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Mn- and Fe-carbonate rich layers in Meso—Cenozoic shales as proxies of
environmental conditions: A case study from the southern Apennine, Italy
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Mn-rich layers and interbedded shales from a well exposed natural section of the Northern-Calabrian Unit (Late Jurassic—
Early Oligocene) in the surroundings of the Terranova del Pollino village, southern Italy, have been mineralogically and
chemically analyzed, in order to reveal the factors controlling their formation. Mn-rich layers are composed of micas/clay
minerals, rhodochrosite, siderite, chlorite and quartz whereas shales are formed by micas, clay minerals, chlorite, quartz,
and feldspars. The MnO abundances in the Mn-rich layers, which are depleted relatively to the UCC in SiO,, TiO,, Al,O4,
Na,O0, K,0, and P,Og, are in the range of 11.01 + 18.41 (wt. %). R-mode Factor analysis indicate that SiO,, Al,O5, TiO,,
Na,O and K,0 have high positive weights in the first factor (59.8% of the total variance) whereas high negative weights
are observed for Fe,03, MnO, and CaO. This factor accounts for the competition between the terrigeneous component, the
authigenic carbonate phases accumulating Mn and Fe which likely formed during paucity of detrital supply. The negative
weight of CaO and MnO in this factor, the higher Ca contents in the Mn-rich layers compared to shales, and the lack of
calcite, suggest the presence of a mixed Mn—Ca carbonate rather than pure rhodochrosite. It is generally retained that Ca—
rhodochrosite precipitates within the pore waters of reducing sediments since neither rhodochrosite nor siderite can form
in equilibrium with bottom seawater. Thus the resulting sediment should be a mixing between the detrital component and
the authigenic one. Assuming Al,O; as an index of the detrital component, it is clearly envisaged that in the Al,0;/MnO
vs. Al,O5 diagram the carbonate-rich samples fall on the mixing curve having as end members the average shale and the
richest MnO sediment. This supports the idea that carbonate-rich samples formed through precipitation of carbonate
minerals in the pore waters of the terrigenous detritus accumulating at the sea bottom. Further the REE distribution of
unaltered marine carbonates is expected to be representative of ambient seawater where carbonates precipitated. Carbon-
ates normalized to fine-grained siliciclastic sediments, have typical HREE enrichment, negative Ce-anomaly, and lower
total REE. In our case, the carbonate-rich samples normalized to the average composition of the interbedded free-
carbonate shale, show HREE enrichment, lower total REE contents, and the lack of negative Ce-anomaly, due to the
anoxic environment of formation for Mn— and Fe—carbonate. Finally was observed that the mineralization is enhanced if
the site of accumulation is protected from dilution by clastic sediment input. The alternation between Mn— and Fe—carbon-
ate silts and carbonate-free shales along the studied sedimentary succession, were likely controlled by eustatic sea-level
oscillations which are well documented in the western Tethys during Middle and Late Triassic.
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INTRODUCTION

Siderite (FeCO;) and rhodochrosite (MnCO;) are re-
duced phases occurring in continental and marine depos-
its (e.g., Kelts, 1998; McMillan and Schwertmann, 1998).
The concentration of Fe?* and Mn?* in anaerobic waters
is controlled by several factors including equilibrium solu-
bility of mineral phases, kinetic of precipitation reactions,
cation exchange, and adsorption processes (Jensen et al.,
2002). The solubility of siderite and rhodochrosite limits
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Fe and Mn concentrations under anoxic conditions (e.g.,
Morgan, 1967; Middelburg et al., 1987; Amirbahman et
al., 1998; Jensen et al., 2002) whereas under oxic and
mildly alkaline conditions FeCO; and MnCOj solubility
is complicated by oxidation of aqueous Fe?* and Mn>*
and subsequent precipitation of Fe''' and Mn""V
(hydr)oxide minerals, which are orders of magnitude less
soluble than the carbonate material (Dresel, 1989;
McMillan and Schwertmann, 1998; La Force et al., 2002).
The interconversions among mineral phases are episodic
and seasonal, varying with temporal changes in local Eh
and pH (La Force et al., 2002).

Dissolution and precipitation are significant in the
(bio)geochemical cycling not only of Fe and Mn but also
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Geological sketch map of the southern Apennines (Italy), in the surroundings of the Terranova del Pollino village.

Location of the sampling area (modified from Monaco et al., 1995).

of other metals (e.g., U, Co, Pb, Ni, Cu, and Zn) that
coprecipitate with Fe and Mn (hydr)oxides (Hem, 1978;
Hem et al., 1989; Duff et al., 2002). In the natural envi-
ronment, cycling of Fe and Mn occurs at oxic/anoxic in-
terfaces where precipitation and dissolution occur simul-
taneously. In modern marine sediments, Mn is present
above its crustal abundance as an oxyhydroxide in all
slowly accumulating (pelagic) sediments of the deep
ocean and in surficial deposits of continental margin en-
vironments. Diagenetic recycling of Mn in the latter
causes surficial deposits to have larger Mn enrichments
than in many pelagic sediments. Bottom sediments of
permanently anoxic basins show no enrichments and have
Mn concentrations that are controlled solely by the
aluminosilicate fraction. Manganese carbonates are found
only in anoxic sediments accumulating beneath surface
oxic horizons (and therefore under oxygenated bottom
waters) in many nearshore environments. Such
enrichments are due to delivery of Mn by burial of sur-
face oxyhydroxides into the subsurface anoxic environ-
ment where they are dissolved. The presence of Mn car-
bonates therefore signifies that the host sediment must
have accumulated under oxygenated bottom waters. On
the basis of this information it is proposed that, in con-
trast to several current explanations for the formation of
Mn carbonates in ancient organic-rich shales, limestone,
and marl sequences and in many Mn ore deposits, the
occurrence of these mineral phases indicates that the
sediments originally accumulated beneath oxygenated
bottom waters (Calvert and Pedersen, 1996).

The peak of dissolved Mn concentrations occurring
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around the anoxic/oxic boundary and Mn—carbonate may
“encircle” areas of black shale deposition if the interface
remains stable over geological time (Bolton and Frakes,
1985; Force and Cannon, 1988). However, since Mn con-
centrations in modern anoxic basins are lower than nec-
essary for its precipitation as carbonate (Calvert and
Pedersen, 1996), alternative models were proposed in-
cluding diagenetic formation (Jenkyns, 1988; Pedersen
and Calvert, 1990; Calvert and Pedersen, 1996), contri-
bution of both direct precipitation from sea-water and
organic matter mediated diagenetic formation (e.g.,
Oztiirk and Hein, 1997; Zeng and Liu, 1999; Fan et al.,
1999; Yeh et al., 1999), and diagenetic reaction of lime-
stone with Mn—oxyhydroxides (Dasgupta et al., 1992).

Sedimentary deposits enriched in Mn mineralization
are found in many Apennine ophiolite complexes (Bonatti
et al., 1976; Boni and di Nocera, 1977; Marchesini and
Pagano, 2001). This paper discusses, for the first time,
the peculiar occurrence of Mn—carbonate ores, coupled
to Fe—carbonate, in deep-marine shales from the
Northern-Calabrian Unit (southern Apennine), a tectonic
mélange of the Paleogene oceanic accretionary prism in
the southern Italy orogenic system.

GEOLOGICAL SETTING

The mountain physiography of southern Italy consists
of tectonically juxtaposed thrust belts belonging to dif-
ferent paleotectonic domains corresponding to the Afri-
can continental margin (to the east), an oceanic branch of
the Neotethyan Ocean, and the European continental
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margin (to the west) (e.g., Critelli, 1993, 1999). In par-
ticular, the southern Apennines are an east-verging ac-
cretionary wedge developed in Neogene times above a
west-dipping subduction of the Apulian Ionian lithosphere
(Doglioni et al., 1996). The southern Apennines and north-
ern Calabria are associated with the Tyrrhenian backarc
basin, and are characterized by a frontal active accretion-
ary wedge, below sea-level, whereas the main elevated
ridge to the west is in uplift and extension. The tectonic
style is dominated by a large-scale duplex system, con-
sisting of a complex architecture of carbonate units de-
rived from the internal Apulia platform overlain by root-
less nappes (e.g., Patacca and Scandone, 2007 and refer-
ence therein).

The subduction of the Adria oceanic lithosphere, acti-
vated for all the Paleogene and lower Miocene, produc-
ing a diffuse calcalkaline volcanism in Sardinia.
Intracontinental rifting occurred in Sardinia during the
Oligocene to Miocene. Subduction-related volcanism (be-
tween 32 and 11 Ma) was widespread along the western
side of Sardinia (Assorgia et al., 1988). This volcanism
was subdivided in two main phases: calcalkaline erup-
tions of lavas, from 32 to 26 Ma, and explosive erup-
tions, which alternated or were contemporaneous with

effusive events, between 23 and 11 Ma (Beccaluva et al.,
1985). The volcanic products of the first phase are
andesite, basaltic andesite and basalt, whereas the sec-
ond phase includes pyroclastic rocks of felsic composi-
tion (dacite to rhyolite).

Paleogeographic restorations have been proposed by
many authors with different models and interpretations
(Ogniben, 1969; Scandone, 1972; Sgrosso, 1986;
Pescatore et al., 1999; Monaco et al., 1995; Patacca and
Scandone, 2007). The units derived from deformation of
different paleogeographic domains (from platform to ba-
sin), represent three tectonostratigraphic key within the
Southern Italy orogenic system: 1, the Calabrian Arc
(Calabride Units), representing deformation, exhumation
and accretion of the European continental margin; 2, the
Liguride tectonostratigraphic units (Ogniben, 1969), rep-
resenting the rests of the Neotethyan Ocean; and 3, the
Adria domain, representing different tectonostratigraphic
units of the African continental margin (e.g., Critelli and
Le Pera, 1998). A recent palinspastic restoration (Cello
et al., 1996) suggests the existence in the western Medi-
terranean area, during Late Jurassic time, of an Iberian
promontory bordered by the Tethyan Ocean to the south
and by a narrow basin, floored by oceanic crust, to the
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north. The wider oceanic area south of the promontory is
retained as the source region for the material which
accreted in the Liguride tectonic wedge up to the early
Miocene (Ogniben, 1969), when it collided with the most
internal domains of the future southern Apennines (Critelli
and Le Pera, 1998). Presently this tectonic wedge forms
the allochtonous terranes that, in the southern Apennines,
consists of the Frido Unit (Late Jurassic—late Oligocene)
and the Northern Calabrian Unit (Late Jurassic—late
Oligocene), followed unconformably upward by early
Miocene turbiditic synorogenic sequences (Fig. 1). The
depositional facies and basin geometry of these
tectonostratigraphic units are intensely deformated. In
northern Calabria, these units tectonically overly the
Apenninic carbonate unit of the Panormide Complex. It
is in thrust contact with the overlaying crystalline units
of the Calabride Complex. The Northern-Calabrian Unit
(Fig. 2) consists of a tectonic mélange that includes frag-
ments of ophiolites (pillow lava, gabbro, serpentinite),
andesite and dacite blocks, subarkose and volcanolithic
sandstone strata, an oceanic cover of argillaceous chert,
radiolarian chert, marl, pelagic limestone, calcarenite,
shale and calcareous rocks, and siliciclastic strata (shale,
siltstone and sandstone) (e.g., Critelli, 1993). The Frido
Unit is composed of calc-schist, slate and phyllite, quartz-
ite, marls, meta-pillow lava, serpentine and shales, and
include blocks of garnet-rich gneiss and granite (e.g.,
Critelli, 1993; Monaco et al., 1995). Moreover,
synorogenetic successions (Fig. 1) outcrop along the stud-
ied area, and consist of turbiditic calcilutites and
calcarenites with interbedded marls, sandstones and
microconglomerates.

METHODS AND SAMPLING

Ten Mn-rich samples (TP02, TP02b, TP06, TPOS,
TPO9, TP10, TP12, TP14, TP16, TPCC) and eight shales
(TPO1, TPO3, TPO4, TPOS5, TPO7, TP11, TP13, TP15) were
collected from a well-exposed natural section of the
Northern-Calabrian Unit (Fig. 2), in the surroundings of
the Terranova del Pollino village. The stratigraphic posi-
tion of the samples is presented in Fig. 2.

The whole-rock samples were first dried and then
crushed by hand in an agate mortar. Randomly-oriented
whole-rock powders were run in the 3—66°26 interval, at
a scan speed of 1°26/min, with a step size of 0.01°26 and
a counting time of 0.14 sec per step, using a Bruker D8
advance diffractometer equipped with a Cu tube anode.
The tube current and the voltage were 40 mA and 40 kV,
respectively. The intensities and diffraction angles of the
identified minerals were compared to the database of the
International Center for Diffraction Data (ICDD).

Major elements, Cu, Nb, Ni, Pb, V, and Zr contents
have been analyzed by XRF on powder pellets, follow-
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ing the matrix correction methods of Franzini et al., (1972,
1975) and Leoni and Saitta (1976). Average errors of trace
elements are less than 5% except for those elements at
10 ppm and lower (£5-10%). The estimated precision and
accuracy for trace elements determinations are better than
5%, except for those elements having a concentration of
less than 10 ppm (10-15%). Total loss on ignition (LOI)
was gravimetrically estimated after overnight heating at
950°C.

Ba, Co, Cr, Cs, Rb, Sc, Sr, Th, U, Zn, La, Ce, Nd, Sm,
Eu, Tb, Yb, Lu, and Y contents were obtained by Instru-
mental neutron activation analysis (INAA) at the Activa-
tion Laboratories, Ancaster, Canada. Average errors for
these elements range from +5% to +20% for different el-
ements.

GEOCHEMISTRY

The elemental concentrations are given in Table 1. The
elemental distributions, normalized to the Upper Conti-
nental Crust (UCC, Taylor and McLennan, 1985; Rudnick
and Fountain, 1995) are shown in Fig. 3.

The interelemental relationships have been evaluated
using R-mode factor analysis. The factors have been ex-
tracted by Principal Component Analysis (PCA) using the
StatView® package. This operation has been performed
on the correlation matrix, thus weighing all the variables
equally, and allowing us to convert the principal compo-
nent vectors into factors. The factor loadings arranged as
in Table 2 form the factor matrix. The communalities pro-
vide an index of the efficiency of the proposed set of fac-
tors (Davis, 1986) and the magnitude of the communalities
here calculated suggests that most of the original vari-
ance is still accounted by our set of factors. Two factors
(Table 2) explain 71.1% of the total variance associated
with the chemical database (major and trace elements) of
the analyzed samples.

Major elements

The Fe- and Mn-rich samples are depleted, relatively
to the UCC. SiO,, TiO,, Al,05, Na,0, K,O, and P,0,.
MnO, whose abundances are in the range 11.0 to 18.41
wt. %, is notably enriched (150 + 300 x UCC). Fe is
enriched (3 + 8 x UCC) whereas MgO is generally close
to the UCC value or moderately enriched. CaO is either
depleted or close to the UCC value (Fig. 3a).

The shales are characterized by narrow compositional
changes for the major elements. SiO,, TiO,, Al,O;, Fe,0;,
MnO and MgO have concentrations comparable to those
of the UCC whereas alkalis and P,O5 are depleted (Fig.
3a). These features are very similar to those observed for
other shales in the area (Mongelli and Dinelli, 2001). The
samples TP0O4 and TP11 have higher MnO abundances
(0.36 and 0.27 wt. %, respectively), whereas the average
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normalized to the Upper Continental Crust (UCC, Taylor and
McLennan, 1985).

MnO content of the remaining shales is 0.10 = 0.09.

Si0,, Al,03, TiO,, Na,0 and K,O have high positive
weights in the first factor obtained by the factor analysis
(59.8% of the total variance) whereas high negative
weights are observed for Fe,05, MnO, and CaO. This fac-
tor accounts for the competition between the terrigeneous
component, composed of phyllo- and tectosilicates host-
ing Si0,, Al,03, TiO,, Na,O and K,O, and the authigenic
carbonate phases accumulating Mn and Fe which likely
formed during paucity of detrital supply.

P,05 has not significant weight in the first factor, sug-
gesting that phosphorous is not controlled neither by de-
trital supply nor by carbonate minerals. It has a positive
weight in the second factor (12.6% of the total variance),
similarly to some high field strength elements. The sec-
ond factor could account for secondary precipitation of
phosphate phases since P distribution in the sedimentary
rocks is often controlled by diagenetic processes (Follmi,
1996).

Trace elements

Large ion lithophile elements (LILE): Rb, Sr, Cs, Ba, Pb
The Fe- and Mn-rich samples are generally depleted in
LILE, relatively to the UCC. In the shales Sr and Ba are
depleted whereas Rb, Cs, and Pb have contents close to
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Table 2. R-mode Factor analysis: weights of
the variables in the extracted factors. Variables
having weight less than 0.60 are omitted.

Fl i)
Sio, 0.95
Tio, 0.99
ALO, 0.94
Fe,0,  —091
MnO -0.97
Ca0 -0.71
Na,O 0.96
K,O 0.99
P,0, 0.61
v 0.92
Cr 091
Rb 0.99
Y 0.87
Zr 0.99
Nb 0.87
Ba 0.98
Cs 0.99
Th 0.9
U 0.92
La 0.98
Eu 0.60
Yb 0.68

Var. % 59.8 12.6
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Fig. 4. Rare earth element compositional ranges, chondrite-

normalized (Taylor and McLennan, 1985). Sample TP16, show-
ing higher content in HREE, is plotted separately.

those of the UCC (Fig. 3b).

Rb, Cs, and Ba have high positive weights in the first
factor suggesting they are controlled by detrital miner-
als. Sr and Pb are instead likely controlled by a sum of
factors (e.g., feldspars, calcium carbonates, sheet sili-
cates). This may explain the lack of significant weights
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for these elements in both F1 and F2.

High field strength elements (HFSE): Y, Zr, Nb, REE, Th,
U As for the shales the HFSE have concentrations simi-
lar to those of the UCC. The chondrite normalized REE
patterns (Fig. 4) have a PAAS-like shape characterized
by LREE/HREE fractionation (average (La/Yb), =9.0+
0.6) and negative Eu-anomaly (average Eu/Eu* = 0.81 £
0.10).

In the Fe- and Mn-rich samples Zr, Nb, Th, U, and
LREE are depleted whereas HREE are close to the UCC
values. The chondrite normalized REE patterns (Fig. 4)
show a limited LREE-HREE fractionation (average (La/
YD), =3.1£1.8) and average negative Eu-anomaly (Eu/
Eu* = 0.76 £ 0.10) similar to that of the shales.

HFSE, with the notably exception of Y and Yb, have
high positive weights in the first factor. The linkage be-
tween Al,O; and many trace elements does not reflect
necessarily a structural control of the clay minerals. HFSE
are very dilute in natural waters (e.g., Braun et al., 1993)
and have, consequently, very low water/rock partition
coefficients (Whitfield and Turner, 1979). In shales these
elements are generally hosted in accessory phases often
observed as inclusions in the mica-like clay minerals
(Caggianelli et al., 1992; Slack and Stevens, 1994;
Mongelli et al., 1996). However, Y and Yb have positive
weights in the second factor, suggesting the aqueous frac-
tion of these elements should be involved in diagenetic
processes and incorporated in secondary phosphate phase.

Transition elements (TE): Sc, V, Cr, Co, Ni, Cu, Zn In the
shales, the concentration of the transition metals, includ-
ing are generally higher than that of the UCC. In the Fe-
and Mn-rich samples Sc, V, Cr, Co, and Zn are close to
the UCC values whereas Ni and Cu are enriched (Fig.
3b).

V and Cr have strong positive weights in the first fac-
tor suggestive of a control by detrital minerals chlorite
and micas. For the other TE a lack of significant weights
is observed in both factors.

MINERALOGY

The distribution of whole-rock mineralogy along the
studied successions is shown in Figs. 5 and 6, and in Ta-
ble 3.

The whole rock mineralogy of the shales is quite ho-
mogeneous (Fig. 5). The XRD whole rock spectrum indi-
cate that these samples are formed by micas/clay miner-
als, chlorite and quartz prevailing on feldspars.

The Mn-rich samples are generally formed by micas/
clay minerals, rhodochrosite, siderite, chlorite and quartz
(Fig. 6). The position of the principal peak of
rhodochrosite is 31.48°26, whereas the principal peak of
siderite is 32.04°26. These two phases are clearly recog-
nized on the studied XRD spectrum (Figs. 6 and 7).
Siderite is not observed in some Mn-rich-samples (TP14,
TP16 and TPCC). The TP02b sample is characterized by
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Fig. 6. The XRD patterns of whole-rock Mn-rich samples.
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Fig.7. The XRD patterns of whole-rock TP0O8 sample, with the very close position of the principal peak of rhodochrosite (31.48°260

-2.84 A) and siderite (32.04°260-2.79 A).

abundant rhodochrosite and siderite with quartz, chlorite
and scarce/negligible amounts of micas/clay minerals. The
TP10 sample is enriched in micas/clay minerals and
chlorite with abundant rhodochrosite, siderite and quartz
(Fig. 6). Low hematite is detected only in the TPO6 sam-
ple, whereas feldspars in trace are observed only in the
TP12 sample (Fig. 6 and Table 3). The TPCC sample and
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the TP14 sample are very similar with micas/clay miner-
als and quartz prevailing on rhodochrosite, and traces of
chlorite (Fig. 6 and Table 3).

The dominant peak of FeCO; and MnCOj; are weakly
shifted, suggesting Fe partially substituted by Mg, and
Mn partially substituted by Ca. These results are compa-
rable with other previous studies on Mn-rich sediments



Table 3. The distribution of whole-rock mineralogy of the stud-
ied samples. Samples TP0O1, TP03, TP04, TPOS, TP0O7, TP11,
TP13,TP15 are shales. TP02, TPO2b, TP06, TPOS, TP09,TP10,
TP12,TPI14,TP16, TPCC are Mn-rich layers.

Samples Qtz Rhod Sider Chl MM/Clay min Felds Hem

TPO1
TPO3
TPO4
TPO5
TPO7
TP11
TP13
TP15

+F o+ o+ 4+
e N s
o+ o+ o+ o+ 4+
+ o+ o+ o+ o+ 4+

TPO2
TP02b
TP06
TPO8
TP09
TP10
TP12
TP14
TP16
TPCC

I I
+ 4+ o+
| o+ o+ o+
S4 R+ +
+ o+ o+ o+ o+

(e.g., Middelburg et al., 1987; Glasby and Schulz, 1999;
Haney et al., 2000).

DISCUSSION

The behavior of manganese and iron in sedimentary
environments is largely controlled by Eh and pH (e.g.,
Maynard, 2003, and references therein). Eh-pH diagrams
suggest that soluble manganese has a larger stability field
than soluble iron under moderately reducing conditions.
This involves that, below the sediment-water interface,
Mn?* is mobilized into the pore water whereas iron is fixed
by solid phases. In more reducing marine environments,
characterized by low Eh and high sulfur content, iron
occurs as sulfide but manganese is still mobile.

Rhodochrosite may form in both anoxic sulfidic and
non-sulfidic environments whereas siderite is restricted
to anoxic non-sulfidic methanic environments (Berner,
1981). More recently Curtis (1995) suggested that man-
ganese and iron reduction resulting from methanogenesis
in the presence of sulphate ions produces rhodochrosite
and pyrite, and only in the absence of sulphate ions siderite
forms (Carman and Rahm, 1997). Both rhodochrosite and
siderite thus occur in rapidly accumulating fine-grained
organic-rich sediments, characterized by high alkalinities
and high dissolved Mn?* and Fe?*, where CO, is produced
as a result of oxidation of organic matter (e.g., Schulz et
al., 1994; Thamdrup et al., 1994; Torres et al., 1995).

It has to be stressed that most of the Mn—carbonates
recognized in marine deposits host considerable amounts
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Fig. 8. The Al,O;/MnO vs. Al,O; diagram; the carbonate-rich
samples fall on the mixing curve having as end members the
average shale and the Mn-richest sediment.

-1.0

Trachyte

Dacite

-1.24
Trachyandesite

1.4

Andesite

-1.64

-1.84

-2.04

Basanite

Subalkaline
2.2 basalt

log ZriTiO,

241 Alkali
basalt

-2.61

-2.84

-3.0 v r v v
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0

log Nb/Y

Fig. 9. logZr/TiO, vs. logNb/Y diagram; all samples plot on
the same trend, which is consistent with everything having the
same source.

of calcium (Maynard, 2003). Middelburg et al. (1987)
suggested that pure MnCO; cannot form within marine
sediments since pore water composition does not lie in a
range in which it would be in equilibrium with pure
MnCO;. In our case, several observations such as the
higher Ca contents in the Mn—Fe rich layers compared to
shales, the negative weight of CaO, as MnO in F1, and
the lack of calcite, suggest the presence of a mixed Mn—
Ca carbonate rather than pure rhodochrosite.

Glasby and Schulz (1999) calculated Eh-pH diagrams
for Mn and Fe using element concentrations in bottom
seawater and showed that significant differences arise
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from standard Eh-pH diagrams, obtained for natural wa-
ters at 25°C and 1 bar and assuming an element concen-
tration of 10° M. They suggested that Ca—rhodochrosite
precipitated within the pore waters of reducing sediments
since neither rhodochrosite nor siderite can form in equi-
librium with bottom seawater. Thus according to Glasby
and Schulz (1999) the resulting sediment should be a
mixing between the detrital and the authigenic compo-
nent. Assuming Al,O; as an index for the detrital compo-
nent, it is clearly envisaged that in the binary Al,0,;/MnO
vs. Al,O; diagram the carbonate-rich samples fall on the
mixing curve, between the average shale and the richest
MnO sediment (TP10, MnO = 20.53 wt. %; Fig. 8). This
supports the idea that carbonate-rich samples formed
through precipitation of carbonate minerals in the pore
waters of the terrigenous detritus accumulating at the sea
bottom as a consequence of diagenetic processes. The
source areas of the detrital component of the studied sam-
ples have been evaluated by the logZr/TiO, vs. logNd/Y
diagram (Fig. 9; Floyd and Winchester, 1978). This dia-
gram shows that all samples plot on the same trend, indi-
cating the same source material. This also supports a
subduction-zone setting, perhaps a retro-arc foreland, as
an appropriate tectonic setting for the source area (Floyd
and Winchester, 1978; Winchester and Floyd, 1977).

Unaltered marine carbonates are expected to preserve
the chemical characteristics of ambient seawater, such as
the REE distribution (e.g., Tanaka and Kawabe, 2006).
Carbonate-rich samples normalized to fine-grained
siliciclastis sediments, have typical HREE enrichment,
negative Ce-anomaly, and lower total REE (e.g.,
McLennan, 1989 and references therein). Normalizing the
carbonate-rich samples to the average composition of the
interbedded free-carbonate shale, we observe HREE
enrichments ((La/Yb)g,,. ranges from 0.17 to 0.86), lower
total REE contents, and the lack of negative Ce-anomaly
(1.06 to 1.35). It is well known that cerium in seawater
shows a negative anomaly due to the Ce** oxidation to
Ce** under the oceanic oxidizing conditions (e.g.,
Maynard, 2003). In anoxic waters trivalent cerium is sta-
ble (Wignall, 1994) and in alkaline to very alkaline con-
ditions CeCO;*, Ce(CO5),” and Ce(OH),* are the domi-
nant species (de Baar et al., 1988) similarly to that ob-
served in seawater for the other trivalent REE where domi-
nant species are LnCO;* and Ln(CO;),” (Byrne and
Sholkovitz, 1996; Ohta and Kawabe, 2000). The lack of
negative Ce-anomaly relative to the shales, indicates that
Mn- and Fe-carbonate most likely formed under anoxic
conditions.

As previously stated, the occurrence of both
rhodocrosite and siderite is restricted to fine-grained, rap-
idly accumulating sediments where CO, derives from
oxidation of organic matter. Such sediments have to be
characterized by high alkalinities and high dissolved Mn?*
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and Fe?*. Anoxic pore waters can have alkalinities nearly
two orders of magnitude higher than in the overlying
seawater (Schulz et al., 1994). Further, Calvert and
Pedersen (1996) assumed that carbonates precipitated in
anoxic conditions, in subsurface sediments only when
bottom seawater is oxic enough to cause the accumula-
tion of Mn— and Fe—oxyhydroxides in surface sediments.
Thus it is suggested that the occurrence of Ca-
rhodochrosite is a reliable index of sedimentation under
oxygenated bottom water conditions.

The mineralization is enhanced if the site of accumu-
lation is protected from dilution by clastic sediment in-
put (Robb, 2004). The alternation between Mn— and Fe—
carbonate silts and carbonate-free shales along the stud-
ied sedimentary succession, may be controlled by vari-
ous geological parameters, such as the cyclic deposition
of carbonate sediments controlled by eustatic sea-level
oscillations (e.g., Osleger and Read, 1991), as observed
in the western Tethys during middle and late Triassic
(Goldhammer et al., 1990). Under these conditions sud-
den, vertical lithology changes as well as the occurrence
of centimetric-scaled iron and manganese concentrations
may occur (Varol and Tunay, 1996). Thus Triassic eustatic
sea-level fluctuations likely controlled the alternation of
Mn- and Fe—carbonate silts and carbonate-free shales in
our succession.

SUMMARY

1. Alternation of Mn-rich layers, formed by micas/clay
minerals, mixed Mn—Ca carbonate, siderite, chlorite and
quartz, and shales has been recognized in a natural sec-
tion of the Northern-Calabrian Units in southern Italy.
2. The carbonate-rich samples formed through precipi-
tation of carbonate minerals in the pore waters of the
terrigenous detritus accumulating at the sea bottom.

3. Normalizing the carbonate-rich samples to the aver-
age composition of the interbedded free-carbonate shale,
we observe HREE enrichment, lower total REE contents,
and the lack of negative Ce-anomaly supporting the idea
of an anoxic environment of formation.

4. The alternation between Mn— and Fe—carbonate silts
and carbonate-free shales along the studied sedimentary
succession was likely controlled by eustatic sea-level os-
cillations that in middle and late Triassic in the western
Tethys are well documented.
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