laminar texture in bioclastic to peloidal wackestone, PPL.

layers. The acquisition of relative proportions of clay minerals through
modelling in Sybilla indicated a clear trend observed in the clays/marls
of the cover sequence: the kaolinite proportions decrease towards the
upper part of the cover sequence, which is coupled by the increase in
MLIS and illite, while the proportions of HIV do not display a significant
trend (Fig. 10).

4.4. FTIR

The clay mineralogical data obtained from XRPD were coupled with
FTIR measurements in order to gain additional information about the
structural and chemical properties of clay minerals found in bauxite and
clay/marl samples. Presence of illite was indicated by the presence of
3620, 1088, 835, 697, and 523-533 em™! bands in the absorption
spectra (Table 1; cf. Slonimskaya et al., 1986; Zviagina et al., 2020).
Illite is dioctahedral, as most of the bands are aluminium-related, but the
presence of magnesium in its structure was also confirmed, as indicated
by the 830 cm™! Al-OH-Mg stretching band (Table 1). Illites in R1-17
and R1-18 samples were found to contain some iron, as the shift of the
83 Si-O-Si band towards 523 em™! (Table 1) indicates the presence of
iron in the structure of illites (Zviagina et al., 2020). From these samples
green clay impregnations were separated and analysed and were
confirmed to be composed of glauconite, as indicated by the presence of
3570, 3531, 3506, 1020, 824, 668 and 517 cm ™! bands (Table 1). The
mineral was identified as glauconite based on its very broad band
character (Slonimskaya et al., 1986) and presence of both ferric and
ferrous iron indicated by 3568, 3527, 3507 and 827 cm™! bands
(Table 1; cf. Zviagina et al., 2020). Glauconite was only studied using
FTIR, since very small amounts were possible to collect. Kaolinite was
detected by the presence of 3697, 3653, 3623, 1009, 939 and 539 em™!
bands (Table 1; cf. Madejova and Komadel, 2001), and was determined
to be primarily represented by disordered kaolinite, since the 3669 and
3652 cm ™! bands detected in well crystallised kaolinite are replaced
with a single band located at 3653 cm ™! in poorly-crystalline kaolinites
(cf. Russell and Fraser, 1994). Calcite was detected only in clay/marl

samples, by the presence of 1428, 876 and 711 cm ™ bands (Table 1: cf.
Andersen and Brecevic, 1991). Boehmite was detected by the presence
of 3287, 3098, 2095, 1971, 1156 and 675 cm ™! bands (Table 1; cf. Kiss
et al., 1980).

4.5. SEM-EDS

SEM-EDS measurements were mainly used for the micromorpho-
logical study of observed mineral phases and for the detection of minor
phases which could not have been determined using XRPD and con-
ventional petrography. Mainly studied was micromorphology of
kaolinite, which was rarely found to be present as few micrometre-sized
vermiform-like crystals (Fig. 11A) but is mainly present as nano-
particles, in the form of platelets few hundred nanometres or less in size
(Fig. 11B), indicating its pedogenic origin. Authigenic ilmenite was also
detected in one sample, as clusters of few micrometre-sized crystals
(Fig. 11C). The most notable finding was a REE-bearing phase
(Fig. 11D), which was found only in the lowermost sample from the
main profile. This phase formed in situ, since it exhibits a gradual
boundary with the matrix, and is present as impregnations or veins few
hundred micrometres in size. It is composed mainly of Ce, Nd, La, Y and
Ca (Fig. 11E). Detected Al, Si and Fe (Fig. 11E) do not belong to this
phase but were detected because of the association of this phase with the
bauxitic matrix, which was also captured in the EDS spectra. This phase
is likely a carbonate REE mineral, but this could not have been definitely
proved, since the samples were coated with carbon. Ca-bearing REE
minerals found in bauxite are usually carbonates of the bastnaesite
group (Bardossy, 1982; Maksimovi¢ et al., 1991; Mongelli, 1997;
Radusinovi¢ and Papadopoulos, 2021; Tomasi¢ et al., 2021; Villanova-
de-Benavent et al., 2023), where the calcium-rich members are par-
isite, rontgenite and synchesite (Ni et al., 1993, 2000; Kalatha et al.,
2017), which best describe the detected REE phase from the Rovinj-1
deposit.
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Fig. 8. Mineralogical composition of bulk samples from main and sec-
ond profile.

4.6. Geochemistry

4.6.1. Major elements

The Rovinj-1 bauxite has a very uniform chemical composition, with
few lesser variations. The uppermost part of the section displays a slight
decrease in Aly,Os, coupled with an increase in SiO, (Fig. 12). The
highest Al,O3 values are found in the middle of this section, while the
SiOy content increases again towards the lower part of the section
(Fig. 12). TiO4 values are generally constant, but they display variations
and a slight decrease in the upper section of the red bauxite (Fig. 12).
The Fe;03 and P2Os5 values increase in the red bauxite towards the top of
the main profile, coupled with the decrease in MnOy values together
with a slight decrease in K30 and MgO values (Fig. 12). CaO, TOT/C and
TOT/S show no variations (Fig. 12). The cover succession is marked by a
clear trend in major oxide values, as there is a steady increase in KO,
MgO, SiO,, TOT/C, TOT/S followed by the decrease in Al;03, CroO3 and
TiO, (Fig. 12). Grey bauxite has a similar composition as the red bauxite
but has a lower Fe;O3 content and elevated TOT/S content (Fig. 12).
White bauxite sample has much higher Al;03 and TiO; values, as well as
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lower FeyO3 and SiO, values than the red bauxite (Fig. 12). On the
second profile, the grey bauxite has almost the same composition as the
grey bauxite from the main profile, with slightly lower AlyOs3, TiOa,
FegO3 and TOT/S values, while displaying slightly higher SiO2 values
(Fig. 12). The tables with exact values can be found in the appendix.

4.6.2. Trace elements

Three main trends can be observed in the bauxite section of the main
profile: (1) Cd, Co, Cu, Ga, Hf, Mo, Nb, Ta, Th, Zn and Zr have constant
values, (2) Sr, U and V show an increase towards the upper section of the
bauxite, and (3) Ba, Cs and Rb display a gradual increase towards the
lower section (Fig. 13). With respect to UCC values (Taylor and
McLennan, 1985), red bauxites are enriched in Be, Co, Ga, Ni, Pb, Sb, Sn,
U, V, W, Zn and high-field-strength elements (HFSE) such as Hf, Nb, Ta,
Th and Zr, as well as depleted in Bi, Cd, Se, Mo, Tl and large-ion lith-
ophile elements (LILE) such as Ba, Rb and Sr, with the exception of Cs
which is enriched (Fig. 14A). Grey bauxite generally contains similar
trace element contents as the red bauxite, but it is enriched in As, Co and
Cu, and slightly enriched in Mo (Fig. 14A). White bauxite differs from
red bauxite by its depletion in Mo and As, and slight enrichment in U
(Fig. 14A). The clayey limestone and iron sulphide crusts show a
depletion in HFSE, LILE, Ga, Sn, Th, U, V and W, with the iron sulphide
crusts being enriched in As, Co, Mo, Ni, Sb, Sc, Tl and Zn while the clayey
limestone being enriched in As, Co, Mo and Zn (Fig. 14B). Iron sulphide
crusts display the highest Mo content compared to all other sample
types, and are also enriched in Co, Pb and Zn (Fig. 14B). The clay/marl
samples display a depletion in LILE, with the exception of Cs which is
enriched, and an enrichment in Co, Mo, Ni, Th, U and V (Fig. 14B).
Several trends can be observed in the cover sequence: (1) decrease in
HFSE, Bi, Ga and Sn, (2) enrichment of As, Cd, Co, Cu, Mo, Ni, Pb, Sb and
Zn at the bottom of the cover sequence, (3) enrichment of As, Cu, Mo, Tl,
U and V at the top of the cover sequence, and (4) a gradual increase in Sr
(Fig. 13). The first clay layer (R2-2) displays a different signature
compared to the rest of the cover clays/marls due to its visibly different
trace elemental composition, as it is significantly more enriched in Cd,
Co, Cu, Ni, Pb and Zn, and depleted in Ba, Rb and U compared to the rest
of the cover clays/marls (Figs. 13 and 14B). The tables with exact values
can be found in the appendix.

4.6.3. Rare earth elements

REE elements show a progressive increase towards the upper parts of
the bauxite (Fig. 15), and they are much lower in the clays/marls from
the bauxite cover. Two main types of REE patterns were recognised in
the Rovinj-1 deposit bauxite, when evaluating their UCC and chondrite
normalized patterns (Fig. 14C and D): (1) samples with lower LREE (La,
Ce, Pr and Nd) and MREE (Sm, Eu and Gd) content and (2) samples with
higher LREE and MREE content compared to the first type (Fig. 14C and
D). The variations in (La/Yb)., and (Gd/Yb)., ratios (Fig. 15), which are
commonly used to evaluate REE fractionation of bauxites (Mongelli
et al., 2014; Yuste et al., 2017; Abedini and Khosravi, 2024), also sup-
port the observed differences in LREE and MREE content, as they are
much higher in the samples of the second type (Fig. 15). HREE (Tb, Dy,
Er, Ho, Tm, Yb, Lu and Y) values are constant throughout the bauxite
(Figs. 14C, D and 15). Ce anomalies display significant differences along
the profile, as in the upper half of the main profile slight negative to no
Ce anomaly is present (Ce/Ce* = 0.80-1.04, Supplementary table),
while the lowermost samples exhibit a high positive Ce anomaly (Fig).
Grey bauxite also has the lowest LREE and MREE content, which is also
supported by lower (La/Yb)., and (Gd/Yb)., ratios, and also displays a
slight negative Ce anomaly (Ce/Ce* = 0.88, Supplementary table) on the
second profile (Figs. 14C, D and 15). The clayey limestone displays an
enrichment in LREE and especially in MREE (Fig. 14E and F). Clays/
marls display a depletion in LREE and MREE and an enrichment in HREE
and show no sign of Ce anomaly (Fig. 14E and F). The clay from the first
clay layer (R2-2) is different from the rest of clay/marl samples, as it
displays higher LREE and especially MREE content when evaluating the
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Fig. 9. X-ray diffraction patterns of <2 pm fractions recorded after diagnostic treatments. (A) X-ray diffraction patterns recorded after treatments of Mg-saturated
<2 pm fraction from the R1-1 red bauxite sample, (B) X-ray diffraction patterns recorded after treatments of K-saturated <2 pm fraction from the R2-4 clay sample,
(C), X-ray diffraction patterns recorded after treatments of Mg-saturated <2 um fraction from the R2-4 clay sample, (D) X-ray diffraction patterns recorded after
treatments of K-saturated <2 um fraction from the R2-4 clay sample. Legend: AD — air dried; DMSO - dimethyl sulfoxide saturation; EG — ethylene glycol saturation;
350 °C - heating to 350 °C; 600 °C — heating to 600 °C; HIV - hydroxyl-interlayered vermiculite; MLIS — mixed-layer illite—smectite; Ill - illite; Kln — kaolinite; Bhm —
boehmite (abbreviations taken from Warr (2021), except for hydroxyl-interlayered vermiculite - HIV).

UCC and chondrite normalised patterns (Figs. 14E and F) as well as
higher (La/Yb)., and (Gd/Yb).y, values (Fig. 15) compared to the other
clays/marls together with a positive Ce anomaly (Figs. 14E, F and 15),
although a low one (Ce/Ce* = 1.24, Supplementary table). Eu anomaly
exhibits a narrow range of values (Eu/Eu* = 0.62-0.69, Supplementary
table), and is negative throughout the bauxite profile, as well as the
clays/marls (Figs. 14F and 15). There are some variations in the Eu/Eu*
values, especially in the clays/marls, but they are regarded as insignif-
icant, due to the very narrow range of Eu/Eu* values. REE elements
show a progressive increase towards the upper parts of the bauxite
(Fig. 15).
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4.7. Multivariate statistical analysis

The behaviour of major trace and rare earth elements in bauxites
from the Rovinj-1 deposit was also investigated using multivariate sta-
tistical methods. The main objective was to determine the associations
of elements that behave similarly in order to evaluate their behavioural
pathways and phase associations. Only red bauxite samples were
selected for this step. Two principal components were used for the
construction of PCA plots after the evaluation of the scree plot (Fig. 16),
as PC1 and PC2 account for 79.8 % of the total variance in the dataset.
Arsenic was excluded from statistical analysis due to a number of values
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Fig. 10. Clay mineral composition of <2 um fractions obtained from bauxite
and clay/marl samples.

below the detection limit. Several clear elemental groups can be
observed on the constructed PCA plot: (1) LREE, MREE; (2) HFSE, HREE,
P,0s, Al,03, Nay0, Ca0, SiO,, Crp0s3, TiO,, LOI, Bi, Cd, Ga, Pb, Se, Sn,
Sr, V, and W; (3) LILE, MgO, K»0, CaO, Na0 and SiO3 (Fig. 17). Ce and
Cu do not show any association with these elemental groups, and do not
display any correlation to other elements. The constructed correlation
matrix largely supports the associations derived from the PCA, but there
are some differences (Fig. 18). P20Os, FeoOg3, Sr, U, Cd and W are closely
associated and show no meaningful correlation with the rest of the
second group, and are also associated with S, Be, and Mo as they show a
strong and meaningful mutual correlation with those elements. Zn, Ni
and Tl are also grouped together and mutually correlated (Figs. 17 and
18) and they show similar variations in the bauxite (Fig. 13), likely as a
consequence of their depletion in R1-6 sample, suggesting that they
were influenced by similar processes and are related to the same mineral
phases. Despite being associated with the second group on the PCA plot,
CaO, Cry0, Nay0, SiO,, Ho, Er, Se, Bi and V do not show any mutual
correlation with the rest of the elements from the second group. Y also
displays some differences, as it shows a high degree of mutual correla-
tion with LREE and some HREE, while not being strongly associated
with the second group. The elements from the first group and the third
group display some degree of positive correlation between them.

4.8. Iron speciation data and TOC

From the obtained Fecap, Fepy, Feox, Femag and total iron (Feyo)
values, Fen,/Feior and Fepy/Fey, ratios were calculated in order to eval-
uate the redox variations during the deposition of the bauxite cover
sequence. The Fey,/Fe, ratio was used to discriminate between oxic,
equivocal and anoxic depositional conditions, where the values higher
than 0.38 indicated deposition under anoxic conditions, values higher
between 0.22 and 0.38 indicated deposition under equivocal conditions,
while the values lower than 0.22 indicated deposition under oxic con-
ditions (Poulton and Canfield, 2011). The anoxic conditions were
further evaluated using the Fepy/Fey, ratio, which allows the discrimi-
nation between ferruginous and euxinic conditions, where values lower
than 0.6 indicate deposition under ferruginous conditions, and those
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higher than 0.8 deposition under euxinic conditions (Poulton, 2021). In
the bauxite cover succession, the lower part was deposited under fer-
ruginous and euxinic conditions, and the upper part under equivocal
conditions (Fig. 19). The visible trend in the Fepy content displays a
gradual decline from the lower part towards the upper part (Fig. 19),
supporting the redox changes indicated by the Feyp,/Fey ratio. The
decrease in Fepy content is also coupled with the increase in Fees and
Fetor content (Fig. 19), indicating that the iron was hosted primarily in
other phases in the upper section of the cover sequence and not in iron
sulphides. Total organic carbon is very low in both grey bauxite and the
cover clays, with values below 0.2 % (Fig. 19).

5. Discussion
5.1. Geotectonic evolution and affinity of parental material

The formation of Rovinj-1 deposit was enabled by the emergence of
the Istrian part of the AdCP in the late Oxfordian/early Kimmeridgian,
when Kkarstification of the carbonate bedrock and accumulation of
parent material from which the bauxite was derived started. This uplift
was tectonic in nature, and it temporally coincides with the obduction of
the Vardar Ocean (Schmid et al., 2008, 2020; Picotti and Cobianchi,
2017; van Hinsbergen et al., 2020), which triggered the formation of the
flexural forebulge in the foreland of the obduction zone, as this event led
to the additional intraplate stress in the underlying plate which was
generated by the pressure of the obducted oceanic crust of the Vardar
Ocean. The formation of karst bauxites in passive plate interiors under
intraplate stress was described by D’ Argenio and Mindszenty (1995) and
was also applied in case of the Austrian Ludberg bauxite, which was also
formed during the Late Jurassic (Steiner et al., 2021).

The type and source of the parent material from which the Rovinj-1
bauxite formed is hard to pinpoint, since bauxitisation is an extremely
aggressive process, leading to the loss of primary textures and original
composition of the parent material. Nevertheless, the composition of its
heavy and light mineral fraction, together with several petrographical
observations, allowed a tentative reconstruction of the sources and types
of its parent material. The occurrence of metamorphic minerals such as
clinozoisite, garnet, kyanite and epidote (Fig. 6A, B, F) coupled with the
presence of finely dispersed equidimensional mica, quartz and feldspar
grains in the bauxite matrix (Fig. 5A, B, F, G) indicate the contribution of
aeolian material during its deposition. The exact source of the aeolian
material could be precisely pinpointed by the dating of detrital zircons
(Kelemen et al., 2017, 2023; Brlek et al., 2021), but since this was not
performed in this study, exact source of the aeolian material could not
have been established. The presence of euhedral zircons likely indicates
the contribution of volcanic material, which is also plausibly supported
by the presence of amphiboles (Fig. 6E). There is evidence of contem-
poraneous volcanic activity as occurrences of several levels of benton-
ites/tuffs of Kimmeridgian to Tithonian age are documented in the
nearby Gorski Kotar, Croatia (S¢avnicar and Nikler, 1976; Veli¢ et al.,
1994, 2002) and in the Trento Plateau, NE Italy (Pellenard et al., 2013;
Picotti and Cobianchi, 2017). These materials were likely derived from
the volcanic centres formed during the obduction of the Vardar Ocean,
as suggested by Picotti and Cobianchi (2017). The contribution of the
insoluble carbonate residue cannot be overlooked, as Muca limestones,
which compose the bedrock of the Rovinj-1 deposit, contain a relatively
high content of insoluble residue (2.19 %; Durn et al., 1999), which was
liberated and accumulated during the karstification of these limestones.
Therefore, it can be concluded that the parent material from which the
Rovinj-1 bauxite deposit was formed was polygenetic in origin and
derived from aeolian dust, volcanic dust and insoluble carbonate
residue.

The bauxite samples also display negative Eu anomalies (Fig. 15),
which were likely inherited from the parent material, probably from the
volcanic material or the aeolian dust, but it is hard to exactly determine
and correlate them with any contemporaneous volcanic materials as
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Detected bands <2 um fraction samples, with their respective band and mineral phase assignment. R1-16* and R1-17* are the green-clay separates from the R1-16 and
R1-17 samples. Legend: Bhm — boehmite; Cal - calcite; Glc — glauconite; Il - illite; Fe-Ill — iron-containing illite; Kln — kaolinite.

Clay/Marl <2 pm fractions Bauxite <2 pm fractions Assigned Assigned band
mineral
R1- R1- R1- R1- R1- R1- R1- R1- R2-2 RI1-9 RI-6 RI-4 RI-3 RI-2 RIl-1
19 17 17* 16 16* 15 13 12
3699 3697 3700 3697 3697 3697 3697 3697 3697 3697 3696 3696 3696 Kin v AIOHAL
3650 3650 3650 3654 3653 3652 3651 3654 3654 3654 Kin v AIOHAL
3620 3620 3620 3621 3620 3621 3621 3621 3621 3621 3620 3621 3623 3622 3623 111, Kin v AIOHAL
3570 3568 3568 Gle v AIOHFe**
3531 3528 3527 Gle v Fe*"OHFe*"
3506 3507 Gle v Fe?"OHFe**
3443 3454 3442 3454 3451 3449 3454 3455 3450 3450 3450 v H,0
3429
3230 3248 3238 3240 3251
3287 3288 3288 3287 3287 3287 Bhm Vas HyO
3098 3099 3098 3096 3096 3096 Bhm Vs HoO
2095 2099 2095 2095 2097 2096 Bhm
1971 1971 1971 1970 1971 1971 Bhm
1753 1800 1802
1642 1639 1635 1634 4635 1635 1634 1641 1635 1633 1636 1638 1638 1638 5 Hy0
1548
1462 1461 1452 1444 1456 1457
1440
1428 1427 1428 1420 1420 1427 Cal v3 COy
1402
1385 1384 1384 1384 1390 1385 1385
1316 1314
1156 1156 1153 Bhm 8.5 OH
1009 1008 1009 1110 1109 1110 1110 1110 11, Gle v SiOap
1088 1087 1084 1089 1086 1087 Gle v SiOap
1080 1080 1079 1072 1072 1072 Bhm
1020 1020 Gle v Si0
1030 1032 1030 1031 1032 1032 1032 1033 1033 1033 1034 1034 1034 Kin, 11 v Si0
1009 1008 1007 1008 1008 1008 1009 1009 1009 Kin v Si0
939 938 939 936 936 936 936 936 936 Kin 5 AIOHAI
915 915 919 913 919 914 913 913 914 914 914 914 915 915 915 111, Kln, Glc & AIOHAI
876 876 Cal v, CO3
824 827 Gle 5 Fe? OHFe>"
836 835 834 833 832 830 1 5 AIOHMg
798 795 795 790 793 792 il 5 Al-O-Al
776
751 750 751 751 751 751 752 752 752 752 753 754 754 754 111, Kln, Glc 5 Al-O-Si,
Si-0
712 711 711 Cal v4 CO3
697 693 697 696 698 697 698 1 5 Si-0
668 668 668 664 Gle 5 Si-0, Fe-O
675 675 675 672 674 674 Bhm vs Al-O
650 648 647 649 648 648 648 Bhm v3 Al-O
536 537 537 539 538 537 538 538 538 Kin 5 Si-0-Al
532 532 1 53 Si-O-Si
524 523 1ll-Fe 53 Si-O-Si
517 517 Gle 55 Si-O-Si
471 471 467 471 467 471 472 471 471 472 473 474 474 474 474 11, Kin 51 Si-O-Si
5 Si-0-Al

there are no geochemical data available for these tuffs (Séavnicar and
Nikler, 1976; Veli¢ et al., 1994, 2002, Pellenard et al., 2013; Picotti and
Cobianchi, 2017). One of potential possibilities is that the plagioclases,
if they were present in the parent material, led to the formation of the
negative europium anomaly upon their dissolution during bauxitisation,
which has been proposed as one of such mechanisms in Badamlu bauxite
deposit (Abedini et al., 2020a,b).

5.2. Genesis of Rovinj-1 bauxite

The Rovinj bauxite has a predominantly uniform chemical (Fig. 12)
and mineralogical composition (Fig. 8). Most trace elements also display
a uniform composition along the studied bauxite profile, such as HFSE,
most transitional metals (Fig. 13) and HREE (Fig. 14C and D). These
elements were accumulated and enriched during bauxitisation, while
LILE, K50, MgO and MnO were leached and depleted, which is based on
their UCC normalised values. This is commonly observed in bauxites

elsewhere, as immobile elements such as HFSE and REE are retained
during bauxitisation (Mongelli, 1997; Calagari and Abedini, 2007;
Abedini and Calagari, 2014; Mongelli et al., 2014; Ellahi et al., 2017;
Abedini et al., 2020a,b) while more mobile elements such as bases and
LILE are leached away (Mongelli, 1997; Calagari and Abedini, 2007;
Xiao et al., 2021). This is also supported through multivariate statistical
analysis, as these two groups are also separated on the PCA plot
(Fig. 18), as well as in the correlation matrix where they are mutually
correlated within their respective group (Fig. 17). HFSE, HREE and most
transitional elements are also correlated and grouped with TiO2 and
AlyO3 (Figs. 17 and 18), indicating their association with boehmite,
kaolinite and titanium oxides. The high kaolinite (Fig. 8) and SiO,
(Fig. 12) content of the bauxite and a generally planar morphology of the
deposit (Fig. 3) suggest of the close position of the bauxite to the water
table (Bardossy, 1982; Combes and Bardossy, 1995), which prevented
deeper karstification and reduced the efficiency of drainage necessary
for the removal of bases and silica (Bardossy, 1982). The fact that the
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1
Full Scale 1312 cts

Fig. 11. SEM photomicrographs of the samples. (A) vermiform-like kaolinite crystals (a). (B) Kaolinite nanoparticles. (C) Authigenic ilmenite (b). (D) Vein of
authigenic LREE-bearing mineral (c). (E) EDS spectra and semiquantitative composition of the LREE-bearing mineral.
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Fig. 12. Major oxide compositions recorded along the main profile (connected with solid black line), with the addition of grey bauxite and clay sample from the

second profile (connected to the main profile values with black dashed line).

bauxite contains only boehmite is indicative of its formation in a karstic
environment, since boehmite has been proven to form instead of gibbsite
in mildly alkaline solutions (Papée et al., 1958, as cited by Bardossy,
1982) and in the presence of HCO3 ions (Schellmann, 1964a, cited by
Bardossy, 1982). The predominantly geochemical and mineralogical
composition of the deposit indicates that it formed primarily in situ (cf.
Bardossy, 1982; D’Argenio and Mindszenty, 1992), but the presence of
clastic bauxite lithologies in the upper parts of the deposit indicates
bauxite reworking, and a possible input of different bauxite material
from neighbouring bauxite deposits, suggesting that at least a part of the
bauxite is parautochthonous in origin.

The tropical vegetation cover is one of the factors that promotes
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bauxitisation, as it generates acidic solutions via the production of
organic acids and carbonic acid through the decomposition of organic
matter (Gardner, 1970; Lucas, 2001). This promotes the removal of
bases from the bauxite and increases the mobility of Fe and Al as they are
more soluble under acidic conditions (Bardossy, 1982 and references
therein; Lucas, 2001; De Campos et al., 2023). The vegetation cover also
serves as a protection from erosion by torrential rainflows (Bardossy,
1982 and references therein), which was present during the formation of
the Rovinj-1 bauxite, as the major parts of the bauxite are mainly pel-
itomorphic to microclastic, without any major indicators of erosional
disturbance (Fig. 4). However, this was not always the case, as in the
upper section of the bauxite the structure is predominantly clastic, with
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Fig. 13. Trace element compositions recorded along the main profile (connected with solid black line), with the addition of grey bauxite and clay sample from the

second profile (connected to the main profile values with black dashed line).

the coarsening-upward trend (Fig. 4), indicating an intensifying degree
of erosion as a result of the diminishing vegetation cover. The bauxite
grains in these clastic lithologies are also enriched in iron oxides
compared to the bauxite matrix (Fig. 5D, E), while also being accom-
panied by reworked iron oxide impregnations, in situ iron oxide im-
pregnations and iron-rich pseudooids (Fig. 5D, E, F). These iron
accumulation features are altogether indicative of climate aridification,
since the longer dry season during bauxitisation leads to the formation of
ferricretes in karstic bauxites (Bardossy, 1982 and references therein)
and precipitation of iron-rich grain coatings (Yang et al., 2019). The
climate aridification is recorded in NW Europe during the Tithonian
(Wignall and Ruffell, 1990; Hesselbo et al., 2009; Yang et al., 2019;
Btazejowski et al., 2023), which temporally coincides with the end of
bauxite deposition, since the cover of the deposit is of upper Tithonian
age. The increasing erosion can be linked to the prolonged annual dry
seasons which negatively impacted the vegetation cover, leading to its
reduction and increased bauxite erosion. Lower Cretaceous bauxites
from the Villeveyrac basin experienced a similar evolution, where the
progressive coarsening upward in the bauxite was linked to the aridifi-
cation in the palaeoclimate, which led to an increase in erosion towards
the end of its formation (Chanvry et al., 2020).

The upper part of the Rovinj-1 bauxite also exhibits a higher Fe;O3
content which supports the aforementioned petrographic observations.
This increase in Fe;O3 is also coupled with an increase in Be, Cd, P5Os, S,
Sr, U, Mo and W. This is not surprising as iron oxides commonly adsorb
most of these trace elements such as U (Newsome et al., 2015; Scott
et al., 2017; Bower et al., 2019), P (Weng et al., 2012), Mo (Goldberg
et al., 1996), S (Parfitt and Smart, 1978) and Cd (Shen et al., 2020).
Although V does not show a strong statistical affiliation with iron oxides
(Figs. 17 and 18), it is clearly enriched in the upper section of the bauxite
(Fig. 13), where it may be linked to the observed increase in the Fe;O3
content (Fig. 12) and iron impregnations. The bases and LILE display the

15

opposite trend, as their content is increasing towards the bottom of the
bauxite (Figs. 12 and 13), which is linked to the increasing alkalinity in
the lower sections of the bauxite, close to the carbonate bedrock, where
a similar process was reported in several other studies (Maksimovic¢
et al., 1991; Mongelli, 1997).

5.3. Behaviour of REE in the Rovinj-1 deposit

LREE and MREE do not show any close statistical association with
other trace and major elements, suggesting their mobility during
bauxitisation (Figs. 17 and 18), which can also be seen from their
enrichment or depletion throughout the studied bauxite profile (Fig. 14C
and D), best visible through the variations in the (La/Yb)q, and (Gd/
Yb)h ratios (Fig. 15). The LREE and MREE enrichment is present only in
the upper section of the bauxite profile, where it is commonly accom-
panied with the negative Ce anomaly (Figs. 14C, D and 15). The topmost
section of bauxites in general is usually more leached than the rest of the
bauxite body, which consequently leads to the development of a positive
Ce anomaly (Mongelli, 1997; Wang et al., 2013; Vind et al., 2018,
Ahmadnejad and Mongelli, 2022), as Ce is retained in its oxidised form
and the rest of the REE are leached downwards. This leads to the
depletion of Ce in the percolating fluids compared to the other REE,
facilitating the development of a negative Ce anomaly and enrichment
in other REE in the lower sections of bauxites (Mongelli, 1997). The
positive Ce anomaly is not visible in the topmost section of the Rovinj-1
bauxite (Figs. 14C, D and 15), as the constant reworking of the bauxite
and erosion in the topmost part of the bauxite likely masked the positive
Ce anomaly or removed the bauxite with such geochemical signature
altogether from the studied profile. It should be noted that the positive
Ce anomaly was observed in the first clay/marl layer in the cover
sequence (Figs. 14E, F and 15), whose REE signature was likely partially
inherited from the bauxite, since it formed directly on top of the grey
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Fig. 14. Trace and rare earth element values after their normalisation using the Upper Continental Crust Values (UCC) and chondrite values, after Taylor and
McLennan (1989). (A) Trace elements in grey, red and white bauxite samples normalised to UCC. (B) Trace elements in clays/marls, iron sulphide crusts and clayey
limestone samples normalised to UCC. (C) Rare earth elements in grey, red and white bauxite samples normalised to UCC. (D) Rare earth elements in grey, red and
white bauxite samples normalised to chondrites. (E) Rare earth elements in clays/marls, iron sulphide crusts and clayey limestone samples normalised to UCC. (F)
Rare earth elements in clays/marls, iron sulphide crusts and clayey limestone samples normalised to chondrites.

bauxite (Fig. 4). Several horizons in the upper section of the bauxite are
enriched in LREE and MREE compared to HREE, visible in the chondrite
and UCC normalized REE patterns (Fig. 14C and D) and variations in
(La/Yb)en and (Gd/Yb)e, ratios (Fig. 15), which altogether indicates
repeated leaching and accumulation of LREE and MREE. This apparent
mobility of LREE and MREE compared to HREE is quite peculiar, since
HREE are usually more easily leached than LREE in bauxites
(Ahmadnejad and Mongelli, 2022), as they are more stable and soluble
in their ionic form in aqueous solutions while also forming more stable
LnCO3 complexes compared to LREE (Coppin et al., 2002; Duncan and
Shaw, 2003; Liankai et al., 2020). One of the possible explanations for
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this fractionation within the REE group could be the preferential scav-
enging of LREE by iron oxides (Rankin and Childs, 1976; Bau, 1999;
Laveuf et al., 2008, 2012) and the increased complexation of LREE and
MREE with organic acids compared to HREE (Elders et al., 1979; Lin
et al., 2017; Dia et al., 2000; Cao et al., 2001; Abedini and Khosravi
2023), as both the accumulation of iron oxides and percolation of
organic acids took place during bauxitisation. A similar enrichment in
LREE was observed in iron- and organic-matter rich bauxite horizons in
the Iranian Dopolan bauxite deposit (Ellahi et al., 2015). The HREE have
constant values in the bauxite (Figs. 14C, D and 15), indicating that they
were immobile and virtually unaffected by these processes. No HREE-
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bearing minerals were found during the SEM-EDS analysis of selected
bauxite samples, indicating that they were likely immobilised through
the adsorption onto present clay minerals, which is based on the ex-
amples of HREE accumulation in kaolinitic clays during weathering (Xu
et al., 2017; Borst et al., 2020). Despite the absence of HREE-bearing
minerals, one type of LREE-bearing mineral was found, likely of the
bastnaesite group (Fig. 11D, E), but only in the lowermost sample from
the main profile (R1-1). This indicates the formation of authigenic flu-
orocarbonate REE-bearing minerals near the carbonate footwall in the
Rovinj-1 deposit, which is a phenomenon observed in karst bauxites
worldwide, responsible for positive Ce anomalies near the footwall
(Maksimovic et al., 1991; Mongelli, 1997; Mongelli et al., 2021; Abedini
and Khosravi 2024). This, however, cannot fully explain the observed
highly positive Ce anomalies and depletion in other REE in the lower
section of the bauxite (Fig. 14C and D), since this mineral was found only
near the footwall and is also enriched in the rest of LREE (Fig. 11E). This
means that there should be also an enrichment in LREE in the lower
section of the bauxite with a weak or absent Ce anomaly, and not the
high positive Ce anomaly with LREE depletion which was observed. This
means that Ce was likely enriched via other processes, likely through
leaching of other REE and immobilisation of Ce through its oxidation
from Ce>* to Ce*" in the presence of ferromanganese oxides (Kawabe
et al., 1999; Ohta and Kawabe, 2001; Quinn et al., 2006). Usually, this
results in the precipitation of cerianite (Braun et al., 1998; Bau, 1999;
Dia et al., 2000, Ahmadnejad and Mongelli, 2022), but since no presence
of such mineral was found, it is likely that Ce was retained through the
adsorption into ferromanganese oxides (Koppi et al., 1996; Coelho and
Vidal-Torrado, 2000; Neaman et al., 2004). Therefore, the lower section
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of the bauxite was likely forming for a prolonged period of time before
the upper section of the bauxite was deposited, which allowed these
processes to take place. The mainly pelitomorphic structure of the lower
bauxite section also supports this (Fig. 4), indicating that it was formed
during more stable conditions compared to the upper section which
experienced multiple depositional and redepositional cycles. This
should be confirmed by future studies with much more detailed SEM-
EDS analysis and sample set, as it is possible that some other REE- and
Ce-bearing minerals were missed due to a relatively small number of
analysed samples with SEM-EDS.

5.4. Beginning of the transgression

The sea-level rise and flooding of the previously emerged areas fol-
lowed the formation of Rovinj-1 bauxite, which led to multiple epige-
netic changes in the deposit, most notable being the processes of
pyritisation and epigenetic resilicification. The bauxite experienced
resilicification in its upper and lower parts, as indicated by the higher
kaolinite (Fig. 8) and SiO2 content in the grey bauxite (Fig. 12), in situ
growth of kaolinite (Fig. 5J; cf. Mameli et al., 2007; Mongelli et al.,
2021), and the presence of bauxitic clay in the contact zone between the
bauxite and the bedrock (pers. comm. Milan Mihovilovi¢). Pyritisation
affected the uppermost section of the bauxite, producing a half-metre-
thick zone of grey bauxite with abundant pyritised roots and pyrite
impregnations (Figs. 4 and 5K, L), which is linked to microbial reduction
in the presence of organic matter and the solubilised iron in the marshy
environment (Berner, 1970). The marshy environment was established
atop of the Rovinj-1 bauxite during its flooding, which is a commonly
observed phenomenon in karst bauxites (Bardossy, 1982; Sinkovec
et al., 1994; Laskou and Economou-Eliopoulos, 2007, 2013; Economou-
Eliopoulos et al., 2022). White bauxite also formed in this phase, mainly
along the fractures and pyritised roots (Fig. 4), which happened as the
acidic and reducing porewaters percolated along the fractures into the
bauxite. Part of the white bauxite formed through the microbial
decomposition of roots, since a similar process was observed in one of
the bauxite bodies of the Parnassos—Ghiona deposits (Kalaitzidis et al.,
2010). Most of hydrogen sulphide produced was likely immediately
precipitated upon contact with solubilised iron in the grey bauxite zone,
and as such, the percolating porewaters devoid of hydrogen sulphide,
but still depleted in oxygen, only solubilised the iron oxides without the
formation of iron sulphides, leaving behind the deferrified white
bauxite. The removal of iron oxides also affected the trace elemental
signature, as it is depleted in Mo, Pb and As compared to the red bauxite
(Fig. 15A), which are commonly hosted within iron oxides (Bowell,
1994; Goldberg et al., 1996; Shen et al., 2020). There is also a slight U
enrichment (Fig. 15A), which might be linked to its immobilisation by
the reducing porewaters (Newsome et al., 2015; Scott et al., 2017;
Bower et al., 2019). White bauxite is also enriched in LREE and MREE
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Fig. 17. Constructed correlation matrix for major, trace and rare earth elements in the red bauxite samples. Blank cells represent statistically insignificant values.

(Fig. 15C), which were either inherited from the original red bauxite
during its reduction, or were delivered by the percolating fluids which
likely contained organic acids which enrich and more easily form
complexes with LREE and MREE compared to HREE (Elders et al., 1979;
Lin et al., 2017; Dia et al., 2000; Cao et al., 2001). The formation of the
grey and white bauxite was followed by the formation of the first clay
layer (R2-2), which is accompanied by clayey limestone lenses with iron
sulphide crusts (Fig. 4). This clay most likely formed through reworking
and resilicification of the topmost bauxite in the marshy environment.
This is supported by the presence of the positive Ce anomaly (Fig. 14C
and D), which had to be inherited from the ferralitic material as it could
not have been developed in the reducing environment. The REE signa-
ture also displays a LREE and MREE enrichment compared to the other
clays/marls (Fig. 15D), which could have been inherited from the
bauxite. This enrichment could have been formed through the liberation
of LREE and MREE from iron oxides during the reduction of red bauxite
and their interaction with organic matter. This is a possible scenario,
since both the clayey limestone lenses and iron sulphide crusts display
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the same LREE and MREE enrichment (Fig. 15D), indicating that the
environment in which these materials formed likely exhibited such REE
signature. The first clay layer also contains similar amounts of almost all
trace elements as the grey bauxite below it (Fig. 13), which likewise
supports the formation of this clay from the bauxite. This clay is also
enriched in As, Mo, Pb and Zn compared to the grey bauxite (Fig. 13),
which was linked to their accumulation in an euxinic environment
during pyrite formation (Fig. 19). The abundance of these elements in
the first clay layer compared to other clays/marls in the cover sequence
is likely not only a consequence of redox conditions, but also of the
increased supply of these elements during the initial flooding of the
bauxite, as bauxite already has a high content of most trace elements
(Fig. 13), some of which were likely released and sequestrated during its
reduction.
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5.5. Cover sequence

5.5.1. Palaeoclimatic evolution

The alternating sequence of clays/marls, limestones and black-
pebble breccias followed the deposition of the first clay layer (Fig. 4).
The cyclical character of this sequence is likely a consequence of the sea-
level oscillations as the transgression progressed. The clays/marls from
the cover sequence are composed of same minerals as the first clay layer,
but they display a gradual increase in MLIS and illite, coupled with the
decrease in kaolinite content (Figs. 8 and 10). This is also visible in the
major oxide content, through the decrease in Al,O3 and increase in K20
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content (Fig. 12). This trend is probably linked to the progressive
climate aridification in the latest Tithonian, which began during the end
of bauxite deposition, and continued during the deposition of the
bauxite cover sequence. Several studies in NW Europe recorded similar
changes in clay mineralogy during Tithonian, which was linked to
climate aridification (Wignall and Ruffell, 1990; Hesselbo et al., 2009;
Btazejowski et al., 2023). During the existence of the karstic lake which
formed atop of the bauxite, portions of surrounding areas were most
likely still emerged, where pedogenesis was likely still an ongoing pro-
cess. As such, the soils forming on these emerged areas could have
responded to climate aridification with the increased bisialitisation
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(formation of 2:1 clay minerals) and the reduction in sialitisation (for-
mation of 1:1 clay minerals), producing a progressively more illitic
depositional sequence. This is also visible in trace element composition
of the clays/marls, as there is a gradual decrease in HFSE content
(Fig. 13), which accumulate during the processes of ferralitisation, and
as such, the reduction in the production of ferralitic soils could have
impacted the HFSE content of the developing clays/marls. Such newly
formed soil materials were washed into the lake and reworked into the
clays/marls that are preserved in the cover sequence of the Rovinj-1
bauxite. The clays/marls have the same REE signature which differs
from the first clay layer, as they display a clear depletion in LREE and an
enrichment in HREE (Fig. 14E and F), visible also in their differences in
(La/Yb)e, and (Gd/Yb)., ratios (Fig. 15). HREE are generally more
soluble than LREE in aqueous environments, since they form more stable
carbonate and aqueous complexes (Coppin et al., 2002; Duncan and
Shaw, 2003; Liankai et al., 2020), which likely led to their increased
adsorption onto present clay minerals compared to LREE. The increased
adsorption of HREE onto clay minerals compared to LREE in saline so-
lutions (Coppin et al., 2002; Hao et al., 2019) might have also played a
part in the formation.

5.5.1.1. Palaeoenvironmental evolution. The limestones in the cover
sequence are mainly bioclastic to peloidal wackestones but bioclastic to
peloidal packstones are also present (Fig. 7A, B). Sporadic occurrences
of fenestrae (Fig. 7B) indicate local ephemeral exposure during the
evolution of the karstic lake. The abundance of pellets (Fig. 7A) and
laminar textures (Fig. 7E) suggest sedimentation in a low-energy envi-
ronment, which is expected in an isolated karstic lake. The faunal record
in the limestones from this sequence is dominated by ostracods and
Charophyta oogoniums, with sporadic occurrences of miliolid forami-
nifera and Favreina pellets (Fig. 7A, B, C), indicating the formation in a
restricted schizohaline karstic lake. The presence of glauconite in the
upper section of the cover sequence is an indicator of marine influence,
as its formation requires the source of potassium (Odin and Matter,
1981; Giresse and Wiewiora, 2001; Meunier and El Albani, 2007; Bal-
dermann et al., 2015, 2017), which is readily found in the seawater.
Another glauconite occurrence was found in the contemporaneous
palaeosol nearby (Perkovic et al., 2024), which indicates that this
glauconitisation event was widespread during the late Tithonian trans-
gression in this area. The deposition of the cover sequence ends with the
deposition of the fully marine Kirmenjak limestone over the bauxite
cover sequence (Figs. 2 and 3), which indicates the overland trans-
gression of the surrounding terrain and the complete ingression of the
former karstic lake. A similar sequence was described in one of the blue
holes in the Bahamas (Rasmussen and Neumann, 1988). There, a
depositional sequence was observed which starts with karstification and
palaeosol formation, which is followed by the deposition of limestones
in a schizohaline environment, and finally fully marine limestone. Such
blue hole sequence is typical for the “internal transgression” (Rasmussen
and Neumann, 1988), in which the internal water table rises through
karstic conduits in the palaeotopographic depressions during the initial
stage of the transgression before the emerged terrain completely
drowns. Similar blue hole sequence was also described in the cover of
the Hungarian Gant bauxite deposit (Bignot et al., 1985; Trabelsi et al.,
2021).

5.5.1.2. Redox evolution. The iron speciation data, mineralogy and
geochemistry of the clays/marls from the cover sequence of the Rovinj-1
bauxite mainly support the blue hole model, while providing additional
insight into the evolution of the palaeoenvironment of the isolated
karstic lake. During the first stages of the transgression, the karstic lake
was characterised by euxinic bottom waters, which is indicated by iron
speciation data (Fig. 19), abundance of pyrite (Fig. 19) and elevated
content of chalcophile elements in the first clay layer and the grey
bauxite (Figs. 12 and 13). As the transgression progressed, the redox
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conditions progressively shifted towards equivocal, and finally oxic
(Fig. 19). This shift is coupled with the decrease in Fepy content (Fig. 19),
TOT/S content (Fig. 12), and the appearance of glauconite (Table 1),
which support this shift in redox conditions. The residual iron content
also increased (Fig. 19), which indicates that most of the iron in the
upper part of the cover sequence is present in glauconite and illite and
not in iron sulphides. The redox sensitive elements such as Mo, U and V
together with some chalcophile elements such as As and Tl (Fig. 13)
display an enrichment in the top part of the cover sequence, which
contrasts with the iron speciation and mineralogical data, as the accu-
mulation of these elements usually happens in anoxic and euxinic con-
ditions (Wanty and Goldhaber, 1992; Goldberg et al., 1996; Shaheen
et al., 2016; Bower et al., 2019; Fuller et al., 2020). A similar trend was
observed in the succession of the Spanish La Pedrera de Meia karstic lake
(Gil-Delgado et al., 2023), where the values of chalcophile and redox-
sensitive elements increase towards the top of the succession, coinciding
with the expansion of the lake during its complete flooding. Gil-Delgado
et al. (2023) proposed that this led to the renewed supply of these ele-
ments into the lake and the increase of biologically-derived particulates
carrying these elements, which altogether boosted their accumulation. A
similar scenario could be proposed for the cover sequence of the Rovinj-
1 bauxite deposit, as it experienced a similar evolution during the
transgression. The change in redox conditions from euxinic towards oxic
(Fig. 19) in the cover sequence of the Rovinj-1 bauxite deposit is most
likely the result of several factors, one of them being the increase in sea-
level rise, which led to the connection of this karstic lake with the nearby
marine environments and possibly better circulation in the lake, which
decreased the redox stratification in the lake. One of the other factors
could be the change in the supply of organic matter, whose accumula-
tion and microbial decomposition likely had a big influence on the
development of anoxic and euxinic conditions in the lake, since the
microbially facilitated decomposition of organic matter removes oxy-
gen, producing anoxic conditions (Berner, 1970). It should be noted that
there is practically no preserved organic matter in the clays/marls as
they have a very low TOC content (Fig. 19), indicating that virtually no
organic matter was preserved in the sediment because it was consumed
during microbial activity. One of the possible causes for the changes in
the supply of organic matter could have been the aridification of climate
which begun during the end of bauxite deposition and continued during
the deposition of the cover sequence, as aridification can cause the
decrease in plant productivity (Hu et al., 2021), leading to diminished
supply of plant organic matter. The progressive sea level rise could have
also impacted the supply of plant organic matter, through the gradual
flooding of the surrounding emerged areas, leading to the reduction of
terrestrial plant habitats. Flooding episodes of coastal regions can also
cause the accumulation and mineralisation of organic matter in soils
(Sahrawat, 2003), but in some cases also can lead to increased mobi-
lisation of solubilised organic matter, increasing its supply into the
seawater (Majidzadeh et al., 2017). Based on the above processes and
observations, we tentatively suggest that the combined influence of the
progressive sea-level rise and the changes in the supply of organic matter
were a possible cause of the observed redox conditions during the evo-
lution of the karstic lake, but future detailed studies with improved
methodology could provide a better understanding of the factors that
impacted the redox evolution within the lake.

6. Conclusions

This study focused on the genesis of the Rovinj-1 bauxite deposit
situated in the Istrian part of the Adriatic Carbonate Platform (AdCP)
and the associated changes in its surrounding environments and climate
during its formation within the Late Jurassic subaerial exposure phase.
This study also focused on the behaviour of REE and trace elements
during bauxitisation, which were also used as proxies for the physico-
chemical changes that influenced the formation of the Rovinj-1 bauxite
deposit and its cover sequence. The study of the cover sequence was
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additionally complemented by the use of iron speciation data to enable a
more detailed reconstruction of the redox changes that followed the
flooding of the bauxite. Based on the data collected, several important
conclusions can be drawn, as follows:

1. The formation of the Rovinj-1 bauxite is polygenetic and was enabled
by the uplift of the NW part of the AACP in response to the obduction
of the Vardar Ocean ophiolites in the Late Jurassic, after which the
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karstification processes and the bauxitisation of the accumulating
volcanic ash, aeolian dust and insoluble residue of the carbonate
bedrock took place (Fig. 20A).

2. The chemical and mineralogical uniformity of the Rovinj-1 bauxite
suggests primarily in situ formation, although the clastic bauxite li-
thologies indicate some reworking and possible local input, espe-
cially during the latest stage of its formation, related to the
progressive regional aridification in the late Tithonian which led to
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volcanic dust together with insoluble carbonate residue. (B) Start of the climate aridification which led to the reduction of plant cover, allowing the increased erosion
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climate aridification recorded through increasing illite and mixed-layered illite-smectite and reduction in kaolinite content in clays/marls deposited together with
limestones under anoxic to euxinic conditions. (E) Continued climate aridification indicated by further decrease in kaolinite content and increase in illite and mixed-
layer illite—smectite in clays/marls deposited together with limestones under equivocal to oxic conditions as the lake was progressively more connected with sur-
rounding sea as also indicated by the local glauconitisation in Rovinj-1 deposit and Zlatni rt palaeosol (Perkovic et al., 2024). (F) End of subaerial exposure phase —
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hosting bisialitisation and sialitisation; 9 — glauconite in clays/marls; 10 — glauconite in palaeosols; 11 — limestones of upper Tithonian Kirmenjak unit.
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the decrease in the vegetation cover and increased erosion of the
bauxite and its surroundings (Fig. 20B).

3. REEs and trace elements also indicated the physicochemical changes
during the formation of the bauxite, highlighting the differences
between the lower and the upper part of the bauxite, which was
subjected to increased erosion and the formation of iron oxide im-
pregnations and iron-rich bauxite. Positive and negative Ce anoma-
lies indicated the changes between the formation of the lower and
upper parts of the bauxite, suggesting that bauxite formation
occurred in two phases. The (La/Yb)., and (Gd/Yb)., ratios, as well
as UCC and chondrite normalized REE values, also showed the
fractionation between LREE, MREE and HREE, where HREE were
mainly immobile during bauxitisation, while LREE and MREE were
mobile and affected by the behaviour of organic acids and iron
oxides.

4. Progressive aridification continued during the formation of the
bauxite cover sequence, as recorded by the changes in clay mineral
composition due to the increased formation of illite and MLIS over
kaolinite (Fig. 20C).

5. The initial flooding of the bauxite led to the formation of pyrite-rich
grey bauxite and development of white deferrified bauxite
(Fig. 20D). The sea-level rise begun as an oscillating internal trans-
gression progressing into the overland transgression, with the
increasing salinity of the lake being recorded through the occurrence
of glauconite in the upper part of the cover sequence (Fig. 20E, F).
The transition from the internal towards an overland transgression is
marked by the deposition of fully marine upper Tithonian Kirmenjak
limestone. Based on the aforementioned, faunal and floral assem-
blages as well as with structures and textures of the overlying lime-
stones, the cover sequence of the Rovinj-1 bauxite is interpreted as
the blue hole sequence.

In summary, the genesis and evolution of the Rovinj-1 bauxite de-
posit reflects a complex interplay of tectonic, climatic, depositional and
physicochemical processes. Overall, this study provides novel insight
into the genesis of the Rovinj-1 bauxite deposit and contributes to the
current understanding of the late Oxfordian/early Kimmeridgian to late
Tithonian subaerial exposure phase in the NW part of the AACP. One of
the most important contributions is the evidence of a climate shift to-
wards more arid conditions in the late Tithonian, which improves the
current understanding of climate changes in the Late Jurassic of the
AdCP but also wider region. The detailed analysis of the bauxite cover
sequence also provided additional insight into the evolution of the
transgression that followed the long subaerial exposure phase and its
impact on the surrounding palaeoenvironments. The detailed analysis of
trace elements and REE enabled the creation of a much more detailed
genetic model of the Rovinj-1 bauxite deposit and confirmed that they
are an invaluable tool for the study of bauxite formation and palae-
oenvironments in general.
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