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Abstract Bauxite deposits are widespread in NW
Sardinia. They formed during the middle Cretaceous,
in consequence of a period of emergence of the
Mesozoic carbonate shelf. In the Nurra area the
geometries derived by the Middle Cretaceous tectonic
phases controlled the ore typologies. Two bauxite
profiles, laying on different bedrocks, were sampled.
The bauxitization proceeded from the surface down-
ward, with the accumulation of Al,O; and residual
‘immobile’ elements (Al, Ti, HFSE), and correspond-
ing mobility and loss of SiO, and Fe,Os;. Epigenetic
kaolinite formed close to faults and joints, probably as
a result of silicification, introduced by low temperature
hydrothermal solutions. Rare earth elements, espe-
cially LREE, are concentrated in Fe-rich bauxite
horizons, probably due to scavenging by goethite.
REE-enrichment is not observed in the boehmite-rich
horizons. Very high REE contents are observed in a
Fe-depleted horizon due to the occurrence of REE
accessory minerals, probably of the bastnésite group.
Conservative indices, including TiO,/Al,O3 and Ti/Cr
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ratios, and Eu anomalies (Eu/Eu*), suggest that the
deposits formed by weathering of sediments derived
from mafic rocks of the Hercynian basement. This, in
turn, implies that the basement was exposed during
middle Cretaceous.
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Introduction

Bauxite deposits can be classified into two main cate-
gories, depending on the bedrock lithology: bauxite
deposits overlying alumosilicate rocks and bauxite
deposits overlying carbonate rocks. According to
Bardossy (1982), bauxite overlying alumosilicate rocks
can be further subdivided into: (1) laterite bauxites that
consist of residual deposits and/or deposits that expe-
rienced only local redeposition; and (2) Tikhvin-type
bauxites, represented by transported (allochthonous)
deposits without any relationship with the original
residual profile. Bauxite lying on carbonate rocks can
be identified with the ‘karstic’ category, regardless of
whether the bedrock surface is karstified or not, or the
degree of karstification.

Karst bauxites, representing 14% of world bauxite
resources, have, in turn, been subdivided into several
types (Combes 1972; Bardossy 1982 and references
therein), based on morphology, composition and geo-
graphical-paleogeographical criteria. Among the vari-
ous types of karst bauxite, the Mediterranean-type is
the most widely studied. A wide variety of deposits’
subtypes have been distinguished based on different
criteria. The subdivision of Bardossy (1982) is based
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either on geometrical or compositional features. Other
subdivisions (Combes 1972, 1990; Laville 1981; Oggi-
ano et al. 1987) take tectonic setting, allochtony of the
lateritic products and the vertical evolution of the
chemical and mineralogical profile into consideration.

Mediterranean-type bauxites were generated on
both the European and Adriatic Mesozoic carbonate
shelves in the Neotethys realm. In Western Europe,
this kind of bauxite occurs in the Pyrenean-Provengal
domain, where periodic emergences of the carbonate
shelf, under favourable climatic conditions, allowed
lateritic weathering. The carbonate shelf of western
Sardinia, which was part of this domain, experienced a
relatively long period of emergence in the middle
Cretaceous due to a phase of tectonic instability.
Emergence and erosion must have taken place under a
warm and wet climate. During the middle Cretaceous,
Sardinia lay close to N30° latitude at the same palae-
oclimatic belt as the south European margin (Dercourt
et al. 1985). Moreover a global warming is recorded
during the Albian that caused globally higher temper-
atures than today (Frakes 1979, 1986) and monsoonal
climate in the Pyrenean domain (Fenner 2001; Herrle
et al. 2003). Such climate allowed extreme weathering
conditions, forming bauxite deposits (Pecorini 1965).
At Nurra the deposits display the main features of
karst bauxite situated in intracontinental zones. Com-
bes et al. (1993) distinguished three different types of
deposit according to the nature of the bedrock. In
particular, stratiform deposits sandwiched between
Coniacian limestones and Valanginian marls can also
form. This is the case of the ‘Sardinia-type’ deposit
(Combes 1990), which is considered an explicit exam-
ple of a continuous profile of residual bauxite derived
from marls.

Although fractionation of major, minor and trace
elements occurs during bauxitization, the distribution
of immobile elements has proven to be a powerful tool
in assessing the genetic history of karst bauxite
deposits in the Mediterranean area (e.g., Maksimovic
and Panto 1991; MacLean et al. 1997; Mongelli 1997).
The distribution of rare earth elements (REE) in
Apulian karst bauxites, for example, permitted
assessment of relevant geochemical changes during
bauxitization (Mongelli 1997). In addition, conserva-
tive elemental indices, such as the Eu/Eu* index, were
used to model the parental affinity (Morelli et al. 2000).

This study focuses on two different types of deposit
from the Nurra district (western Sardinia) and aims to

1. Dbetter define the relationships between the middle
Cretaceous tectonics of western Sardinia and the
typology of the different deposits;
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2. give new constraints on the condition of bauxite
formation focusing on the ‘mobility’ of major and
selected trace elements, including rare earth
(REE), high field strength elements (HFSE) and
transition elements in bauxite samples from dif-
ferent types of deposit from the Nurra district;

3. better constrain the evolution of Nurra bauxites
during and after bauxitization, and to determine
the source of the ancestor material.

The new data could be of broad interest for further
comparisons between bauxites of the Europe and
Adria plates. Moreover they can represent a new tool
useful in prospecting for new profitable deposits.

Geological setting

The Nurra bauxites are hosted within the Mesozoic
carbonate platform of NW Sardinia (Fig. 1). In this
region, most of the Variscan basement is capped by a
sedimentary sequence which reflects the geodynamic
evolution from the collapse of the Variscan orogenic
chain to the onset of Neo-Tethyan rifting in the late
Triassic. Between the Late Permian and Oligocene,
Nurra experienced the same Mesozoic events as
other areas of southern stable Europe bounding the
passive margin of the Ligure-Piemontese oceanic
domain. Accordingly, it was only marginally involved
in the Alpine orogeny. In fact the Corsica-Sardinia
block was located along the southern edge of stable
Europe, close to Provence, before its Neogene
counter-clockwise rotation (Vigliotti and Langenheim
1995).

Shallow marine sedimentation of evaporites and
carbonates occurred during the long period of tectonic
quiescence from the Middle Triassic to the middle
Cretaceous. The shelf sea covered the entire post-
Variscan peneplain of Sardinia in the Middle Jurassic.
The first tectonic activity to affect the Mesozoic car-
bonate shelf occurred during the middle Cretaceous.
This is recognized as low-angle angular unconformities,
including a bauxite-bearing stratigraphic hiatus be-
tween the Early and Late Cretaceous successions
(Fig. 2). This tectonic event was chiefly a sinistral
strike-slip motion between the Iberian and European
plates. The early movements were characterized by
transtensional kinematics that started in the Aptian
and lasted until the middle Albian (Bedoulian move-
ments; Rousset 1969). Since the upper Albian, the
kinematics turned into transpressional, due to conver-
gence between Iberia and Europe (Puigdefabregas and
Souquet 1986). In NW Sardinia, as well as in Provence,
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middle Cretaceous emergence was related to these
later transpressional movements, which generated
uplifted blocks and wide antiformal and synformal
structures (Oggiano et al. 1987; Combes 1990; Combes
et al. 1993). As a consequence during the planation of
the mid-Cretaceous surface different rocks of different
age were exposed to weathering, depending on the
structural frame issued from the Aptian deformation
phase. Broadly, the older rocks underlying the bauxite
were exposed north-westward (bauxite lying on Dog-
ger dolostones at La Campana) due to the erosive
elision of at least 600 m of Mesozoic sequence (Fig. 1).
Moving farther in that direction even the entire
Mesozoic carbonate platform might have been eroded
leading to the exposition of the Palaeozoic basement.
Pre-upper Cretaceous erosion of the Mesozoic covers
is well documented in northern-central Sardinia where
upper Cretaceous carbonate rests directly on Triassic

Jurassic

deposits and on basement rocks (Cherchi and Schroe-
der 1976).

Conversely the younger strata below the bauxite are
exposed to ENE and to WSW (Lower Aptian at Uri
and Capo Caccia, respectively). Locally folds with
different length-waves are also detectable. For exam-
ple near Olmedo the bauxite and the upper Cretaceous
beds seal a wide NNW trending syncline bearing Pur-
beckian marls and early Barremian limestone in the
core (Fig. 3).

The Mesozoic succession, which predates middle
Cretaceous emergence, is well exposed at Nurra. It
consists mainly of pure dolostones and limestones, with
clay-rich beds occurring within the Triassic deposits as
marly limestones, and clayey gypsum deposits. Marls
also occur in the Late Jurassic strata and, particularly
at the base of the Cretaceous, with typical lagoonal-
lacustrine ‘Purbeckian’ facies (Pecorini 1969). Due to
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Fig. 3 Example of structural control of pre-upper Cretaceous
tectonics on the bauxite deposits: a wide syncline sealed by
bauxite and transgressive Coniacian limestone (Olmedo mine)

the angular unconformities noted previously, the
bauxite rests on rocks with different compositions,
including pure Urgonian limestones, Purbeckian marls
and more or less marly limestones and dolostones. The
bedrock lithologies control the morphology and the
profiles of the bauxite deposits.

The bauxite is covered by transgressive, Hippurites-
bearing, limestones and marls of Late Cretaceous
age (Coniacian to Maastrichtian), which are in turn
unconformably capped by pyroclastic products related
to the Oligocene—Miocene calc-alkaline volcanic suite
of western Sardinia. Open folds, related to a Late
Cretaceous or Eocene Pyrenaic tectonic phase, affect
the entire Mesozoic sequences along with Neogene
normal faults. The Cenozoic deformative phases
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overprint the middle Cretaceous structures and are
responsible for the present distribution of the deposits.

Deposit types

According to Combes (1990) and Combes et al.
(1993), marls or other Al,Oj-rich parent rocks give
rise to in situ profiles, whereas on pure limestone or
dolostone the bauxite profile derives from more or
less weathered material which, following erosion and
transport across shorter or longer distances, can be
redeposited within structural depressions or inside
narrow Kkarsts. These resedimented materials may
then undergo further alteration (relative autochtho-
ny) or not (allochthony). Combes et al. (1993)
divided the Nurra deposits into three different types.
Considering an additional type, introduced in the
present contribution, the deposits of the Nurra can be
subdivided as follows (Fig. 4):

Type-1: regular, stratiform, residual deposits
(autochthonous) These are deposits with wide lateral
continuity, generally 2 m, with maximum of 5 m, in
thickness. The bauxite was derived from in situ
lateritization of illitic marls (Purbeckian facies). The
profile consists of clayey bauxite near the footwall,
which grades upwards to a lithic boehmite bauxite, with
low hematite and goethite contents. The Fe-minerals
are confined to irregular reddish patches within totally
bleached ore. Kaolinite is confined to the lower, clay-
rich horizon and progressively diminishes toward the
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centre of the deposit, where the Al,O3 content can
exceed 70%. The abundance of kaolinite increases
again in the upper part of the deposit where detrital
bauxite can form the uppermost horizon.

Type-2: Karst pockets Bauxite and bauxitic clay
infill karsts developed on calcareous or dolomitic beds
underlying the Purbeckian marls. They are derived
from the Type-1 bauxite profile collapsed into karst
pockets hosted in Late Jurassic rocks. These deposits
have scarce economic relevance due to the occurrence
of clays and bauxitic clays at different levels through
the profile.

Type-3: detrital deposits These deposits are
uncommon and rest on post-Berriasian bedrock, i.e., on
Urgonian (Barremian—Lower Aptian) shelf limestone,
with thickness of 5 m on average even if, at places, the
bauxite is missing and is replaced by conglomerates.
Given the relatively younger age of the bedrock, they
must have been deposited over structural or topographic
lows as bauxitic detritus, testified by well-bedded
clastic bauxite also occurring in the lower part of the
deposit.

Type-4: irregular stratiform deposits Located on
more or less dolomitic-limestones at the transition
between the Purbeckian and Urgonian facies, the Type-1
deposit grades into bauxite with features intermediate
between those of Types-1 and 3. The thickness is more
variable, due to moderate karstification of the bedrock.
At the contact with bedrock, clayey bauxite is almost
absent, and high-grade bauxite rests directly on the
carbonate substratum. This profile is an intermediate
type between residual and detrital profiles that could
have been generated when still-evolving lateritic
products moved down slope and were redeposited on
calcareous bedrock.

The Olmedo mine

Until the 1980s, Sardinian bauxite was poorly known
and unexploited. In the 1980s and 1990s, a joint ven-
ture aimed to assess the economic potential of the main
deposits, triggering new research and exploration and
also leading to the opening of a mine close to Olmedo
village. During the last 5 years 800,000 tonnes of
bauxite were mined, with Al,O5; grades as high as
62.5% and SiO, about 9% on average. Most of the
production derive from underground exploitation. The
geometry of the bauxite bed (Fig.2) allows mining
along the dip of the bed using room and pillar exca-
vation. The probable reserves cover an area of 6.5 km?>
and have been estimated at 30 Mt; proven reserves
within the area of the mine are 3.8 Mt.

The Olmedo mine is characterized by extensive
Type-1 deposits developed on Purbeckian marls. Most
of the current production come from Type-1 deposits,
the remaining from Type-4 deposits. The Type-1
deposits have a mean thickness of 2 m, and a kaolinite—
illite substratum that grades into Fe-rich, oolitic, kao-
linitic bauxite. This is overlain by hard oolitic bauxite,
with a matrix of illuviated bohemitic material. The up-
per part of the profile consists of strongly bleached and
eluviated bauxite, with a homogeneous weakly oolitic
texture. The morphology of the ooids of the Nurra
bauxites excludes they have been reworked, similarly to
that has been observed for other karst bauxites of the
Tethyan area (Mongelli 2002). Some reworked, con-
glomeratic bauxite, newly enriched in kaolinite, may
occur intercalated between this bauxite and the trans-
gressive Coniacian limestone. The Type-4 deposits
develop above a more or less dolomitic limestone and
differ from the Type-1 for lacking of kaolinite-rich
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horizon at the base. Type-4 and Type-1 profiles were
sampled by vertical trenches taking into account the
different horizons. The representative samples were
derived from three different trenches for each profile.
The trenches were located along a mine adit, and in a
small open pit 500 m east of the mine, respectively. This
latter excavation extends over an area as much as
3,000 m? in size, where a level of grey kaolinitic clay,
bearing centimetre-scale lenses of coal, caps the bauxite.

Methodology

Major element, V, Ni, Cu, Y, Zr and Nb contents have
been analysed by XRF on powder pellets, following the
matrix correction methods of Franzini et al. (1972, 1975)
and Leoni and Saitta (1976). Average errors for trace
elements are less than +5%, except for those elements at
concentrations of 10 ppm or lower (5 to 10%). The
estimated precision and accuracy for trace elements
determinations are better than 5%, except for those
elements having a concentration of 10 ppm and lower
(10-15%). Total loss on ignition (LOT) was gravimetri-
cally estimated after overnight heating at 950°C. Cobalt,
Cr, Hf,Sc, Th, U, Zn, La, Ce,Nd, Sm, Eu, Tb, Yb and Lu
contents were obtained by INAA at Activation Labo-
ratories (Ancaster, Canada). Average errors for these
elements range from +5 to +20%. Silver, Hg, Ir, Mo, Se
and W were usually below the minimum detection limits
and will not be considered further in our discussion.
Mineralogical analysis was performed by X-Ray
Diffraction, using a Siemens D5000 diffractometer
(CuKo radiation, at 40 kV and 30 mA). Scanning
electron microscopy and energy-dispersive X-ray spec-
trometer analyses were carried out on polished sections
of bulk rocks using Jeol JSM-5600LV and adjunct
Oxford-Inca 200 instrumentation, respectively.
Element ‘mobility’ has been estimated using an
absolute weathering index (Nesbitt 1979), assuming Ti
as an immobile element (according to MacLean et al.
1997), and the Upper Continental Crust (UCC; Taylor
and McLennan 1985) as parent material. Percent
change is expressed as [(Esampie/Tisampie)/(Eucc!
Tiycc)-1] x 100, where E is the selected element. This
index has proved to be reliable in the case of highly
weathered materials (Duzgoren-Aydin et al. 2002).

Results
Mineralogy

X-Ray diffraction (XRD) studies on the Nurra baux-
ites indicate that the porous matrix is composed of
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kaolinite, boehmite, goethite and anatase, with traces
of rutile. The ooids are composed of concentric and
irregular shells of alternating boehmite and goethite
(and/or hematite). Quartz was only detected in sample
1-7 (from the Type-4 deposit); traces of rutile were
detected in almost all samples. The mineral phases
identified in the different horizons of the two studied
profiles were also quantified (semi-quantitative analy-
sis, +10%) by XRD. In detail, the Type-4 profile
(samples 1-1A to 1-7; Tables 1, 2) shows the following
horizons, from the base to the top.

1. A very thin horizon of clayey bauxite, 1-2 cm thick,
resting directly on calcareous footwall. The colour
is ochre; the mineral assemblage is characterized by
abundant kaolinite, boehmite, goethite and anatase
(sample 1-1A). This horizon can thicken laterally
into clayey, ochre-coloured bauxite, bearing rare
reddish ooids in a still relatively clay-rich matrix;
the ooids are kaolinite free (sample 1-1B).

2. An oolitic horizon, 30 cm thick, made up of com-
pact ochre-coloured bauxite with boehmite, goe-
thite, anatase and a small quantity of kaolinite.

3. A hardened oolitic bauxite, with rare Fe-rich
pisoids. This horizon is 40 cm thick and pale ochre
in colour. XRD analyses of the samples reveal an
absence of kaolinite and the presence of boehmite,
goethite and anatase.

4. A white—pinkish bauxite horizon, 40 cm thick, with
rare red goethite pisoids joined to sporadic grey
ooids made up of boehmite. Kaolinite is confined
only in the joints while anatase is scattered in the
matrix.

5. A very hard white, 100 cm thick, bauxite that
occupies a level with fine millimetre-scale ooids and
sporadic pisoids, both of goethite and boehmite
composition. As in the other horizons, XRD anal-
yses confirm the presence of anatase.

6. A Ilaminated, 10 cm thick, horizon of micro-
conglomeratic bauxite due to reworking of the

Table 1 Profile 1 (Type-4 deposit): macroscopic characteristics
of the horizons from the base

Horizon ~ Thickness (cm)  Colour Ooids-pisoids
1A 1-2 Ochre -

1B 1-2 Ochre X

2 30 Ochre XXX

3 40 Pale ochre XXX

4 40 White-pinkish X

5 100 White XXX

6 10 White -

7 3 White -




Int J Earth Sci (Geol Rundsch) (2007) 96:887-902

893

Table 2 Profile 1 (Type-4 deposit): semi-quantitative mineral-
ogical analyses (Wt%)

Horizon Kaolinite Boehmite Goethite Anatase Quartz
1A 60.0 18.7 19.0 2.2 -

1B 242 51.6 21.4 2.8 -

2 4.6 74.3 17.5 35 -

3 - 82.3 14.0 3.7 -

4 14.7 75.8 6.1 34 -

5 - 90.5 5.6 3.9 -

6 69.2 23.7 33 37 -

7 95.0 - 1.7 2.7 0.7

underlying deposit. XRD analyses revealed that
this thin layer is enriched in kaolinite and anatase
and depleted in boehmite and goethite.

7. A very fine silty, white, 3 cm thick, horizon of
resedimented kaolinite bearing small quantities of
quartz, anatase and goethite.

The second profile (samples 2-1 to 2-7; Tables 3, 4)
pertains to a Type-1 deposit. Starting from the unal-
tered Purbeckian marls at the base, the following layers
have been sampled:

1. Green clays, derived from decarbonation of
underlying marls, still containing calcite and com-
posed by illite with minor quantity of kaolinite.
The thickness is 50 cm.

Table 3 Profile 2 (Type-1 deposit): macroscopic characteristics
of the horizons from the base

Horizon  Thickness (cm)  Colour Ooids—pisoids
1 50 Green -

2 100 Reddish-yellow  xx

3 30 White-pinkish X

4 40 Red XXX

5 80 White-pinkish -

6 80 White -

7 50-60 Pink XX

2. Reddish-yellow ooidic sample composed of goe-
thite, kaolinite and traces of illite. In this area the
thickness of the horizon reaches >100 cm.

3. White—pinkish bauxitic clay dominantly composed
of kaolinite and boehmite (Fig. 5), and with spo-
radic red ooids containing goethite. Titanium is
mainly confined to anatase. Thickness is about
30 cm.

4. Red, strongly oolitic, clayey bauxite, with yellow
patches of limonite. The main phases are boehmite
and kaolinite, in comparable concentrations, fol-
lowed by goethite and anatase (Fig. 6), which
contains the majority of the TiO,. The abundant
ooids are made up of boehmite with minor goethite
and hematite. The thickness is about 30 cm.

5. Fine, white—pinkish, ooids-free bauxite; kaolinite
and boehmite are the main phases followed by
anatase and goethite in similar quantities. The
thickness is 80 cm.

6. Fine hardened, aphanitic, white bauxite rich in
kaolinite—the main phase, followed by boehmite,
anatase and accessory quantities of goethite. The
thickness changes rapidly laterally; along the pro-
file it reaches 80 cm.

7. Pink oolitic bauxite with spots of Fe-oxides that fill
irregular voids. Large grey pisoids composed of
pure boehmite are common. The boehmite content
is close to 65%, followed by kaolinite (26%);
anatase and goethite each comprise about 4%. The
thickness is 50-60 cm.

It should be noted that the 2-7 horizon passes lat-
erally into grey, pyrite-bearing bauxite, the average
composition (in wt%) of which is boehmite 66.8%,
kaolinite 27.1%, anatase 4.5%, pyrite <1%, goethite
<1%. Pyrite occurs either as homogeneously distrib-
uted micro-crystals, revealed by SEM/EDS-based
observations, or concentrated into spheroidal masses
several millimetres in diameter. Other mineral phases
were detected by SEM-EDS in different horizons of
the two profiles. These include detrital zircon and, in
sample 1-2, REE-bearing neo-formed crystals showing

Table 4 Profile 2 (Type-1 deposit): semi-quantitative mineralogical analyses (wt%)

Horizon Calcite Illite Kaolinite Boehmite Goethite Anatase
1 9.6 58.8 23.6 - 6.9 1.1
2 0.9 39.2 41.2 - 17.3 1.2
3 - - 85.8 9.7 1.9 2.5
4 - - 422 39.2 15.7 3.0
5 - - 52.3 41.0 34 34
6 - - 58.4 36.2 1.7 3.8
7 - - 26.3 65.4 4.3 4.0
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Fig. 5 XRD pattern of
sample 2-3 matrix. Legend:
A anatase. B boehmite;

K kaolinite; R rutile

1000 + K

Lin (Counts)

Fig. 6 XRD pattern of
sample 2-4. Legend:

A anatase; B boehmite;
G goethite; K kaolinite;
R rutile

Lin (Counts)

2-Theta - Scale

morphological and chemical features (Fig. 7) compat-
ible to some minerals of the bastnésite group.

Geochemistry

The Al,Os3, SiO,, Fe,O5, TiO, concentrations are the
highest among the principal oxides in the analysed
samples (Table 5). The SiO, content is very high
(~40 wt%) in some samples, and can be correlated with

Fig. 7 Back-scattered electron image of the REE-bearing
crystals and relative EDX spectra

@ Springer

30 40 ‘ 50 - 60 ‘ 7
2-Theta - Scale

the presence of kaolinite. Neoformed kaolinite occurs
in late brittle failures, which appear to have exerted a
control on the circulation of SiO,-rich fluids (Oggiano
and Mameli 2001). The abundance of kaolinite appears
to dilute that of boehmite and, as a result, Al,O3 and
SiO, display a negative correlation (Fig. 8). As ex-
pected, TiO, correlates positively with Al O3, sug-
gesting that these oxides concentrate in more strongly
weathered horizons.

In the profile developed on the dolomitic limestone
(profile 1, Type-4), Fe,O5 contents strongly decreases
downwards (Fig. 9). In the upper part of the profile,
SiO;, increases, whereas Al,Os decreases. HFSE tend
to be conserved whereas the transition elements, with
the exception of Ni, decrease upwards. In this profile,
there occurs a horizon (1-2), toward the footwall,
strongly enriched in LREE and intermediate REE
(MREE). In this horizon, however, enrichment of
neither Fe nor transition trace elements is observed.
In general, a decrease for REE and transition elements
is observed upwards. Chondrite-normalized REE pat-
terns of the basal samples, from 1-1A to 1-3 (Fig. 10),
have high > REE contents from 765 to 2,888 ppm, and
hlgh (La/Yb)ch [(La sample/La chondrite)/(Yb sample/Yb
chondrite)] Tatios (from 7.2 to 27.5; Table 5) and the Eu
anomaly ranges from 0.71 to 0.79. Patterns for the
upper samples are very similar in shape to samples
from the other profile. They have low > REE (from
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72 ppm to 202 ppm) and low (La/Yb)., (from 1.2 to
6.9; Table 5). The Eu anomaly range (0.73 to 0.85) is,
however, close to that of the basal samples, and the
distribution of the Eu/Eu* ratio all along the profile
shows that this index is conservative. The value of the
Ce anomaly is generally close to 1 and change in the
Ce/Ce* ratio is minor.

In the profile evolving onto a marly Purbeckian
bedrock (profile 2, Type-1), SiO, and Fe,O3 decrease
upwards whereas Al,Os is conserved (Fig. 11). HFSE
suffer minor changes upwards, likely due to analytical
uncertainty, and they may be retained as immobile.
LREE and MREE are depleted upwards whereas the
transition elements have an erratic distribution, likely
related to the distribution of Fe,Os. Furthermore, in
a horizon in the lower part of the profile, Fe,O;
shows enrichment coupled with the enrichment of
REE (mostly LREE), Y, U and transition elements
(mostly Ni and Co). The chondrite-normalized REE
patterns show limited LREE-HREE fractionation
(Fig. 12), with the exception of the Fe-rich-sample, and
throughout the profile, the (La/YDb)., ratio decreases
upwards (Table 5). The value of the Ce anomaly is
generally close to unity, and minor change of the Ce/
Ce* ratio is observed throughout the profile. The Eu
anomaly is negative (average Eu/Eu* = 0.81 + 0.08)
and the change of the Eu/Eu* ratio is negligible
throughout. It should be stressed that > REE in these
samples decreases upwards and it is generally low
(from 59 to 156 ppm), if compared to other karst
bauxites of the Mediterranean area which have
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>"REE > 450 ppm (Mongelli 1997). The only excep-
tion is represented by the Fe-rich sample which has
>"REE = 450 ppm.

Discussion
The bauxitization process

A previous study in the Nurra district suggested that
bauxites were formed by weathering of clay-rich
debris accumulated onto bedrock (MacLean et al.
1997). The bauxitization proceeded from the surface
downwards, with the build-up of residual ‘immobile’
elements (Al, Ti, HFSE), involving large-scale
mobility and ultimate loss of SiO, and Fe,Os; with
increasing Al,Os;. A similar pattern is observed in
the profiles studied in the present work, although
some noticeable exceptions have been documented,
since both SiO, (profile 1) and Fe,O3 (profile 2) may
increase toward the top of the profiles during and/or
after bauxitization.

Regardless of the different types of deposit, epi-
genetic kaolinite can appear associated with spaced
fractures or micro-cracks (Fig. 13a, b), which permitted
circulation of SiO,-rich solutions. These low-pH
solutions caused silicification of boehmite, leading to
neoformed kaolinite that differs from residual kaoli-
nite by its higher crystallinity (revealed in SEM images;
Fig. 14). The SiO, addition to the residual rock is well
documented and was related to low-temperature
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solutions linked to the Oligocene—-Miocene calc-alka-
line volcanic activity (Oggiano et al. 1987; Oggiano and
Mameli 2001). Close to the Olmedo area such hydro-
thermal circulation also led to formation of kaolin and
bentonite deposits at the expense of pyroclastic and
epiclastic protoliths, depending on their pH (Mameli
2001; Cerri and Mameli 2004).

The Fe-rich horizon in profile 2 is goethite-rich, has
a typical oolitic texture, and Fe,O3 mobility, estimated
using the absolute weathering index of Nesbitt (1979),
shows a change of +40%. The occurrence of nodular
textures associated with Fe accumulation during karst
bauxitization in tropical climate conditions is well
documented in the Mediterranean area (e.g., Mongelli

Change %

1997). Ferruginous ooids result from weathering under
tropical climates via a pedogenic mechanism (Nahon
et al. 1980). The process consists of Fe concentration
into nodular volumes involving migrations from the
clay matrix and epigenetic replacement of kaolinite by
Fe-oxy-hydroxides. The occurrence and the abundance
of Fe-oxy-hydroxides in karst bauxites depend on the
absence of conditions which would otherwise promote
their stability or inhibit their formation. Oxidation of
organic matter favouring local reducing conditions may
mobilize Fe as soluble Fe?*. Adsorption by ligands,
especially bivalent ones, and an increase in the ionic
strength of the soil solution, can both promote goethite
instability (Biber et al. 1994).

@ Springer
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Fig. 10 REE chondrite-normalized patterns (Profile I). Patterns
of the basal samples, from 1-1A to 1-3, have high *REE
contents and high (La/Yb)y, ratios. Patterns for the upper
samples have low > REE and low (La/Yb).. The distribution of
the Eu/Eu* ratio all along the profile shows that this index suffers
negligible changes

The pyrite-bearing bauxite brought to light in the
open-pit might derive from the reducing activity ex-
erted by bacteria and dead organic matter illuviated
into a still porous bauxite from the upper carbonaceous
clays during diagenesis. The occurrence of spots of Fe-
oxides in horizon 2-7 points to a derivation from the
pyrite after late oxidation. In this way, the enrichment
of kaolinite in horizons 2-5 and 2-6 can be explained
hypothesizing that the derived SO3 rich solutions re-
duced the pH and thus favoured kaolinite stability.

The Fe-rich horizon formed on Purbeckian marl also
concentrates some transition elements (Co, Ni, Cr, V)
and REE (especially LREE and MREE), a feature
observed in other Fe-rich karst bauxites in the Medi-
terranean area (Mongelli 1997). Goethite exerts an
important scavenging action (Kiinhel 1987) relative to
aqueous ions; thus explaining the observed enrichment
in transition elements and REE. The (La/Yb), ratio is
also high in this horizon. Schwertmann and Murad
(1983) showed, by long-term experiment, that forma-
tion of goethite is pH-dependent and is favoured when
the concentration of monovalent Fe®* ions (either
Fe(OH); or Fe(OH)y), is at a maximum. The maxi-
mum activity for Fe(OH)3 is at pH ~4, and that for
Fe(OH)y is at pH ~12. However, during karst bauxiti-
zation, limestone aquifers play a major role. Such wa-
ters are generally close to equilibrium with calcite and
have near-neutral to slightly alkaline pH (cf. Appelo
and Postma 1993 and references therein). At such
pH levels, REE-carbonate complexes prevail (e.g.,
Johannesson et al. 1995, 1996). The stability of these
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complexes increases with atomic number, so the pref-
erential retention of HREE in solution as carbonate
ions can explain the higher (La/Yb)., observed in the
Fe-rich level. In addition, slight alkaline conditions can
favour a preferential adsorption of LREE onto particle
surfaces (Sholkovitz 1995). Furthermore, positive cor-
relations exist between Fe,O3; and Y REE (r = 0.82,
level of significance o = 0.005) and between Fe,O5 and
(La/Yb)an, (r=0.76, level of significance o = 0.005)
when all samples from both profiles (with the excep-
tion of outlayer sample 1-2; discussed subsequently),
are considered. This is in agreement with a previous
study on karst bauxites from the Mediterranean area
(Mongelli 1997), and confirms the first-order impor-
tance of Fe-minerals in controlling REE distribution
and the shape of chondrite-normalized REE patterns
for bauxites.

An exception to this REE-Fe oxy-hydroxides rela-
tionship can be envisaged in the Type 4 profile, in
which, towards the footwall, a horizon (1-2) which
shows Fe,O; depletion has the highest > 'REE abun-
dance (2,888 ppm) and (La/Yb)., ratio (27.5) among
the sample suites of both profiles. Here SEM-EDS
study detected a REE-bearing phase (Fig. 7), and it
can be confidently assumed that the REE are hosted by
accessory minerals. In karst bauxites, the most com-
mon accessory REE minerals are fluorocarbonates of
the bastnisite group (Maksimovic and Panto 1996, and
references therein; Mongelli 1997). Strong LREE
enrichment is seen in bastnésite from all deposits in
which it occurs (Mariano 1989), and the presence of
this mineral can significantly influence the shape of the
whole-rock REE pattern. The abundance of the REE
phase is too low to allow its identification by XRD
alone.

Parental affinity

Most lateritic bauxites can be directly related, through
their textures and composition, to the underlying
source rocks (e.g., Bardossy and Aleva 1990), but this is
rarely the case for bauxites developed above carbonate
sequences. A wide range of source rocks have been
suggested for karst bauxites, including argillite com-
ponents of the underlying limestone (as in the case of
the Nurra bauxite; MacLean et al. 1997), basement rock
debris (Bardossy 1982, and references therein), volca-
nic ash (Lyew-Ayee 1986; Morelli et al. 2000), and
wind-borne material (Pye 1988; Brimhall et al. 1988).
During bauxitization, including the processes
resulting in formation of the ores in the Nurra district,
fractionation of major, minor and trace elements,
including REE, takes place. This may make it difficult
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to recognize the source from which the bauxite derives.
Some ratios, especially the Eu anomaly, have proved,
however, to be retained during intense weathering
(e.g., Mongelli 1993), and it should be emphasized that
changes in Eu/Eu* are negligible in both profiles.
Furthermore it is well known that Al and Ti have a
greatest potential for being transferred into the sedi-
mentary rocks, thus preserving a record of protoliths,
since they have very low water/upper crust partition
coefficients and residence times (e.g., Taylor and
McLennan 1985). In addition, Al and Ti were immo-
bile during bauxitization process (see also MacLean
et al. 1997) and, as a consequence, we may assume that
the TiO,/Al,Os3 ratio is a sensitive index of parental
affinity. Both Eu/Eu* and TiO,/Al,O3 depart from the

average composition of upper crustal rocks and point
towards a more mafic composition (Fig. 15a). A similar
conclusion is reached using the Ti/Cr ratio, although
more caution is needed due to the moderate reduction
in Cr content observed at the top of the profile 1. In
general, however, the Nurra bauxites have Ti/Cr values
decisively lower than those of the UCC (Fig. 15b),
further supporting a mafic source for the argillaceous
sediments (MacLean et al. 1997) from which the
bauxite has formed. Mafic rocks are well represented in
the Hercynian basement of western Sardinia (Di Pisa
et al. 1992). They have been exposed during middle
Cretaceous erosive phase further northwest of Monte
la Campana where, not only the Malm strata, but also
the entire pre-upper Cretaceous sequence could have

@ Springer
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Fig. 12 REE chondrite-normalized patterns (Profile 2). Patterns
show limited LREE-HREE fractionation, with the exception of
the Fe-rich-sample, and throughout the profile, the (La/Yb),
ratio decreases upwards. The > REE in these samples decreases
upwards and it is generally low, if compared to other karst
bauxites of the Mediterranean area  which have
>"REE > 450 ppm (Mongelli 1997). The only exception is
represented by the Fe-rich sample which has > _REE = 450 ppm

been eroded in correspondence of some structural
high.

Finally, it has to be noted that both profiles, in spite
of their different features, share, broadly speaking,
very similar values of Eu/Eu*, TiO,/Al,O5 and Ti/Cr,
suggesting they have a similar parental affinities.

Summary

Texture is a first-order factor controlling the chemical
and mineralogical features of the Nurra bauxites. The
bauxites are composed mainly of Al, Si, Fe and Ti,
hosted by boehmite, goethite, kaolinite and anatase,
with minor hematite and rutile. In the matrix, in
addition to Al- and Fe-oxy-hydroxides, kaolinite and
Ti-oxides occur, whereas ooids are exclusively made of
Al and Fe oxy-hydroxides. The formation of epigenetic
kaolinite was promoted by circulation of low-temper-

Fig. 13 Back-scattered
electron image showing an
open microfracture in
compact bauxite (sample 1-4)
and X-ray map showing the
distribution of Si around the
fracture

@ Springer

Fig. 14 Secondary electron image showing coarse, thick stacks
of kaolinite crystals growing on the walls of the fracture shown in
Fig. 13

ature hydrothermal solutions associated with calc-
alkaline volcanic activity, and favoured by the occur-
rence of fractures and fissures, caused Si addition to the
residual rock.

Ferruginous ooids can result from Fe migration from
the matrix that replaced kaolinite. Formation of Fe
oxy-hydroxides depends on a number of factors,
including changes of the water activity in the pedogenic
environment (e.g., Tardy and Nahon 1985) and may
reflect climatic fluctuations (e.g., Mongelli 2002). The
Fe-rich horizons of bauxite concentrate REE and
especially LREE, in addition to first-row transition
elements; likely because of the significant scavenging
action exerted by goethite. REE-enrichment is not
observed in boehmite-rich levels that have very low
REE contents. Very high REE contents are observed
in a Fe-depleted level, due to the occurrence of REE
accessory minerals, probably of the bastnésite group.

Conservative indices, including TiO,/Al,O3 and Ti/
Cr ratios and the Eu anomaly, suggest that beds from
which the bauxites formed are derived from mafic
rocks of the Variscan basement of western Sardinia.
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Fig. 15 Eu-anomaly vs TiO,/AlLO; (a) and vs Ti/Cr (b)
diagrams. Ew/Eu* and TiO,/Al,O5; depart from the average
composition of upper crustal rocks and point towards a more
mafic composition. A similar conclusion is reached using the Ti/
Cr ratio. In general, the Nurra bauxites have Ti/Cr values
decisively lower than those of the UCC, further supporting a
mafic source for the argillaceous sediments (MacLean et al.
1997) from which the bauxite has formed

This implies that the Variscan basement was exhumed
and eroded during the middle Cretaceous.
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