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Abstract
Fe–Mn concretions and mineralizations, associated with condensed horizons and hardground, are significant archives in 
ancient carbonate rocks. Their petro-chemical study allows an assessment of the palaeoenvironmental context in which 
they were formed also connected to their biotic or abiotic origin. At the western side of the Monte Inici (Fornazzo section, 
north-western Sicily) a well exposed outcrop of condensed pelagic limestones (Rosso Ammonitico facies: Middle‒Upper 
Jurassic) is well-known and thoroughly studied. In this section, the base of the Rosso Ammonitico facies consists of a very 
condensed level rich in fossils with a variable thickness deposited from the early Bathonian to the early/middle Callovian. It 
is characterized, at the top, by the noticeable presence of Fe–Mn concretions, typical of the Tethyan Jurassic and related to 
very low sedimentation rates. For this study, Fe–Mn crusts and mineralizations from the Fornazzo section were investigated 
using X-ray diffraction, scanning electron microscopy, X-ray fluorescence, ICP and stable-isotope mass spectrometry. The col-
lected samples, deposited in submarine conditions (as testified by stable oxygen and carbon isotopes), have been subdivided 
in two typologies with different macroscopic and mineralogical features. The Fe–Mn crusts consist of hematite, todorokite 
and birnessite and are characterized by a relatively low Mn/Fe ratio. Their content in trace elements, rare earths and yttrium 
(REY) is compatible with a hydrogenetic origin involving the oxy-hydroxides colloids precipitation directly from seawater. 
Microbially mediated processes are here testified by the recognition of filamentous and coccoid-shaped microstructures 
referable to coexistence of chemosynthetic fungi and photosynthetic cyanobacteria and accounting for a deposition in the 
deep euphotic zone. An average growth rate of ~ 8.5 mm/Myr for the Fe–Mn crusts, estimated by cobalt concentrations, sug-
gests a time elapsed for deposition of ~ 3.5 ± 1 Myr. This value is compatible with the stratigraphic gap embracing the time 
span from the early/middle Callovian to the middle Oxfordian. In the neighbouring pelagic limestones, Fe–Mn deposits are 
present in the form of micro-dendrites mainly consisting of pyrolusite, sometimes associated with carbonato-fluorapatite. 
The geochemical composition gives evidence of a prevalent early diagenetic origin with precipitation, at the sediment/water 
interface or in the first centimeters of sediments, of metals diffused from the crusts as consequence of fluctuating redox 
conditions. Although the well-preserved Frutexites texture is commonly related to a microbial activity, other bacterial micro-
structures have not been recognized, having probably been obliterated during the growth of the dendrites. Nevertheless, it 
is possible to suppose a deepening in the bathymetry consistent with the involvement of chemosynthetic microorganisms in 
the formation of Frutexites structures.

Keywords  Fe–Mn crusts · Frutexites · Microbial mediation · Mineralogy · Trace elements · REE · Stable isotope · Growth 
rate

Introduction

The Fe–Mn crusts, nodules and mineralizations, associ-
ated to rockground or hardground (sensu Clari et al. 1995) 
formed in ancient carbonate rocks or in present marine sedi-
ments, represent a significant lithofacies indicating peculiar 
geological and biogeochemical environments (Ehrlich 1975; 
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Palmer and Wilson 1990; Fürsich et al. 1992; García-Ruiz 
et al. 1994; Clari et al. 1995; Gupta 1995; Bayon et al. 2004; 
Reolid 2011; Föllmi 2016; Jiang et al. 2020) and sometimes 
significant potential metal source (Ehrlich 1975; Rona 2003; 
Polgári et al. 2004; Hein et al. 2013; Kuhn et al. 2017; 
Marino et al. 2019). These deposits are characterized by 
a complex mineralogical and chemical composition, with 
prevalence of iron and manganese but also showing rela-
tively high concentration of trace elements as Co, Cu, Ni, 
Cr, V (e.g.,Nicholson et al. 1997; Rona 2008; Hein et al. 
2010). They frequently represent “condensed stratigraphic 
sequences”, growing with a very low rate and recording 
in their structure, texture, mineralogy and geochemistry 
the oceanic conditions during their growth process (e.g., 
Koschinsky et al. 1996; O’Nions et al. 1998; Abouchami 
et al. 1999; Hein et al. 2000; Hlawatsch et al. 2002; Han 
et al. 2003; Claude et al. 2005).

As for their origin, marine Fe–Mn crusts and mineraliza-
tions are generally classified as: hydrogenetic, diagenetic, 
and hydrothermal (Bolton et al. 1988; Hein et al. 1997; 
Glasby 2000). The first type is represented by ferromanga-
nese crusts, which slowly precipitate from seawater at the 
seabed on to hard-rock substrate. Diagenetic deposits result 
from direct precipitation of Fe–Mn oxy-hydroxides during 
early diagenesis at or below the seafloor, usually in response 
of changing redox conditions (Force and Cannon 1988; Hein 
and Koski 1987; Okita et al. 1988; Jach and Dudek 2005; 
Guido et al. 2016). Finally, Fe–Mn nodules and/or crusts 
related to submarine hydrothermal systems precipitate 
directly from hydrothermal solutions associated to subma-
rine volcanism (Manheim and Lane-Bostwick 1988; Fleet 
1993; Abad et al. 2010; Marino et al. 2019). In addition 
to these three main typologies, or rather, interplaying with 
them in particular conditions, processes of biomineralization 
have been added (Lin et al. 1996; Han et al. 1997; Wang 
et al. 2009; Polgári et al. 2012; Lozano and Rossi 2012; 
Rajabzadeh et al. 2017). Stromatolite-like textures, similar 
to those found in limestone, are widely documented also in 
Fe–Mn nodules and crusts and are ascribed to biological 
mediation by either algae (stromatolites) or bacteria (deep 
water thrombolites) (Jansa et al. 1989; Mamet and Préat 
2006a; Polgári et al. 2012; Lozano and Rossi 2012). Unlike 
the well-defined microbial biosignature in the carbonate fos-
sil record (e.g., Riding 2000), non-carbonate microstructures 
hardly preserve clear evidence of the organisms possibly 
responsible for their formation. Among these, Frutexites 
have been linked to microbial processes but their origin and 
distribution in sedimentary environment are still matter of 
discussion. The term Frutexites arboriformis was firstly 
used by Maslov (1960) from the name of the homonymous 
genus including five different species. The identification and 
description of the fossil Frutexites in the literature are always 
based on: similarity with pelagic stromatolites, dendritic 

structures mainly composed of iron and/or manganese 
oxides, several tens to hundreds of micrometers in height. 
Although a clear relation of these structures to a microbial 
precursor is today controversial, recently Heim et al. (2017) 
observed structures strongly resembling the dendritic pattern 
of fossil Frutexites in living iron oxide precipitating biofilms 
and growing on rock surfaces sampled at 160 m depth in 
the Äspö Hard Rock Laboratory (Sweden). Indeed, similar 
microbial microstructures were not only described in marine 
environments such as shallow and deep water stromatolites, 
microbial limestones, hardgrounds, condensed pelagic lime-
stones, but also in continental setting like veins and fractures 
of deep subterranean environments (Rodríguez-Martínez 
et al. 2011 and references therein).

Among all these environments, the condensed pelagic 
limestones and hardgrounds from Devonian up to Jurassic 
remain the last most extended occurrence of Fe–Mn concre-
tions and Frutexites. In western Sicily, fossil ferromanga-
nese crusts, nodules and pavements are associated with the 
base of the condensed pelagic red limestone of the Rosso 
Ammonitico facies. While an extensive bibliography is 
available on the biostratigraphy and sedimentology of this 
condensed pelagic facies as well as regarding the definition 
of the detailed microfacies (e.g., Gemmellaro 1872–1882; 
Floridia 1931; Christ 1960; Wendt 1963, 1969; Jenkyns 
1970a; Catalano et al. 1981a; Cecca et al. 1992, 2001; Di 
Stefano 2002; Martire and Pavia 2002; Pavia et al. 2004; 
Beccaro 2007; Cecca and Savary 2007), only a smaller 
amount of the papers focus on the petro-geochemical fea-
tures of the associated Fe–Mn mineralizations. A first review 
and documentations of their occurrences from this point of 
view was provided by Jenkyns (1967), but in the following 
years, with the exception of some papers (Jenkyns 1970b; 
Di Stefano and Mindszenty 2000; Préat et al. 2011), Sicilian 
Jurassic Fe–Mn concretions have received little attention in 
relation to their true origin and significance.

The present study focuses on the petrographic and geo-
chemical characterization of the Fe–Mn crusts and minerali-
zations included in the exceptionally well-exposed succes-
sion of the Fornazzo quarry (Monte Inici, western Sicily). 
This section has been detailed studied from the biostrati-
graphic point of view since the 1960s (Wendt 1963) and 
more recently from Martire and Pavia (2002) and has been 
proposed by Pavia et al. (2004) for the basal G.S.S.P. bound-
ary of the Tithonian stage identified inside the upper member 
of the Rosso Ammonitico facies, but despite the well-defined 
stratigraphic context, the petro-geochemical description and 
interpretation of the Fe–Mn deposits characterizing the base 
of the pelagic nodular-calcareous lithofacies, is still missing.

The major goal of this paper is to define the origin of 
Fe–Mn crusts and mineralizations, discriminating whether 
their formation was the consequence of the rift-related 
volcanism (hydrothermal origin) or was mainly related to 
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hydrogenetic or diagenetic processes. To this purpose, in 
addition to the major and trace elements, rare earth ele-
ments and Y were investigated, because they are recognized 
as robust tools discriminating the Fe–Mn oxy-hydroxides 
genesis. Other objectives are (i) to estimate the time span 
in which the crusts deposited with the aim to better define 
the stratigraphic gap they are the expression and (ii) to con-
tribute, also by means of petrographic observations, to the 
scientific debate on the biotic or abiotic origin of these pecu-
liar deposits, also to better define the palaeonvironmental 
conditions of their deposition.

Geological setting

The studied interval outcrops in the disused Rosso Ammo-
nitico quarry (“contrada Fornazzo”) located on the north-
western slope of Monte Inici, about 3 km south-westwards 
of Castellammare del Golfo, in western Sicily (Italy; Fig. 1a, 
b and e). Monte Inici belongs to a major structural unit of 
the intermediate zone of the Sicilian–Maghrebian chain 
(Fig. 1b). This unit derives from the Neogene deforma-
tion of a wide palaeogeographic domain pertaining to the 
African passive margin, known as the Trapanese Domain 
(Catalano et al. 1996). The stratigraphic record of the Mid-
dle and Upper Jurassic in the western Tethys is character-
ized by common eustatic and tectonic events recorded as 
stratigraphic unconformities, represented by rockground, 
hardgrounds, paleokarsts, palaeosoils and the deposition 
of Fe–Mn crusts and nodules. These latter are formed near 
the continental margin on seamounts during high sea-level 
and are characteristic for the Jurassic period in Sicily and 
other parts of the Tethys region (e.g., Jenkyns 1970b, 1971; 
Fürsich 1979; Jimenez Espinosa et al. 1997; Di Stefano and 
Mindszenty 2000).

The “Trapanese type” succession (Fig. 1c), well exposed 
in the composite Fornazzo section, is characterized by 
several thousand meters of Upper Triassic peritidal dolos-
tones, followed upwards by the Lower Liassic peritidal and 
open-shelf limestones of the Inici Formation (Fm). The 
age of the topmost deposits of the Inici Fm is generally 
dated as latest Sinemurian (Gugeberger 1936; Arkell 1956; 
Giacometti and Ronchi 2000). A Pliensbachian age for the 
Inici Fm top is reported from Monte Erice and “Rocca chi 
Parra” (Wendt 1969). In some structural highs (e.g., Monte 
Kumeta) an anomalous benthic production occurred dur-
ing early Pliensbachian (Giacometti and Rocchi 2000; Di 
Stefano 2002). From this time, an intense tectonic activity 
caused the drastic drop in the carbonate productivity and 
the drowning of the platform which turned into a complex 
system of small basins, swells and tilted block slopes. The 
Inici Fm ends with a widespread depositional unconform-
ity, whose origin has been object of a controversial debate 

since the 1960s (Wendt 2017 and reference therein). On this 
compound surface the deposition of condensed and com-
posite pelagic facies associations, informally indicated as 
Rosso Ammonitico (Catalano et al. 1981b) and equivalent 
to the Buccheri Fm (Patacca et al. 1979), took place. A main 
Fe–Mn-encrusted rockground capping the Inici Fm, together 
with repeated satellite crusts in the above condensed pelagic 
carbonates, mark this passage (e.g.,Wendt 1963; Jenkyns 
1970b; Di Stefano and Mindszenty 2000; Di Stefano et al. 
2002; Préat et al. 2011). In the Fornazzo quarry, the top of 
the Inici Fm corresponds to a flat surface with clear evi-
dence of erosion on which lies a 10–30 cm thick and very 
condensed level described in detail as “level 1” by Martire 
and Pavia (2002) (Fig. 1d, f). This condensed, discontinuous 
and rich in fossils level, were made famous by Wendt (1963), 
who reported a long list of ammonites describing a very 
rich fossil assemblage, with more than 50 taxa with forms 
spanning from the early Bathonian to the early and even 
the middle Callovian. A Fe–Mn encrusted bed, constituting 
the floor of the quarry, coats the top of the “level 1” with a 
variable thickness from 0.1 to 8 cm and is the subject of this 
study (Fig. 1e, f). These concretions are often present in the 
depressions (Martire and Pavia 2002), indicating that ero-
sion truncated the top of the “level 1” following a prolonged 
non-sedimentation phase during which authigenic minerals 
grew. The stratigraphic succession follow with three units of 
Rosso Ammonitico, the lower one (RAI) and the upper one 
(RAS) are calcareous with a more or less developed nodular 
structure, while the middle unit (RAM) is characterized by 
thin and regular bedding and by a siliceous composition.

The “Trapanese type” succession upward follows with 
the calpionellid cherty calcilutites (Chiaramonte Fm, also 
known as Lattimusa) with nodular texture and a color 
range from white to pink or to green. Calpionellid suggest 
a pelagic platform depositional environment and date these 
deposits to Tithonian-Valanginian age. The “Trapanese type” 
section close with Early Cretaceous to Eocene pelagic cherty 
calcilutites and marls (Hybla and Amerillo Fms Auct., also 
known as Scaglia), which hovewer do not outcrop in the 
studied area (Fig. 1c; Catalano et al. 1996).

Materials and methods

Samples object of this study come from the disused quarry 
of Rosso Ammonitico quarry, located in “Contrada For-
nazzo” on the Monte Inici north-western side (Fig. 1a). In 
particular, the Fe–Mn crusts represents the quarry floor from 
which five samples were taken (Fig. 1e, f). Samples, named 
HI 1–5, have been subsequently sub-sampled on the base of 
difference in macroscopic features and mineralogical com-
position in limestone (1a), dendrites in limestone (1b, 2a, 
2b, 3a, 3b, 4a) and laminated Fe–Mn crusts (4b, 5a, 5b) 
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(see next section). Thin sections were obtained by stand-
ard methods and observed under a Leica polarized-light 
microscope. Scanning Electron Microscope (SEM) inves-
tigations were performed on carbon-coated samples, using 
a LEO 440 with EDS (Energy Dispersive Spectroscopy) 
system OXFORD ISIS 300 Link and Si (Li) PENTAFET 
detector. Bulk mineralogy was determined by powder X-ray 
diffraction (XRD) using a Philips PW14 1373 with a Cu-Kα 
radiation filtered by a monochromator crystal and a 2° 2θ/
minute scanning speed. Stable C and O isotope composition 
was determined on powders collected using a micro drill, 
from the different sample portions. CO2 was obtained by 
classical H3PO4–CaCO3 reaction method, at 50 °C, by an 
automated Carbonate Preparation Device (Thermo Scien-
tific GasBench II). Isotopic ratios were measured by Thermo 
Scientific Delta V Advantage continuous flow mass spec-
trometer. Results are reported with typical delta (δ) notation 
relative to the V-PDB standard. The relative precision for 
duplicate analyses improved to 0.1‰ for carbon and oxygen.

Geochemical elemental analyses were performed at 
ActLabs Ltd (Ancaster, ON, Canada). The determination 
of major and minor elements (oxide) was carried out by 
RX Fluorescence (XRF). To minimize the matrix effects 
of the samples, the heavy absorber fusion technique (Nor-
rish and Hutton 1969) was used. Prior to fusion, the loss 
on ignition (LOI), which includes H2O+, CO2, S and other 
volatiles, was determined from the weight loss after roast-
ing the sample at 1000 °C for 2 h. The fusion disk was made 
by mixing a 0.75 g equivalent of the roasted sample with 
9.75 g of a combination of lithium metaborate and lithium 
tetraborate, with lithium bromide as a releasing agent. Sam-
ples were fused in Pt crucibles using an automated crucible 
fluxer and automatically poured into Pt molds for casting 
and analyzed on a Panalytical Axios Advanced wavelength 
dispersive XRF. Detection limit was 0.01 wt% for all the 
elements. On three samples, selected as representative of the 
main lithologies identified on the base of macroscopic and 
mineralogical features, Rare Earth Elements and Y (REY) 
were determined by Perkin Elmer Sciex ELAN 6000, 6100 

and 9000 ICP/MS. In consideration of the nature of samples, 
characterized by stronghly refractory minerals, an aggressive 
technique employing a lithium metaborate/tetraborate fusion 
was applied. Samples were mixed with a flux of lithium 
metaborate and lithium tetraborate and fused in an induc-
tion furnace. The obtained melt was immediately poured 
into a solution of 5% nitric acid containing an internal stand-
ard, and mixed continuously until it completely dissolved 
(~ 45 min). The samples were run by a combination simul-
taneous/sequential Thermo Jarrell-Ash ENVIRO II ICP or 
a Varian Vista 735 ICP. Calibration is performed using 14 
prepared USGS and CANMET certified reference materials. 
One of the 14 standards is used during the analysis for every 
group of ten samples. Detection limit was 0.01 mg/kg for Lu, 
0.05 mg/kg for Pr, Eu, Tm, 0.1 mg/kg per La, Ce Nd, Sm, 
Gd, Tb, Dy, Ho, Er, Yb and 1 mg/kg for Y.

Results

Macroscopic features and mineralogy

Fe–Mn concretions from the Fornazzo section form mostly 
continuous millimeter to centimeter-thick pavement just 
at the top of the Rosso Ammonitico basal condensed level 
(Fig. 1d, f). It is characterized by frequently mammilated 
surface, expression of an internal architecture constituted by 
laminated columns or pseudocolumns, several millimeters 
wide, consisting of stacked hemispheroids. Field observa-
tions give evidence of a basic morphology recognizable to 
the naked eye and represented by flat to ondulose stoma-
tolitic crusts of variable thickness (Fig. 2a).

Sectioned and hand polished specimens were selected, 
divided in sub-samples and grouped in three different lith-
ologies on the base of macroscopic texture, color and min-
eralogy (Table 1; Figs. 2 and 3):

•	 Limestone, represented by sample HI 1a, consists of con-
solidated calcilutite showing an homogeneous pink color; 
it is almost completely constituted by calcite (97.8%) 
with trace of quartz (< 1%) and hematite (1.4%), the lat-
ter identified at 2.69 Å (104 reflection). This sample is 
considered in the discussion as the geochemical back-
ground to evaluate variations and enrichments in trace 
elements and REY;

•	 Dendrites in limestones (samples HI 1b, 2a, 2b, 3a, 3b 
and 4a) are characterized by the presence of dark micro-
dendrites arranged in sub-layers less than 5 mm in thick-
ness, in columnar growth patterns or in dome structure. 
Due to the presence of micro-dendrites, the powered 
samples are characterized by an almost grayish color 
(Table 1). All samples are constituted by predominant 
calcite (91.8% in average), moderate quantity of hematite 

Fig. 1   a Location (in red) of the studied Fornazzo section (Monte 
Inici); b Tectonic map of the central Mediterranean (modif. from 
Catalano et  al., 1996): (1) Corsica-Sardinia; (2) Calabro-Kabil-
ian Arc; (3) Marghrebian-Sicilian-Southern Apennine nappes and 
deformed foreland; (4) foreland and mildly folded foreland; (5) 
areas with superimposed extension; (6) Plio-Quaternary volcan-
ism; c Chronostratigraphy of the Trapanese succession (modif. from 
Catalano et al. 1996; time scale according to Harland et al. 1990); d 
Lithostratigraphy of the Fornazzo quarry (modif. from Martire and 
Pavia 2002); in pink the condensed “level 1” (see text) and in black 
the Fe–Mn encrusted bed object of this study (arrow); e View of the 
disused Fornazzo quarry with the Fe–Mn encrusted bed at the floor; f 
Close-up view of the quarry floor with detail of the stratigraphic posi-
tion of the Fe–Mn crusts with respect to the Inici Fm and the “level 
1”

◂
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with an average value of 2.8% and by pyrolusite, detected 
at 3.14 Å (110 reflection), in particular in sample HI 1a 
and 3a (4.8 and 3.5%, respectively). Other mineralogical 
phases, present in trace, are todorokite with the main 
peak at 9.65 Å (100 reflection), birnessite identified by 
a peak at 7.09 Å (002 reflection), carbonate-fluorapatite 
(main reflection at 2.79 Å) and quartz;

•	 Fe–Mn crusts, grouping samples HI 4b, 5a and 5b, are 
characterized by a dark color and parallel dense lami-
nation consisting of millimetric dark brown to black 

layers with a slightly different metallic to submetal-
lic lustre surface. These samples are mineralogically 
characterized by high content of hematite (43.5% in 
average), up to 51.3% in sample HI 5a, which also 
shows the highest percentage of quartz (2.9%). In this 
sample, the presence of todorokite and pyrolusite is not 
detected, which, on the contrary, were both recognized 
in samples HI 4b and 5b with the predominance of 
todorokite (values of 4.8 and 5.2%, respectively). All 

Fig. 2   a Close-up view of the Fe–Mn encrusted bed at the floor of the quarry; b–f Samples object of this study. Dotted lines delimite sub-sam-
ples: limestone (1a), dendrites in limestone (1b, 2a, 2b, 3a, 3b, 4a) and Fe–Mn crusts (4b, 5a, 5b)
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these samples contain birnessite, especially samples HI 
5a and 5b (percentage of 4.4 and 3.7%, respectively).

 Petrography

Textural features, defined by observations of samples 
under the petrographic microscope with reflected light 

and by the SEM, were described with respect to the three 
different lithologies identified on the base of macroscopic 
features and mineralogical composition.

Limestone

Sample HI 1a can be classified as packstone/wackstone 
(Fig. 4a; Dunham 1962) on the base of the relationship 
between bioclasts and mud, evaluable under the polarized 
light microscope. This sample is referable to the lowest 
condensed Rosso Ammonitico level, biostratigraphically 
described in detail by Wendt (1963) and Martire and Pavia 
(2002). As a whole, bioclasts are represented by fragments 
of ammonites, lamellibranchs, belemnites, crinoids, and 
foraminifera and observation with reflected light shows 
that bioclasts, in particular foraminifera and ammonoid, 
often appear, completely or partially, filled by hematite 
which is also recognizable as sub-micrometric crystals dis-
persed in the micritic matrix (Fig. 4b). The dispersion of 
the hematite in the matrix causes the pigmentation, grad-
ing from pink to deep red.

Table 1   Samples object of this study with indication of the color 
from the Munsell Soil Color Charts and the used method for the 
chemical analyses

Lithology Sample Munsell color Chemical 
analyses 
method

Limestone HI 1a 5YR 8/2 Fusion-ICP
Dendrites in limestone HI 1b 10YR 4/1 Fusion-ICP

HI 2a 5YR 4/2 Fusion-XRF
HI 2b 5YR 4/3 Fusion-XRF
HI 3a 10YR 3/2 Fusion-XRF
HI 3b 10YR 3/1 Fusion-XRF
HI 4a 10YR 4/1 Fusion-XRF

Fe-Mn crusts HI 4b 2.5YR 1.7/1 Fusion-XRF
HI 5a 2.5YR 2/1 Fusion-ICP
HI 5b 7.5YR 3/2 Fusion-XRF

Fig. 3   Mineralogical composition of the Fornazzo samples. Ca: calcite; Qu: quartz; CFA: carbonato-fluorapatite; Pyr: pyrolusite; Tod: 
todorokite; Birn: birnessite; He: hematite
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Dendrites in limestones

Presence of dark dendrites growing up orthogonally to the 
lamination is the main feature of this group of samples 
(Figs. 3 and 4c). Particularly regular arborescent structures 
are documented in sample HI 1b, which, in reflected light, 
appear constituted by branches passing from reddish brown 
to black color (Fig. 4d), expression of a different mineral-
ogical composition (hematite and pyrolusite, respectively). 
Besides the arborescent structures, sample HI 3a also shows 
micro-columnar/digitate structures produced by the overlap-
ping of “half-moon” constructions (Fig. 4e) with variable 
mineralogical composition. In some portions, yellow/orange 
coating are probably referred to iron hydroxides, later recrys-
tallized in hematite (Fig. 4f).

Observation under the SEM confirms the presence of 
dome and stromatolitic texture, where overlapped laminae 
are characterized by an alternation between compacted and 
more porous layers (Fig. 5a). Both of them appear fairly 
recrystallized and microstructures, of potential microbial 
origin, are not recognized. As for the composition, observa-
tion by backscattered electrons detector (QBSD) and EDS 
analyses documents the predominance of manganese in light 
grey layers (Fig. 5b) consisting of acicular crystals, likely 
of todorokite (Fig. 5c). More porous lamina, grey at QBSD, 
show a higher content in iron, while the lightest lamina are 
characterized, in the EDS spectrum, by a moderate peak 
of barium, probably referable to the romanechite [(Ba, 
H2O)2(Mn4+, Mn3+)5O10] (Fig. 5b, d). Finally, in limited por-
tion of same sample, microspheroid of carbonate-fluorapatite 
are identified in association with calcite (Figs. 5e, f).

Fe–Mn crusts

Fe–Mn crusts are mainly constituted by dark dense hori-
zontal and subparallel lamination (Fig. 4g), which locally 
may occur as columnar/digitate arrangement. In particular, 
flat lamination seems to pass gradually to slightly undulate 
crusts, then changing outward to pseudo-columnar or digi-
tate morphologies (Fig. 4h).

Lamination in sample HI 5a is well evident under the 
SEM at QBSD (Fig. 6a, b). Alternation of dark and light 
laminae relates to different content in Mn, Fe and Ba but a 

predominance of iron is documented (Fig. 6c). Particularly 
interesting is a very light lamina whose EDS spectrum 
highlights the presence of Ce associated with Fe (Fig. 6b, 
d). As for the textural features observable at secondary 
electrons (SE), peculiar micro-textures are documented 
in sample HI 4b. Figure 6e, f shows a nubby matrix in 
which straight to slightly curved filaments, about 1 µm 
in diameter and more than 0.5 mm in length, are evident. 
In other portions, aggregates of coccoid-shaped particles, 
with a maximum size of ∼1 µm, gradually pass to acicular 
microcrystals attributable to todorokite (Fig. 6g, h).

Geochemistry

Major and trace elements

Concentrations of major and selected trace elements deter-
mined in the Fornazzo samples are listed in Table 2. All 
the elements, except Ca and P, show a general increase in 
concentration from limestone to dendrites and further to 
crusts (Fig. 7).

In particular, in the limestone (sample HI 1a), besides 
the Ca with concentration of 38.48%, all major elements 
are present in concentration less than 1%; similarly, trace 
elements are nearly absent with the exception of Ni reach-
ing the value of 50 mg/kg.

In the dendrites, a light decrease in Ca, passing at an 
average value of 34.22%, is documented; among other 
major elements, Fe and, to a greater extent, Mn show an 
increase, the latter up to 12.32% in sample HI 3a. In the 
same sample, the uppermost trace elements concentrations 
with respect to this typology of samples are also recorded. 
Moreover, samples HI 3a and 3b document the highest 
content in P (0.31 and 0.27%, respectively), reflecting the 
presence of carbonato-fluorapatite, recognized by XRD 
analyses and detected by SEM observation (Figs. 3, 5e, f).

Finally, in the Fe–Mn crusts, the average value of Ca 
drops to 17.80%, while all other elements exhibit sharp 
increase, in particular Fe and Mn for the major elements 
(average values of 10.66 and 16.93%, respectively) and Ni, 
V and Zn for the trace elements.

To better define the factors controlling the element geo-
chemical behavior and the relationship with the recognized 
mineralogical phases, a multivariate statistical analysis 
was applied at the bulk geochemical dataset. Cluster ana-
lisys (CA), processed with respect to elements (Fig. 8), 
highlights two main groups separating Cu, P, Ca (cluster 
1) from all others elements (cluster 2). Cluster 2 is then 
significantly subdivided in two sub-clusters: 2A and 2B 
which discriminate V, Ti, Fe from Zn, Co, Mn and further 
from Ni, Al, K, Mg and Si.

Fig. 4   a–b Micrographs of the Rosso Ammonitico limestone (sample 
HI 1a) showing bioclasts filled by hematite; c, d Dark dendrites grow-
ing up orthogonally to the lamination and detail of branches passing 
from reddish brown to black color (sample HI 1b); e Digitate texture 
produced by the overlapping of “half-moon” constructions (sample 
HI 3a); f Yellow/orange coating; g, h Dense horizontal and subpar-
allel lamination with local knobby/digitate arrangement in a Fe–Mn 
crust (sample HI 5a). a Plane polarized light, c Stereo microscope, b, 
d–h Reflected light

◂
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REE and Y

In the study of marine Fe–Mn crust and nodules, the rare 
earths and yttrium (REY) have been extensively used to dis-
criminate the genetic conditions and the rate of crust growth 
(Jach and Dudek 2005; Hein et al. 2008; Reolid 2011; Loges 
et al. 2012; Bau et al. 2014; Wang et al. 2015; Marino et al. 
2017). Among this wide literature, Bau et al. (2014) propose 

easy-to-use, robust discrimination diagrams based on geo-
chemical relationships controlling the REY inventory of 
marine Fe–Mn oxy-hydroxides deposits. Moreover, accord-
ing to Bau (1996), due to similarity of ionic radius to Ho3+ 
and Y3+, it was chosen to insert Y into REE patterns between 
isovalent Dy3+ and Ho3+. For this study three samples, one 
for each typology (limestone, dendrites and Fe–Mn crusts), 
were selected to carry out the REY determination. First of 

Fig. 5   SEM images and EDS spectra of the dendrites samples: a, b 
Overlapped laminae forming dome and stromatolitic texture of differ-
ent chemical composition; EDS spectrum of spot 1 is shown in (d); 

c Light grey acicular crystals of todorokite; e microspheroids of car-
bonate-fluorapatite (spot 2) identified by EDS spectrum in f. a and e 
SE detector, b and c: QBSD detector
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all, also to evaluate the quality of the analysis, obtained con-
centrations was normalized with respect to the shale (the 
Post-Archean Australian Shale, PAAS, of McLennan 1989). 
Actually, normalization removes the pronounced ’zig-zag’ 
pattern caused by the differences in abundance between even 
and odd atomic numbers; therefore, a deviation from the 
expected smoothness of shale normalized (SN) REY pat-
tern (REYSN) could be related to an analytical error. The 
only exception to this rule is represented by redox-sensitive 
Ce and Y because of subtle differences among the stabili-
ties of chemical REY complexes. The REYSN pattern for 
the selected Fornazzo samples (Fig. 9a) shows that: (i) 
except for anomalies of Ce and Y, explained by the phys-
ico-chemical properties of the respective elements (see 
discussion), all the REYSN patterns are smooth, indicat-
ing excellent analytical quality, and (ii) REYSN concentra-
tion are higher in Fe–Mn crust with respect to limestone 
and dendrites. Finally, following Bau et al. (2014), three 
robust proxies, proposed to discriminate the genetic types 
of marine Fe–Mn deposits, were considered (Figs. 9b, c): 
Nd concentrations, YSN/HoSN ratio and CeSN/CeSN* ratio, 
where CeSN* = 0.5LaSN + 0.5PrSN.

Stable isotope geochemistry

The values of carbon and oxygen stable isotopes for the For-
nazzo samples are listed in Table 2 and shown in Fig. 10. 
The values obtained are in the range of – 1.42 and – 0.38‰ 
for δ18O and between 1.06 and 2.71‰ for δ13C. Only one 
sample (HI 4b) shows slight lower values of the oxygen and 
carbon isotope ratio (− 2.40 and − 0.25‰, respectively).

Discussion

Genetic origin

The Jurassic Fe–Mn concretions, mostly formed on sea-
mounts or other isolated places, are generally related to 
sea-level rise or sea-level highstand. They result from 
considerable drop of terrigenous influx and reduced sedi-
mentation, and frequently show association with bacterial 
stromatolites and sessile foraminifers (Jenkyns 1970b; 
Ballarini et al. 1994; Dromart et al. 1994; Jiang et al. 
2019). Such occurrences are commonly associated to con-
densed sediments, which, in the Fornazzo section, are rep-
resented by the Rosso Ammonitico facies. There is little 
doubt about the submarine origin of the Fe–Mn crusts but, 
to rule out any doubts about the relationship with subae-
rial origin or a late meteoric diagenesis, carbonate stable 
isotope composition of the Fornazzo samples was consid-
ered. Figure 10 shows that all samples safely plot within 
the general field of the Jurassic marine carbonates (as 

measured by Veizer et al. 1999). Only one point (sample 
HI 4b) is characterized by a lighter composition in oxygen 
and carbon isotopes, but, however, in the range of marine 
carbonate. This is probably due to a mixture of isotopi-
cally heavier primary marine carbonate with isotopically 
lighter early diagenetic cement. The lower δ13C is compat-
ible with the introduction of 12C from the organic matter 
oxidation, while lower δ18O ratio may be interpreted as the 
result of recrystallization at slightly higher temperature 
associated with burial.

Regarding the origin of the Fe–Mn crusts, it may be 
considered under three main processes: hydrogenetic, dia-
genetic, and hydrothermal (Glasby 2000; Jach and Dudek 
2005; Rajabzadeh et al. 2017). Hydrogenetic deposits form 
directly from seawater in oxidizing environment and are 
characterized by slow growth between 1 and 15 mm/Myr. 
Diagenetic deposits result from early-diagenetic processes 
involving metals supplied from underlying sediments and 
precipitate close to the sediment/water interface. They are 
generally characterized by faster growth rates of 10’s to 
100’s mm/Myr. Hydrothermal deposits precipitate directly 
from hydrothermal solutions in areas with heat flow and are 
characterized by high to extremely high growth rates also 
above 1000 mm/Myr (cf. Segl et al. 1984; Manheim 1986; 
Puteanus and Halbach 1988).

Discrimination of the main process responsible for the 
Fe–Mn oxy-hydroxides precipitation is mostly carried out 
on geochemical base, beginning from the distribution of 
Fe and Mn. In the Fornazzo samples, although both of ele-
ments seem strongly enriched in Fe–Mn crusts, this increase 
is most likely magnified by the carbonate dilution effect 
(Fig. 7). To remove this influence, the Mn/Fe ratio has been 
considered, showing an averagely higher value in the den-
drites coupled with higher content of pyrolusite (Figs. 3 and 
7). Mn-oxides are generally associated to biogeochemically 
mediated epigenetic events, by which primary Mn deposits 
underwent remobilization/redeposition processes (Rajabza-
deh et al. 2017). The presence of carbonate-fluorapatite in 
this typology of samples testifies phosphogenesis processes 
typical of early diagenesis and considered from many 
authors induced by bacterial mediation (Lucas and Prévôt 
1985; Froelich et al. 1988; Lamboy 1990; Sanchéz-Navas 
and Martín-Algarra 2001; Scopelliti et al. 2010). Conversely, 
Mn-oxy-hydroxides (todorokite and birnessite), together 
with high percentage of hematite, the latter probably derived 
by recrystallization of goethite, prevail in Fe–Mn crusts, 
where the Mn/Fe ratio decrease (Figs. 3 and 7). These min-
eral phases are commonly related to oxy-hydroxides col-
loids involved in the first stage of hydrogenetic precipitation 
(Marino et al. 2019). Finally, sulfides, authigenic mixed-
layer clays, or opaline silica, generally associated to hydro-
thermal deposits (e.g.,Jach and Dudek 2005; Marino et al. 
2018), are not documented in the Fornazzo samples.
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According to a detailed study of Marino et al. (2018), the 
multivariate analysis performed on major and trace elements 
reveals the presence of two main groups clearly linked to the 
main mineralogical phases (Fig. 8). Elements of cluster 1 are 
strictly associated with phosphates and carbonate biogenic 
particles and elements grouping in cluster 2 are related to 
Fe–Mn oxy-hydroxides. More in detail, subcluster 2a, group-
ing Fe with V and Ti, represents the Fe oxy-hydroxides col-
loids involved in the hydrogenetic precipitation. The slightly 
positive charge of the iron hydroxide surface is thought suit-
able to bind the vanadium (Koschinsky and Halbach 1995; 
Hein et al. 1997), while following Koschinsky and Halbach 
(1995), titanium probably inter-grew as TiO2·2H2O together 
with the amorphous FeOOH phase. Conversely, subcluster 
2b discriminate the elements bonded to the Mn-oxides/oxy-
hydroxides and, subordinately, related to the clay fractions 
or substrate rock. In this way, the association of Mn with Co, 
Zn and Ni (r = 0.95, 0.92 and 0.90, respectively) is usually 
attributable to hydrogenetic origin and/or to biomineraliza-
tion processes (Abad et al. 2010; Marino et al. 2017; Jiang 
et al. 2019); the greater linkage distance of Ni from Mn is 
probably related to the release of nickel to the porewaters 
during the early diagenesic transformation of birnessite to 
todorokite (Atkins et al. 2016).

As for the trace elements, a widely used method to 
distinguish the genetic origin of Fe–Mn deposits is the 
Fe–Mn–(Ni + Co + Cu)*10 ternary diagram (Bonatti et al. 
1972), in which the hydrothermal deposits plot close to the 
base line, while higher Ni, Co and Cu contents are indicative 
of an increasing hydrogenetic influence. Consistently with 
the above considerations, Toth (1980) modified the ternary 
diagram of Bonatti et al. (1972) adding the diagenetic field 
near the manganese apex. In the studied samples, two of 
three Fe–Mn crusts distinctly plot in the hydrogenetic field, 
while others fall between hydrogenetic and diagenetic fields 
(Fig. 11). None of them presents concentrations in the range 
of those characteristic of hydrothermal origin (Glasby 2000).

To better discriminate and characterize the three typolo-
gies of the Fornazzo Fe–Mn concretions, PAAS normal-
ized REY pattern and discrimination diagrams proposed by 
Bau et al. (2014) are shown in Fig. 9. Uniquely among the 
REE, Ce may form a tetravalent ion under appropriate oxi-
dizing conditions. The oxidized form of Ce (Ce4+) is rela-
tively insoluble compared to Ce3+ (e.g.,de Baar et al. 1985; 
Hein et al. 2000; Astakhova and Sattarova 2012), so that Ce 
takes part in active redox cycling. During the hydrogenetic 

precipitation, the Ce uptake by colloidal Mn and Fe oxy-
hydroxides is accompanied by the Ce oxidation, which is 
mediated by surface catalysis. The oxidative scavenging of 
Ce results in the development of a positive Ce anomaly. In 
this study, the same pattern is characteristic of sample HI 5a, 
representing the Fe–Mn crusts (Fig. 9a).

Since Ce is preferentially scavenged by oxy-hydroxides, 
the Ce content in ocean seawater is generally low with a 
distinct negative anomaly (Bogdanov et al. 1995; Ren et al. 
2011; typical deep seawater from Bao et al. 2008 is reported 
in Fig. 9a), this anomaly is inherited by the rapid scavenge 
of REY from the seawater when the Fe–Mn hardground pre-
cipitate very close to the hydrothermal vent sites. In this 
case, the only preserved hydrothermal signature is the posi-
tive EuSN anomaly due to a process of leaching of Eu2+ from 
the host rocks at temperatures above 250 °C (German et al. 
1990, 2002; Mitra et al. 1994; Bau and Dulski 1999; Sherrell 
et al. 1999; Edmonds and German 2004; Marino et al. 2018). 
None of the studied samples shows positive Eu anomaly 
while the negative Ce anomaly, reflecting seawater inherited 
REY patterns, is documented in limestone (sample HI 1a).

The REYSN pattern of diagenetic Fe–Mn crusts allows 
to discriminate this type of Fe–Mn deposits from those of 
hydrogenetic origin, because in marked contrast to the lat-
ter, they record a negative Ce anomalies and lower REY 
concentrations (Bau et al. 2014). These features are matched 
in sample HI 1b, which represents dendrites in limestone 
(Fig. 9a). As suggested by Bau et al. (2014), Mn forming 
dendrites should result from the mobilization and re-oxi-
dation of tri- and tetravalent Mn of marine sediment, first 
reduced and dissolved during early diagenesis processes. 
The negative Ce anomaly of diagenetic deposits should, 
therefore, indicated that while sub-oxic porewaters mobi-
lized Mn2+ and REY3+, Ce4+ remained fixed in discrete 
Ce(IV) compounds. Fluctuating redox conditions should 
also be responsible of phosphogenetic processes, because 
it is documented that the oxy-hydroxides redox cycle pro-
motes phosphate sink-switching mechanism (Froelich et al. 
1988; Jarvis et al. 1994; Piper and Perkins 2004; Scopelliti 
et al. 2010).

Having ruled out the hydrothermal origin for Mn-den-
drites and Mn-Fe crusts and verified the coherence of For-
nazzo limestone REY pattern with the seawater signal, to 
further discriminate diagenetic from hydrogenetic origin of 
the two typologies of the studied samples, Y anomaly, YSN/
HoSN ratio, CeSN/CeSN* ratio and Nb concentration are now 
considered (Fig. 9b, c). Actually, the hydrogenetic origin 
of sample HI 5a is highlighted, in addition to the positive 
anomaly of redox-sensitive Ce, also by the well-marked Y 
negative anomaly, due to the decoupling of the geochemical 
twins Y and Ho. This decoupling results from preferential 
scavenging of Ho relative to Y on oxy-hydroxides surfaces, 
due to lower stabilities of Y surface complexes (e.g., Bau 

Fig. 6   SEM images and EDS spectra of the Fe–Mn crusts: a, b Alter-
nation of dark and light laminae prevalently constituted by Fe (spot 
1); c, d EDS spectra of spot 1 and 2, in the latter is evidenced the 
presence of Ce; e, f straight to slightly curved filaments in a nubby 
matrix; g, h aggregates of coccoid-shaped particles gradually passing 
to acicular microcrystals of todorokite. a and b: QBSD detector; e–h: 
SE detector

◂
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et al. 1995; Bau 1996, 1999; Schijf and Marshall 2011). This 
anomaly is not shown by the sample representing (diage-
netic) dendrites. The decoupling of Ho and Y can be also 
expressed as YSN/HoSN ratio, which can be related to CeSN/
CeSN* ratio to discriminate hydrogenetic crusts character-
ized by YSN/HoSN < 1 from diagenetic deposits displaying 
negative Ce anomalies (CeSN/CeSN* < 1), with a negative 
trend between the two (Fig. 9b). A similar separation is evi-
denced in a bivariate diagram of the CeSN/CeSN* ratio vs Nd 
concentration (Fig. 9c). Following Bau et al. (2014), dia-
genetic Fe–Mn deposits show negative to no Ce anomalies 
and Nd concentrations fall in the range of 10–100 mg/kg, 

while hydrogenetic Fe–Mn crusts typically show positive 
Ce anomalies and higher Nd concentrations (> 100 mg/kg).

In summary, geochemical proxies point out for a hydro-
genetic origin of Fe–Mn crusts (represented by samples HI 
4b, HI 5a and HI 5b and mainly constituted by hematite, 
todorokite and birnessite), and for a prevalent diagenetic ori-
gin of dendrites in limestone (all other samples except sam-
ple HI 1a), formed during the early diagenesis, as evidenced 
by relative increase in Mn (mobilized from the underlying 
sediments and mainly trapped in form of pyrolusite), and by 
phosphogenetic processes.

Table 2   Chemical and stable isotope compositions of the Fornazzo samples

( −): no data

HI 1a HI 1b HI 2a HI 2b HI 3a HI 3b HI 4a HI 4b HI 5a HI 5b

Si (wt %) 0.13 0.27 0.39 0.22 0.38 0.31 0.22 1.31 1.11 0.56
Al (wt %) 0.10 0.25 0.55 0.40 0.60 0.48 0.37 1.67 1.12 0.77
K (wt %) 0.02 0.02 0.00 0.00 0.02 0.00 0.01 0.17 0.14 0.06
Ti (wt %) 0.01 0.01 0.02 0.02 0.01 0.01 0.04 0.12 0.31 0.10
Mg (wt %) 0.27 0.45 0.35 0.43 0.52 0.46 0.29 1.42 1.17 0.76
Ca (wt %) 38.48 35.99 34.89 35.94 28.11 35.31 35.12 16.49 13.34 23.56
P (wt %) 0.04 0.05 0.17 0.10 0.31 0.27 0.05 0.04 0.10 0.20
Fe (wt %) 0.19 0.41 2.18 0.82 2.01 1.16 1.22 6.18 19.56 6.25
Mn (wt %) 0.12 3.34 2.87 2.65 12.32 3.88 4.53 20.72 15.59 14.48
Co (mg/kg) 11.0 213.0 161.5 220.3 1138.0 469.9 279.0 2518.3 2734.0 1718.0
Cu (mg/kg) 0.0 90.0 103.8 21.0 191.7 143.8 47.9 303.5 60.0 47.9
Ni (mg/kg) 40.0 850.0 573.6 667.9 1885.9 982.3 392.9 10561.2 5610.0 3363.2
V (mg/kg) 12.0 33.0 78.4 39.2 196.1 72.8 151.3 560.2 1318.0 493.0
Zn (mg/kg) 3.0 60.0 11.6 61.0 265.3 142.4 116.3 765.8 780.0 853.0
La (mg/kg) 16.3 19.8 − − − − − − 269.0 −
Ce (mg/kg) 7.1 26.4 − − − − − − 2260.0 −
Pr (mg/kg) 2.8 3.1 − − − − − − 45.3 −
Nd (mg/kg) 11.3 12.1 − − − − − − 170.0 −
Sm (mg/kg) 2.1 2.4 − − − − − − 35.0 −
Eu (mg/kg) 0.5 0.6 − − − − − − 7.7 −
Gd (mg/kg) 2.0 2.7 − − − − − − 30.1 −
Tb (mg/kg) 0.3 0.4 − − − − − − 4.7 −
Dy (mg/kg) 1.6 2.2 − − − − − − 23.8 −
Y (mg/kg) 12.0 19.0 − − − − − − 53.0 −
Ho (mg/kg) 0.3 0.4 − − − − − − 4.0 −
Er (mg/kg) 0.9 1.2 − − − − − − 10.4 −
Tm (mg/kg) 0.1 0.2 − − − − − − 1.4 −
Yb (mg/kg) 0.6 1.0 − − − − − − 8.6 −
Lu (mg/kg) 0.1 0.1 − − − − − − 1.2 −
CeSN/CeSN* 0.2 0.8 − − − − − − 4.7 −
YSN/HoSN 1.5 1.7 − − − − − − 0.5 −
δ13C (‰) 2.63 2.68 2.71 2.11 2.28 2.08 2.36 − 0.25 1.57 1.06
δ18O (‰) 0.03 − 0.54 0.38 − 0.68 − 1.05 − 1.42 0.03 − 2.40 − 0.92 − 0.77
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Fig. 7   Distribution of major and trace elements in the Fornazzo samples
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Growth rates

The REY pattern, discussed in the previous paragraph, is 
closely connected to the growth rate (GR) of the Fe–Mn 
deposits that can be discussed both in terms qualitative than 
quantitative.

First of all, the magnitude of the positive Ce anomaly 
seems to be strictly related to the crust growth rates because 
of the slow reaction kinetics of inorganic Ce3+ oxidation 
(Kuhn et al. 1998; Ohta et al. 1999). A slow growth rate is 
required to produce a positive Ce anomaly (as documented 
in sample HI 5a), as it has to compensate the negative Ce 
anomaly of seawater. Moreover, the very slow growth rates 
of hydrogenetic process allows REY to accumulate in 
Fe–Mn oxy-hydroxides structures, producing high ∑REY 
(Bau and Koschinsky 2009). Conversely, a fast growth rate 
characteristic of Fe–Mn minerals precipitated very close to 
the hydrothermal vent sites produces a distinct Ce negative 
anomaly inherited from the seawater pattern. The fast growth 
rate is also responsible for the extremely low ∑REY (Mills 
et al. 2001) in this type of deposits.

From the quantitative point of view, to estimate the 
growth rate (GR) of the Fe–Mn crust and mineralizations 
from the Fornazzo quarry, is here taken in account the 
“cobalt chronometer”, an algorithm inversely relating the 
cobalt content and crust GR, widely used for recent Fe–Mn 
crusts (e.g., Manheim and Lane-Bostwick 1988) but con-
sidered accurate also for fossil deposits (Frank et al. 1999). 
In particular, for crusts with an average Co concentration 
below about 0.8 wt% (as in the Fornazzo samples), Frank 
et al. (1999) suggest, as the more appropriate, the equation 
given by Manheim (1986):

GR = 0.68∕
(

Cow

)1.67
,

where GR is in mm/Myr and Cow is the Co concentration 
in wt% less a detrital background concentration of 0.0012 
wt%. By applying this equation to the Fornazzo samples, 
an average growth rate of 8.5 mm/Myr is obtained for the 
hydrogenous crusts, while an average value of 315 mm/Myr 
is calculated for the early diagenetic mineralizations. Both of 
these values are in accord with values defined for these types 
of Fe–Mn deposits (see previous paragraph).

Microbial contribution

In such a context, the contribution of microorganism activ-
ity in the precipitation of Fe–Mn oxy-hydroxides cannot be 
trascured. The role of microorganism in Fe–Mn nodules and 
crusts growth was first reported by Thiel (1925). In the fol-
lowing years many studies pointed out for the role of bacte-
ria which, through their extracellular polymeric substances 
(EPS or biofilm), would act as primary nucleation centers 
for the oxidization and adsorption of metal ions promoting 
the formation of amorphous precursor phases that, later, pre-
cipitate as Fe–Mn oxy-hydroxides (e.g., Ehrlich 1975, 2002; 
Jansa et al. 1989; Lin et al. 1996; Han et al. 1997; Mamet 
and Préat 2006a; Wang et al. 2009; Reolid 2011; Lozano 
and Rossi 2012; Polgári et al. 2012; Rajabzadeh et al. 2017; 
Jiang et al. 2020). From this point of view, the petrographic 
observations of Fornazzo Fe–Mn deposits allowed us to dis-
tinguish arborescent and knobby texture in dendritic samples 
of diagenetic origin from laminated with internal digitate 
microstructure in Fe–Mn crusts formed by hydrogenetic 
precipitation (Figs. 4, 5 and 6). In this latter, microstuctures 
evidenced in Fig. 6 are very similar to those found by Reolid 
and Nieto (2010) in Jurassic Fe–Mn hardground from the 
Betic Cordillera (SE Spain). The authors, assigned the fila-
ments to multicellular hyphae forming a fungal mycelium 
and preserved by Fe–Mn oxy-hydroxides, while ascribed the 
coccoid-shaped forms to cyanobacteria, not excluding other 

Fig. 8   Cluster analysis per-
formed using the Ward’s linkage 
method based on the Euclidean 
distances on 14 variables. Num-
bers and letters identify clusters 
and sub-clusters (see text)
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possible types of eubacteria related to Fe and Mn oxidation. 
Filamentous microstructures, evoking hyphae, should point 
out for the authigenic minerals precipitation as consequence 
of microorganisms secretion of an iron chelating compound 
(siderophores), which could trap and transfer Fe3+ into the 
cell interior (Lewin 1984; Reolid and Nieto 2010). In this 
view, siderophores directly scavenge ferric iron promoting 
the biofilm formation which serve as a nucleation site for the 
mineral deposition. As for manganese, the binding of Mn 
chelates to cell-surface-associated Mn oxidase would acti-
vate the Mn2+ oxidation to Mn3+, and then to Mn4+ (Brouw-
ers et al. 2000; Toner et al. 2005; Zhang et al. 2015). The lat-
ters may precipitate as Mn-oxide layers onto the EPS (Zhang 
et al. 2015). Likewise, biofilms may produce a geochemical 

gradient that trap any suitable ions available in the proxim-
ity (e.g., Ni2+, Co2+, Cu2+, Zn2+), producing enrichments in 
these elements (Jiang et al. 2019).

The pelagic swells of the Trapanese platform, at the Mid-
dle Jurassic time, were favourable places for microbially 
mediated authigenesis due to: a) the sediment-starved con-
ditions, and b) the injection in seawater of Fe, Mn, trace ele-
ments and REE, related to the incipient volcanic processes 
recorded in the Sicilian–Maghrebian realm. In fact, even if 
no geochemical signal indicates direct hydrothermal contri-
bution to the Fe–Mn crusts, fragments of trachytic micro-
texture and felspar macro-crystals have been documented 
in the basal Rosso Ammonitico bed from others sections of 
the Trapanese domain, testifying a Middle‒Upper Jurassic 

Fig. 9   a PAAS normalized REY spider diagram for the Fornazzo 
samples; dotted line is the typical deep seawater composition from 
Bao et  al. 2008; PAAS from McLennan (1989). b, c Cross-plots of 

samples representing dendrite and Fe–Mn crust on graphs of CeSN/
CeSN* vs YSN/HoSN ratios and CeSN/CeSN* vs Nd concentration (after 
Bau et al. 2014). Colors as in Fig. 7
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rift-related volcanic activity (Wendt 1963; Jenkyns and Tor-
rens 1969; Jenkyns 1970a).

As for the arborescent microstructures in the early dige-
netic dendritic samples (Figs. 4 and 5), they are associated 
to Frutexites shrubs, typically described in relation to crusts 
of Fe–Mn oxy-hydroxides (Böhm and Brachert 1993; Mamet 
and Préat 2006b; Cavalazzi et al. 2007). They grew within 
the already deposited sediment and are typically constituted 
by manganese that, as a highly mobile element, can be remo-
bilized from crusts into younger sediments. In this context 
it is believed to be fundamental the role of specific Mn(IV)-
reducing and Mn(II)-oxidizing bacteria biologically driving 

a closed Mn cycle (Blöthe et al. 2015). In particular, the 
origin of Frutexites was originally assigned to cyanobacteria 
(Maslov 1960; Szulczewski 1963) and to other phototro-
phic microbes (Myrow and Coniglio 1991). The involvement 
of chemosynthetic microorganisms has been consequently 
postulated to explain the formation of Frutexites structures 
in deep marine, aphotic environment, also ascribed to the 
Jurassic Fe–Mn Frutexites (Böhm and Brachert 1993; Préat 
et al. 2000; Reitner et al. 2000; Allouc and Harmelin 2001; 
Mamet and Préat 2003; Mišík and Aubrecht 2004; Reolid 
and Nieto 2010; Reolid 2011). As for the Fornazzo sam-
ples, microstructures of bacterial origin are not identified in 
the Mn-rich dendrites. It may be supposed that such com-
ponents were obliterated during diagenetic growth of the 
dendrites, according to Dahanayake and Krumbein (1986) 
the bacterial mineralization can become undetectable due 
to iron encrustation. Microbial origin may be supported by 
the well-preserved micro-columnar/digitate structures, pro-
duced by the overlapping of “half-moon” constructions and 
commonly associated to microbial activity (e.g.,Mišík and 
Aubrecht 2004; Lozano and Rossi 2012; Polgári et al. 2012; 
Guido et al. 2016; Heim et al. 2017). Moreover, authigenic 
precipitation of carbonate-fluorapatite, typically ascribed 
to bacterial mediated processes in similar fluctuating redox 
conditions (O’Brien et al. 1981; Van Cappellen and Berner 
1991; Sanchéz-Navas and Martín-Algarra 2001; Sannigrahi 
and Ingall 2005; Reolid and Nieto 2010), gives strength to 
this hypothesis.

Depositional environment

Coeval condensed levels and stratigraphic gaps character-
ized by similar ferromanganese deposits are widespread 
in the Western Tethyan Realm from the Trento Plateau 
(Winterer and Bosellini 1981; Clari et al. 1995; Martire 
1996) to the Julian Alps (Šmuc and Rožic 2010) or Western 
Carpathians (Rojkovič et al. 2003) but also in a number of 
pelagic plateaus in the Apennines (e.g., Santantonio et al. 
1996) and are interpreted as formed during a transgressive 
phase (Corbin et al. 2000). In particular, following these 
latter authors, the massive accumulation of Fe and Mn in 
the Late Callovian‒Early Oxfordian interval should be also 
connected with intense syn-sedimentary tectonic activity 
corresponding to the start of the spreading in the western 
part of the Tethys Ocean. As for the Monte Inici area, the 
incipient volcanic process was likely responsible of the 
injection in seawater of Fe, Mn, trace elements and REE, 
but the Fe–Mn crusts and mineralizations are found to be 
hydrogenetic/diageneic in origin. The hydrogenetic lami-
nated crusts were precipitated directly from seawater with 
an estimated growth rate of 8.5 mm/Myr in average. Since 
the maximum measured thickness was of 3 cm it is possi-
ble to estimate a time of deposition of ~ 3.5 ± 1 Myr. Given 

Fig. 10   δ13C versus δ18O cross-plot of the Fornazzo samples; grey 
area is the general field of the Jurassic marine carbonates from Veizer 
et al. (1999). Colors as in Fig. 7

Fig. 11   Distribution of the studied samples in the ternary diagram of 
Fe–Mn-(Co + Ni + Cu) × 10 (after Toth 1980, Bonatti et al. 1972 and 
Hein et al. 1994). Colors as in Fig. 7
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that in the Fornazzo section the first age above the level 
of Fe–Mn concretions is middle Oxfordian (~ 159 Ma), the 
estimated time span should be compatible with the growth 
of the crusts during the stratigraphic gap between the top of 
the condensed “level 1” (early/middle Callovian; ~ 165 Ma) 
and the overlying pelagic limestone of the RAI (Fig. 1d). 
In this view, the spectacular Fe–Mn deposition should be 
the expression of one of the repeated satellite crusts formed 
above what Di Stefano and Mindszenty (2000) defined the 
“principal Fe–Mn-encrusted rockground” capping the Inici 
Fm. The roughly similarity of the deposition environment 
between the over- and underlying deposits gives indication 
that the crusts growth occurred in a system characterized 
only by limited variations of the environmental parameters 
and allows to define them as hardground (sensu Clari et al. 
1995). The strong reduction in the rate of carbonate sedi-
mentation contributed to the concentrations of metals pre-
cipitated as colloidal oxy-hydroxides from the oxygenated 
seawater. Since the only inorganic precipitation mechanisms 
are thought to be insufficient for the accumulation of signifi-
cant thicknesses of Fe–Mn crusts, processes of microbial 
catalyzation operated to produce an efficient precipitation 
of Fe–Mn oxy-hydroxides. The documented coexistence of 
chemosynthetic fungi and photosynthetic cyanobacteria in 
Fe–Mn crusts testifies a palaeobathymetry compatible with 
the deep euphotic zone.

As for the reduction of carbonate deposition, excluding 
the subaerial exposition as testified by isotopic data, and the 
dissolution of the carbonate linked to the CCD proximity, 
the most plausible scenario accounts for an increased current 
activity that prevented the sediment accumulation or swept 
the bottom carrying away the already deposited oozes (Clari 
et al. 1995 and references therein). Referring to the com-
plex system of small basins, swells and tilted block slopes, 
like proposed by Bernoulli and Jenkyns (1974), the Fe–Mn 
crusts from the Fornazzo section would precipitate during a 
transgressive phase on the more elevated area of a structural 
high characterized by strong current activity (Fig. 12).

Afterwards, during the early diagenesis, fluctuating redox 
conditions in the porewaters promoted the remobilization 
of Mn and other redox-sensitive elements. Their diffusion 
upwards in the sediments produced the growth of Mn-rich 
dendrites inside the freshly deposited carbonate. The con-
sistency of the microbial community associated with the 
Frutexites to a scarce light availability gives indication of 
a variation in the paleobathymetry towards a deep marine, 
aphotic environment which probably promoted a restart in 
the carbonate sedimentation with the deposition of the over-
lying portion of RAI.

Conclusions

Results from the study on the Middle‒Upper Jurassic 
Fe–Mn crusts and mineralizations from Fornazzo section 
(north-western Sicily) can be summarized as follows:

1.	 Macroscopic observations and mineralogical analy-
ses allow to recognize two main typologies of Fe–Mn 
deposits: (i) Fe–Mn crusts, characterized by parallel 
dense lamination and with averagely high content in 
hematite and todorokite, and (ii) dendrites in limestones 
showing columnar or dome structure and prevalence 
in pyrolusite sometimes associated with carbonato-
fluorapatite. For both of them, isotopic composition, in 
the range of Jurassic marine carbonates, gives evidence 
of submarine deposition.

2.	 Geochemical proxies, in particular Mn/Fe ratio and Co, 
Ni and Cu concentrations as well as the distribution of 
rare earths and Y, allow to discriminate a hydrogenetic 
origin for the Fe–Mn crusts and a prevalent early diage-
netic origin for the dendrites related to a fluctuation in 
the porewaters redox conditions.

3.	 The cobalt concentration allows estimate average growth 
rates of 8.5 and 315 mm/Myr for the hydrogenous crusts 
and early diagenetic mineralizations, respectively. On 

Fig. 12   Paleogeographic generalized scheme of southern continental margin of Tethys during Jurassic time ( modified by Bernoulli and Jenkyns 
1974); red arrow: depositional setting of the Fornazzo section during the Fe–Mn crusts growth



578	 International Journal of Earth Sciences (2021) 110:559–582

1 3

this base, a time span of ~ 3.5 ± 1 Myr was calculated for 
the growth of the hydrogenetic crusts, compatible with 
the stratigraphic gap above the Bathonian/Callovian 
condensed level of the Rosso Ammonitico and associ-
ated to the reduction in the carbonate sedimentation rate.

4.	 The contribution of microorganism activity in the pre-
cipitation of Fe–Mn oxy-hydroxides is documented in 
the Fe–Mn crusts with microstructures attributable to 
fungal mycelium and cyanobacteria, while have not been 
recognized in the dendrites probabily due to incipient 
recrystallization during diagenesis. Nevertheless, indi-
cation of the microbial influence is testified by the well-
preserved micro-columnar/digitate structures, produced 
by the overlapping of “half-moon” constructions related 
to the well-know Frutexites structure. The different bac-
terial communities associated to Fe–Mn crusts and den-
drites allow to suppose a deepening of the deposition 
environment also related to a restart in the carbonate 
sedimentation with the deposition of the overlying por-
tion of RAI.
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