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Sedimentary (pedogenic) and hydrothermal Mn ores are hosted by a volcanic succession in south-western
Sardinia. The sedimentary Mn ores are characterized by chondrite-normalized Ce anomalies (Ce/Ce*) of
1.08–3.40, whereas the hydrothermal Mn ores have Ce anomalies of 0.35–3.15.
The presence of both negative and positive Ce anomalies in the hydrothermal Mn ores is related to the
remobilization of rare earth elements (REEs) within the hydrothermal system, which occurred via the disso-
lution and redistribution of REE-bearing accessory minerals by mineralizing fluids. The REEs were removed
from wall-rocks and redeposited within the Mn ores as apatite, monazite, and cerianite, which have textures
characteristic of growth into a Mn-oxide matrix during mineralization. In addition, the redistribution of ceri-
um led to a progressive increase in the magnitude of the Ce anomaly from E to W, suggesting that mineral-
izing fluids moved along an E–W-striking fault close to the Mn ore.
In the sedimentary Mn ores, the spatial variability of Ce/Ce* values probably relates to changes in the depo-
sition environment, from organic-rich to organic-poor. Positive Ce anomalies with Ce/Ce* values of 1.08–1.75
are associated with samples from thick sedimentary layers within a paleosoil or samples from veins related to
paleosoils, and potentially formed in a environment where organic speciation of the REEs acted to limit
cerianite precipitation. Conversely, spheroidal concretions of Mn-oxides within pumice and ash layers have
larger positive Ce anomalies (Ce/Ce*>2.5) and likely formed in an organic-free environment matter, with
REE speciation in circulating fluids dominated by inorganic species.
Finally, given the large range in Ce/Ce* ratios of Mn ores, we stress the need to carefully consider sampling
methodologies, to ensure the accurate interpretation and determination of ore deposit models, the identifi-
cation of mechanisms involved in Ce distribution, and the relationships between Ce and Mn phases.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Under geological conditions, the low ionization potential of
Ce(III) means that cerium often behaves differently from rare earth
elements (REEs) adjacent in the periodic table (La and Pr). The Ce
anomaly, Ce/Ce*, is derived from interpolation between the
chondrite-normalized values of the neighboring trivalent REEs (i.e., La
and Pr) to determine a value of Ce*, and it enables the identification of
differing geological processes and conditions (e.g., Bau, 1999; Braun et
al., 1990; Chetty and Gutzmer, 2011; Class and le Roex, 2008;
Davranche et al., 2005; De Baar et al., 1983; Dia et al., 2000; Kerrich
and Said, 2011; Laveuf and Cornu, 2009; Leybourne and Johannesson,
2008; Mongelli, 1997; Rankin and Childs, 1976; Seto and Akagi, 2008).

The Ce accumulation in the solid matrix may occur either as a re-
sult of cerianite (CeO2) precipitation depending on the in situ Eh–pH
conditions (Braun et al., 1990, 1998) or oxidative scavenging of
Ce(IV) on the surface of Mn- and Fe-oxyhydroxides (Bau, 1999; De
Carlo et al., 1998; Ohta and Kawabe, 2001). Oxidative scavenging

requires sorption of REE onto Mn- and Fe-oxyhydroxides, followed
by Ce oxidation induced by surface catalysis and the preferential de-
sorption of trivalent REEs, and is often biologically mediated
(Moffett, 1990, 1994; Ohnuki et al., 2008; Tanaka et al., 2010).

Mn-oxyhydroxides have a higher REE sorption capacity than
Fe-oxyhydroxides at the pH conditions typically found in soils
(Laveuf and Cornu, 2009, and references therein), indicating that
Mn-oxyhydroxides play a significant role in promoting Ce oxidation,
especially given that the Ce(III) to Ce(IV) transformation is often
coupled with the reduction of Mn(IV) to Mn(III) or Mn(II) (Ohta
and Kawabe, 2001). Consequently, positive Ce anomalies are often as-
sociated with Mn concretions that form during pedogenesis
(e.g., Feng, 2010; Laveuf et al., 2012).

Previous studies have examined the behavior of REEs in hydro-
thermal systems and related ores (e.g., Bau, 1991; Chang-Bock et al.,
2002; Fulignati et al., 1999; Lottermoser, 1992; Parsapoor et al.,
2009; Smith et al., 2000; Terakado and Fujitani, 1998), and Gieré
(1996) suggested that fluid/wall-rock interaction could cause a
change in redox conditions that would lead to the oxidation of triva-
lent cerium and the precipitation of primary cerianite. Unfortunately,
few data are available for terrestrial Mn ores; what data are available
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relate to the mobility and redistribution of REEs and related accessory
minerals, including cerianite, during hydrothermal alteration (Chetty
and Gutzmer, 2011).

Sedimentary (pedogenic) and hydrothermal Mn ores occur in a
volcanic succession in south-western Sardinia (Sinisi et al., 2012).
The sedimentary Mn-ores are characterized by positive cerium anom-
alies (calculated on the basis of abundances normalized to chondritic
values, hereafter Ce/Ce*) of 1.08–3.40, whereas the hydrothermal
Mn-ores have Ce/Ce* ratios of 0.35–3.15.

This study provides the first set of REE data for both sedimentary
and hydrothermal Mn ores of south-western Sardinia, and deter-
mines the processes that controlled Ce behavior and the development
of the wide range in Ce/Ce* ratios during ore formation.

2. Geological setting

Sardinia is a microcontinent that was detached from the southern
edge of the stable European continent during the early Miocene. The
rollback of the Ligure–Piemontese oceanic slab, previously subducted
below the southern European margin (Downes et al., 2001), triggered
the detachment of Sardinia. Widespread subduction-related arc vol-
canism occurred between the Eocene–Oligocene and the Serravallian
(Beccaluva et al., 1987; Lustrino et al. 2009), with the climax of the
volcanic activity coincident with the onset of extension at around
18–17 Ma. This geodynamic setting induced anomalous heat flow
below the western part of the Sardinian microcontinent, thus pro-
moting hydrothermal activity (Sinisi et al., 2012) and the formation
of hydrothermal ores, as reported from other back-arc settings (de
Boorder et al., 1998).

The volcanic succession of western Sardinia consists of andesite
domes and flows capped by variably welded rhyolite–rhyodacite py-
roclastic flows and later lava flows and domes (Coulon et al., 1978). In
south-western Sardinia a “Lower sequence”, consisting of andesitic

rocks overlain by rhyodacitic pyroclastic flows, is capped by an
“Upper sequence” of alkaline–peralkaline rhyolitic volcanic rocks,
emplaced mostly as lava flows and rare pyroclastics (Morra et al.,
1994). This sequence is well exposed on San Pietro and San Antioco
islands, and in the Sulcis District (Assorgia et al., 1990; Fig. 1).

The magmatic products of the Upper Sequence were subaerially
emplaced during the Langhian (Middle Miocene), over about 1 Ma,
withmagmatism initiating by 15.8 Ma at the latest (Pioli andRosi, 2005).

The hydrothermal Mn deposits sampled during this study occur as
veins in comenditic lavas and as veins and massive accumulations in
welded rhyolitic ignimbrites on San Pietro Island. The sedimentary
Mn deposits occur at Punta Crobettana in the Sulcis District of the
mainland, adjacent to San Pietro Island. The sedimentary deposits
are located between two different pyroclastic flows, and occur as
thin layers within paleosoils and as Mn concretions within the under-
lying pyroclastic flows.

3. Occurrence of Mn ores

The distribution of Mn ores within the Langhian ignimbritic se-
quence is shown in Fig. 2. As stated above, epivolcanic activity on
San Pietro Island led to the formation of two types of hydrothermal
Mn ore: 1) in the La Piramide area, Mn concentrations occur within
a welded ignimbrite as individual centimeter-wide veins and as ag-
gregates which pseudomorph eutaxitic structures, and opal-CT and
quartz are the main gangue minerals; 2) at Cala Fico, Mn ores are
hosted by comenditic lavas and occur as massive-textured vein
swarms that are oriented parallel to the main faults in the area.
Mn-rich bands oriented parallel to rheomorphism-related anisotropic
features are also common in this area. Both types of mineralization
are developed close to an E–W-striking fault that juxtaposes the
lower part of the comenditic lava flow sequence with the underlying
ignimbrite unit (Upper Ignimbrite of Pioli and Rosi, 2005), both of

Fig. 1. Geologic sketch map of the S. Pietro Island and of the Sulcis District.
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which are Langhian in age. The ignimbrite is a high-grade, strongly
welded ignimbrite with a marked foliation, fiammae sets, and a
crystal-rich matrix containing abundant centimeter-size plagioclase
and amphibole crystals.

The sedimentary ores at Punta Crobettana consist of centimeter-
scale Mn beds and concretions at the contact between the uppermost
Upper Ignimbrite and the lower, poorly welded, pedogenized tuff, cor-
responding to the “pumice and ash fall” deposit of Pioli and Rosi
(2005). Manganese occurs as centimeter-thick beds within a 1-meter-
thick, rubrified, clay-rich paleosoil. Manganese veins often extend
from this clay-rich horizon into the underlying tuff, which consists of
millimeter-size plagioclase, sanidine, and pyroxene crystals, with pum-
ice lapilli and subordinate xenoclasts. Spheroidal concretions of
Mn-oxides also occur around pumice and ash.

4. Sampling and analytical methods

Fifteen samples of hydrothermal Mn ore (7 from La Piramide (LP)
and 8 from Cala Fico (CF)) and 7 samples of sedimentary Mn ore from
Punta Crobettana (PC) were analyzed to determine their paragenesis
and chemical features, including major element and REE concentra-
tions. Only unaltered samples were collected, and care was taken to
prevent contamination of the samples during collection, transport,
and subsequent storage.

Whole-rock samples were dried and then reduced to fine powder in
a Retsch planetary mill equipped with two agate jars and agate milling
balls at the laboratories of Dipartimento di Scienze della Natura e del
Territorio, University of Sassari (Italy). The mineralogy of individual
samples was identified by the analysis of randomly oriented
whole-rock powders using a Siemens D5000 diffractometer (Cu–Kα ra-
diation, 40 kV, and 30 mA); datawere obtained at 2°–70° 2θwith a step
size of 0.02°. The petrography of samples was determined by optical
transmission microscopy (OM) using a Leitz binocular microscope,
and by scanning electron microscopy (ESEM) using a XL30 Philips
LaB6 SEM equipped with an energy dispersive X-ray spectrometer
(SEM–EDS) at the “Centro Interdipartimentale Grandi Attrezzature
Scientifiche” (CIGAS) Laboratories of the University of Basilicata, Italy.

Major element and REE abundances were determined by induc-
tively coupled plasma–mass spectrometry (ICP–MS) and instrumen-
tal neutron activation analysis (INAA), respectively, at Activation
Laboratories, Ancaster, Canada. Analytical uncertainties were less
than ±5%, except for elements at a concentration of 10 ppm or
lower, for which uncertainties were ±5%–10%. Total loss on ignition
(LOI) was determined gravimetrically after heating overnight at
950 °C.

Quantitative electron microprobe analyses of Mn phases were ac-
quired using a scanning electron microscope TESCAN Vega 3 LMU in-
strument equipped with a TEAM EDS system X-ray dispersive
analyzer with Apollo X SDD installed at the “Dipartimento per lo Stu-
dio del Territorio e delle sue Risorse” (DIPTERIS), University of Genoa,
Italy. Operating conditions were 15 kV accelerating voltage and
2.20 nA beam current.

5. Results

5.1. Mineralogy

Mn-oxides are ubiquitous in rocks, soils, and sediments, and the
geochemistry of Mn means that these oxides can precipitate in a
wide variety of geological settings. Their typical occurrence as
fine-grained mixtures and/or poorly crystalline phases means that it
is difficult to determine the mineralogy of Mn-oxides using X-ray
powder diffraction (XRD) analysis alone. Here, we use both XRD
and electron microprobe analyses to characterize individual
Mn-oxides within the studied ore deposits.

The main Mn minerals that constitute the ores from San Pietro Is-
land are pyrolusite, cryptomelane, and hollandite, with quartz, feld-
spar, and biotite as accessory phases. Coronadite and barite were
detected only by SEM–EDS observation in samples from Cala Fico,
whereas Opal-CT was observed both in outcrop and in thin section;
however, the association between Opal-CT and Mn minerals pre-
cludes the possibility of establishing a precipitation sequence based
on textural features. Micromorphological observations reveal that,
in all hydrothermal samples, Mn minerals form a muddy matrix
containing the accessory phases. K-feldspar is often intergrown
with, or replaced by, Mn-oxides or Fe-bearing minerals. The accessory
minerals determined by EDS microanalysis include sub-euhedral zir-
con, biotite (often replaced by pseudomorphic cryptomelane), apa-
tite, monazite, and cerianite. Ce-oxides form amorphous aggregates,
ranging in size from a few microns to tens of microns across, and ap-
pear to have grown within the Mn-oxide matrix.

In the sedimentary ores, we identified several Mn-oxides, includ-
ing cryptomelane, vernadite, hollandite, lithiophorite, hausmannite,
coronadite, birnessite, and ramsdellite. Only cryptomelane was ob-
served in all samples; vernadite and hollandite are present in most
samples, whereas the other Mn-oxides were rarely present. These
oxides are commonly found as a weathering product in soils (Koppi
et al., 1996; Post, 1999).

Microscopic (OM and/or SEM) examinations indicate that
Mn-oxides occur as microcrystalline botryoidal concretions that over-
grew strongly weathered fragments of volcanic material, mainly
glassy xenoliths, quartz, plagioclase, and K-feldspar. The XRD data
also indicated the presence of 2:1 clay minerals, goethite, and hema-
tite in a small number of samples.

5.2. Chemistry

Elemental concentrations and ratios within both Mn ores and hy-
drothermally altered wall-rocks (comendite) are given in Table 1;
chondrite-normalized (denoted by the subscript ‘ch’) REE patterns
are shown in Fig. 3, and all show negative Eu anomalies, a feature ob-
served in most Mn deposits through time (Maynard, 2010).

In hydrothermal Mn ores, MnO concentrations range from 31.16 to
79.95 wt.%, and CF samples have higher ΣREE concentrations (from
1029 to 3309 ppm) and increased fractionation of light REEs (LREEs)
and heavy REEs (HREEs), with (La/Yb)ch ratios of 15.7–47.1, and more
negative Eu anomalies (Eu/Eu*, b0.1) than the LP ores. LP samples
have ΣREE contents of 423–982 ppm, with negative Eu anomalies of
0.15 to 0.64 and (La/Yb)ch ratios of 4.1–9.8. The concentrations and dis-
tributions of REEs and the presence of negative Eu anomalies suggest
that the mineralizing solutions were rock-buffered. Higher ΣREE

1 m

Fig. 2. The distribution of Mn ores within the ignimbritic sequence. LP: La Piramide;
CF: Cala Fico; PC: Punta Crobettana.
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Table 1
Chemical data.

PC1 PC2 PC3 PC4 PC5 PC6 PC7 LP1 LP2 LP3 LP4 LP5 LP6 LP7 CF1 CF2 CF3 CF4 CF5 CF6 CF7 CF8 Comendite
(wall-rock)

SiO2 7.2 11.3 6.6 20.6 19.1 20.1 22.1 32.3 27.2 23.3 21.2 25.1 24.8 30.6 42.8 42.0 43.2 3.1 1.9 6.5 21.5 29.9 74.1
Al2O3 4.4 6.1 4.1 5.1 5.2 7.4 5.4 7.7 5.5 5.9 4.3 5.2 5.5 5.9 6.6 6.7 7.1 1.7 1.4 1.4 3.4 4.6 12.1
Fe2O3 2.3 3.5 1.1 1.4 1.1 2.1 1.7 2.3 1.5 1.7 1.3 3.1 1.7 1.6 1.8 1.7 1.9 0.1 0.0 0.2 1.5 2.6 3.2
MnO 51.1 49.9 60.1 45.2 48.8 43.3 47.4 40.2 47.3 53.7 58.9 52.2 48.8 44.5 31.3 35.4 29.9 70.5 80.0 72.9 53.1 49.1 0.1
MgO 0.4 0.7 0.3 0.3 0.1 0.3 0.1 0.4 0.5 0.4 0.1 0.2 0.6 0.2 0.2 0.1 0.1 0.2 0.1 0.6 0.1 0.1 0.1
CaO 0.3 0.5 0.4 0.4 0.4 0.6 0.5 0.8 0.7 0.8 0.2 0.4 0.9 0.7 0.2 0.1 0.1 0.2 0.1 0.4 0.1 0.2 0.1
Na2O 0.4 0.4 0.4 0.8 0.9 0.8 1.4 2.4 0.9 1.6 1.2 0.4 1.1 1.7 1.8 2.6 2.4 0.5 0.4 0.0 1.1 1.9 4.6
K2O 3.8 2.9 3.8 3.3 4.7 2.9 3.6 4.5 4.1 3.3 4.1 4.6 2.8 4.6 4.9 4.7 4.7 4.8 3.9 2.0 3.6 4.6 4.5
TiO2 0.11 0.12 0.13 0.11 0.13 0.15 0.19 0.30 0.26 0.38 0.11 0.18 0.32 0.33 0.11 0.09 0.11 0.02 0.02 0.03 0.06 0.11 0.17
P2O5 0.87 0.56 0.92 0.51 0.50 0.17 0.28 0.51 0.17 0.21 0.28 0.29 0.17 0.37 0.01 0.03 0.05 0.02 0.02 0.02 0.01 0.02 0.01
LOI 13.8 14.7 13.0 10.3 10.2 11.5 9.0 7.2 10.1 9.6 9.1 8.0 10.9 7.0 10.3 6.2 6.3 11.7 11.7 16.0 9.1 6.8 1.0
Total 84.7 90.7 90.8 88.0 91.1 89.3 91.7 98.6 98.3 100.9 100.8 99.8 97.6 97.5 99.9 99.7 95.8 93.0 99.5 100.0 93.6 99.7 99.98
La 63.3 71.3 69.2 95.4 58.0 140.0 90.2 77.6 75.5 124.0 127.0 182.0 84.5 48.6 479.0 516.0 464.0 797.0 744.0 695.0 502.0 281.0 97.9
Ce 148 263 234 489 167 769 651 305 207 629 328 233 539 100 620 503 977 1420 563 634 1370 289 196
Pr 15.6 16.4 18.6 19.7 15.3 34.8 21.1 15.8 15.9 20.8 25.0 31.8 17.5 9.95 97.6 96.7 98.0 187.0 187.0 197.0 116.0 52.0 24.1
Nd 59.6 58.4 74.6 73.0 59.2 128.0 82.2 54.4 58.3 74.0 87.6 116.0 62.6 36.6 345.0 349.0 336.0 594.0 612.0 687.0 397.0 193.0 88.9
Sm 13.7 13.2 18.7 16.1 14.2 29.7 19.2 11.4 13.7 17.6 20.7 24.3 14.3 7.9 79.7 81.9 76.6 122.0 128.0 145.0 87.3 45.6 19.5
Eu 2.38 2.29 3.37 1.34 2.20 2.61 1.05 1.53 2.78 2.97 1.00 1.20 2.21 1.63 0.50 0.60 0.51 0.67 0.70 1.20 0.35 0.40 0.10
Gd 13.7 12.9 21.4 17.5 15.3 32.7 21.2 9.1 12.7 20.9 19.7 22.8 13.6 7.0 83.6 105.0 74.6 89.2 102.0 83.7 63.3 68.4 16.9
Tb 2.4 2.3 3.8 3.1 2.8 6.0 3.9 1.9 2.6 4.9 4.5 4.7 2.7 1.4 11.8 14.6 10.8 11.0 11.4 11.6 7.6 9.7 2.9
Dy 15.0 14.0 23.5 19.4 17.4 37.1 24.0 10.9 14.5 31.2 26.7 26.9 15.4 8.6 53.1 67.7 51.0 47.4 51.6 54.7 30.4 47.0 18.9
Ho 3.1 2.7 4.8 4.0 3.5 7.6 5.1 2.2 3.0 7.3 5.6 5.3 3.1 1.8 8.6 11.1 8.6 7.3 8.0 8.9 4.7 8.3 3.9
Er 8.9 8 14.5 11.9 10.2 22.8 15.4 6.4 8.4 22 15.9 14.7 8.7 5.3 20.2 25.8 20.8 17.7 19.4 21.5 11 19.2 11.2
Tm 1.3 1.2 2.2 1.8 1.5 3.51 2.37 1.04 1.1 3.29 2.22 2.1 1.26 0.74 2.7 3.3 2.8 2.39 2.6 2.7 1.4 2.5 1.8
Yb 8.4 8.0 14.9 12.2 9.7 23.1 16.3 6.3 6.5 20.3 13.4 12.5 8.2 4.7 14.1 15.7 14.6 12.1 12.9 13.9 7.2 12.1 10.7
Lu 1.32 1.27 2.38 1.98 1.55 3.72 2.69 0.90 1.00 3.32 2.09 1.90 1.28 0.72 1.80 2.00 1.85 1.39 1.50 1.70 0.90 1.60 1.54
ΣREE 356.70 474.96 505.95 766.42 377.85 1240.64 956.16 504.47 422.98 981.58 679.41 755.6 774.35 234.94 1885.5 1845.2 2137.16 3309.15 2514.8 2627.2 2599.15 1097.3 494.34
Eu/Eu* 0.53 0.54 0.51 0.24 0.46 0.26 0.23 0.46 0.64 0.47 0.15 0.16 0.48 0.67 0.02 0.02 0.02 0.02 0.02 0.03 0.01 0.02 0.02
Ce/Ce* 1.08 1.75 1.51 2.53 1.29 2.53 3.40 1.95 1.34 2.68 1.30 0.67 3.15 1.02 0.64 0.50 1.03 0.84 0.35 0.40 1.29 0.53 0.93
(La/Yb)ch 5.09 6.02 3.14 5.28 4.04 4.10 3.74 8.32 7.85 4.13 6.40 9.84 6.96 6.99 22.96 22.21 21.48 44.51 33.97 33.79 47.11 15.69 6.20
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concentrations, higher (La/Yb)ch ratios, and strongly negative Eu anom-
alies reflect interactionwith the highly evolved comenditic lava,where-
as moderately negative Eu anomalies and flatter REE patterns suggest
interaction with the less evolved rhyolitic ignimbrite (Sinisi et al.,
2012). Furthermore, Ce anomalies in the LP samples are generally pos-
itive (1.02–3.15, with the exception of sample LP5, which has a Ce/Ce*
ratio of 0.67), whereas only one sample from the CF area has a positive
Ce anomaly (CF7, with a Ce/Ce* ratio of 1.29); CF3 has a negligible Ce
anomaly (CF3 with a Ce/Ce* ratio of 1.03), and the remaining CF sam-
ples have negative Ce anomalies, ranging between 0.35 and 0.84.

In the sedimentaryMnores,MnOconcentrations vary between 43.30
and 60.09 wt.%. In PC samples, ΣREE concentrations are 356–1240 ppm
with Eu anomalies of 0.23–0.54. The magnitude of the negative Eu
anomaly roughly correlates with increasing Al2O3 concentrations,
suggesting that feldspar hosts the majority of the Eu within the ores.
Fractionation of REEs is moderate, with (La/Yb)ch ratios of 3.14–6.02,
and all samples have positive Ce anomalies, with Ce/Ce* ratios of
1.08–3.40, as commonly observed in Mn-oxide-rich soils formed during
pedogenesis (Laveuf et al., 2012, and references therein). In these ores
organic matter has not been detected.

6. Discussion

6.1. Ce anomalies in sedimentary Mn ores

The sorption of REEs onto Mn-oxides is one of the main mecha-
nisms of REE scavenging in soils, because under typical pH

conditions, the zero charge nature of Mn-oxides makes them capable
of having a negative residual charge. This, in turn, generates a higher
capacity and a higher rate of REE sorption than that of Fe-oxides
under the same conditions (Laveuf and Cornu, 2009, and references
therein).

In natural soil, the importance of Mn-oxides in trapping Ce and
therefore generating positive Ce anomalies is well documented,
and has been used to identify redox processes during pedogenesis
(Feng, 2010; Laveuf and Cornu, 2009; Laveuf et al., 2012; Palumbo
et al., 2001; Rankin and Childs, 1976). Positive Ce anomalies are
linked to the oxidation of Ce(III) to Ce(IV), leading to the precipita-
tion of cerianite, coupled with the reduction of Mn(IV) on the sur-
face of Mn-oxides. This oxidative scavenging is a three-stage
process (Bau, 1999), comprising (1) initial sorption of trivalent
REE onto Mn oxyhydroxides, followed by (2) oxidation of Ce by
surface catalysis on Mn hydroxides (Koeppenkastrop and De
Carlo, 1992; Koppi et al., 1996; Ohta and Kawabe, 2001;
Takahashi et al., 2000), and (3) the preferential desorption of triva-
lent REEs, including Ce(III) preferential to Ce(IV).

Assuming thatmany redox cycles occur during soil formation andde-
velopment, Laveuf et al. (2012) stated that during the reduction phase of
these redox cycles, Mn-oxides partially dissolve, whereas cerianite, the
stability of which is controlled by changes in pH rather than Eh, does
not. During subsequent oxidation, Mn-oxides precipitate and incorpo-
rate more Ce, probably as cerianite. Such aMn-oxide dissolution/precip-
itation process leads to a progressive enrichment of cerianite in Mn
concretions and increases the magnitude of the positive Ce anomaly of
the soil. This suggests that the magnitude of the positive Ce anomaly,
as a proxy for the abundance of cerianite, could trace changes in redox
conditions during the Mn-oxide precipitation/dissolution cycle.

It should be noted that differences in the REE characteristics of
pedogenetic Mn-oxides have been related to a preferential associa-
tion between REEs and other soil components, such as organic mat-
ter (e.g., Davranche et al., 2005, 2008; Pourret et al., 2010).
Furthermore, Dia et al. (2000) and Seto and Akagi (2008) suggested
that Ce cannot be used as a tracer of redox conditions in organic-rich
environments. Pourret et al. (2010) used spatial variations in Ce
anomalies to indicate the presence of two distinct sources of REEs
in shallow groundwaters: (2) REEs that were soluble under
organic-free, oxidizing conditions, characterized by a large negative
Ce anomaly; and (2) REEs that were dissolved in an organic-rich en-
vironment, with no negative Ce anomaly. The presence of organic
matter inhibits the development of negative Ce anomalies in oxidiz-
ing waters because Ce cannot be oxidized at the surface of Mn oxides,
and, more importantly, because all of the REEs form complexes with
organic molecules, meaning that Ce is not selectively removed from
the solution (Davranche et al., 2005, 2008).

In our study, the large range in positive Ce anomalies, from 1.08 to
3.40, may relate to variation between organic-rich and organic-poor
environments during the period of formation of Mn ores. Samples
with very low positive Ce anomalies (Ce/Ce* of 1.08; sample PC1)
to low positive Ce anomalies (Ce/Ce* from 1.25 to 1.75; samples
PC2, PC3, and PC5) most likely formed in an environment where or-
ganic speciation and the formation of organic-REE complexes had a
marked limiting effect on cerianite precipitation, and therefore at-
tenuated the development of positive Ce anomalies. The fact that
Ce anomaly-free organic colloids are concentrated in organic-rich
soil horizons (Pourret et al., 2010) links well with the fact that all
samples with weakly positive Ce/Ce* ratios (1.08–1.75) are either
from thick beds within paleosoils (samples PC1, PC2, PC3, and PC5)
or from veins originating within paleosoil (sample PC4). Conversely,
samples with large positive Ce anomalies (Ce/Ce* >2.5; samples PC4,
PC6, and PC7) are spheroidal concretions of Mn-oxides within pum-
ice and ash, and likely formed in an environment with little or no
organic matter, where REE speciation in circulating fluids was dom-
inated by inorganic species.
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6.2. Ce-anomalies in hydrothermal Mn ores

The mobility of REEs in hydrothermal systems is controlled by the
availability of complexing ions such as CO3

2−, PO4
3−, F−, SO4

2−, and
Cl−, and is promoted by low pH and a high water/rock ratio (Haas
et al., 1995). However, in addition to the fluid composition, the con-
centration of REEs in hydrothermal fluids is controlled by tempera-
ture, pressure, crystallo-chemical factors, and reaction kinetics,
making it difficult to determine the origin and fate of REE-bearing
fluids in ancient hydrothermal systems (Gieré, 1996).

The formation of the Sardinian hydrothermal Mn ores involved
the mixing of a magmatic fluid with meteoric water in the shallow
crust (Sinisi et al., 2012). Vein fills are generally brecciated and

include wall-rock fragments with clinoptilolite occurring along
wall-rock selvages. The presence of clinoptilolite indicates that min-
eralizing fluids were slightly alkaline (Zhang et al., 2001), probably
due to interaction with alkaline or peralkaline rocks, such as rhyolites
and comendites; these alkaline conditions did not favor large-scale
REE mobility.

One attribute of the hydrothermal Mn ores worth further discus-
sion is the fluctuation of Ce anomaly values. Chetty and Gutzmer
(2011), in a study of the hydrothermal alteration of Mn ores,,
interpreted these fluctuations to reflect local remobilization of REEs
during hydrothermal dissolution of apatite, the redistribution of
other accessory minerals including cerianite, and the dissolution
and reprecipitation of REE-bearing minerals. In the Ce/Ce* vs. Pr/Pr*
plot (Bau and Dulski, 1996) they modeled the depletion and the en-
richment of Ce, starting from the average composition of the
unaltered rock, demonstrating that altered rocks fall on a power
curve. The calculated concentrations were obtained making new
host compositions out of derived compositions and adding or
subtracting Ce from these new host compositions. The measured
data greatly fitted the modeled curve.

Here, we modeled a power law curve by adding and subtracting Ce
from a starting point defined by the composition of a comendite sample
from San Pietro Island; the measured compositions of all hydrothermal
Mn ores fall close to or on the modeled curve (Fig. 4). According to
Chetty and Gutzmer's (2011) modeling of the dissolution and redistri-
bution of REE accessory minerals, this involves: (1) removal of REEs
from wall-rocks by hydrothermal fluids; (2) precipitation of newly
formed REE-bearing minerals, including cerianite, within the Mn-ores
from the hydrothermal fluids, resulting in positive Ce anomalies; and
(3) precipitation of REE-bearing minerals from the Ce-depleted hydro-
thermal fluid, giving rise to negative Ce anomalies. This is consistent
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Fig. 5. SEM microphotographs showing REE-bearing minerals in hydrothermal samples. Ce = cerianite; Mnz = monazite; Ap = apatite; Cry = cryptomelane; Qtz = quartz.
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with the occurrence of apatite, monazite, and cerianite, which grew
within the Mn-oxide matrix of the hydrothermal ores (Fig. 5).

It is also worth noting that at La Piramide, this redistribution in-
creases the magnitude of the positive Ce anomaly, whereas Ce deple-
tion is observed at the Cala Fico site. This result suggests that the
mineralizing fluid moved from LP to CF along the E–W-striking fault
proximal to the Mn-ores.

7. Summary

The Mn ores of south-western Sardinia are both sedimentary and
hydrothermal in origin, contain high concentrations of REEs, and are
characterized by large Ce/Ce* fluctuations, especially in the hydro-
thermal ores. The origin of the Ce/Ce* fluctuations in the hydrother-
mal Mn ores is related to remobilization of REEs within the
hydrothermal system, involving the dissolution and redistribution of
REE accessory minerals from wall-rocks to Mn-ores by the mineraliz-
ing fluid.

This model is consistent with (1) the fact that the observed data fit
a modeled Ce/Ce* vs. Pr/Pr* curve, starting from the average wall-rock
composition, and adding or subtracting Ce; and (2) the occurrence of
secondary REE minerals (e.g., apatite, monazite, and cerianite) in the
Mn-oxide matrix within the ores.

The variability of Ce anomalies in the sedimentary pedogenic Mn
ores most likely relates to differences between organic-rich and
organic-poor environments. Low to very low positive Ce anomalies
(1.08–1.75) are found in samples from thick beds within paleosoils
or from paleosoil-related veins, and possibly formed in an environ-
ment where organic speciation of REEs acted to limit cerianite precip-
itation. This is consistent with the fact that Ce-anomaly-free organic
colloids are concentrated in organic-rich soil horizons. Conversely,
samples having larger positive Ce anomalies (Ce/Ce*>2.5) consist
of spheroidal concretions of Mn-oxides within pumice and ash, and
likely formed in organic-free, or low-organic, environments, with
speciation of REEs in circulating fluids dominated by inorganic
species.

Finally, given that large Ce/Ce* fluctuations are associated with Mn
ores, in order to avoid erroneous interpretations of Ce anomalies, we
highlight the recommendations of Chetty and Gutzmer (2011) relat-
ing to the sampling of hydrothermal Mn-ores, and extend these rec-
ommendations to associated sedimentary Mn deposits, if present.
The use of these recommended methodologies should avoid reaching
erroneous conclusions relating to the mechanisms of Ce distribution
and the relationships between Ce and Mn phases.
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