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ABSTRACT

The Middle-Upper Jurassic transition within the External Subbetic (Betic Cordillera) and the Jbel Moussa Group
(Rifian Calcareous Chain) is characterised by numerous stratigraphic breaks recorded as palaeoreliefs, omission
surfaces and hardgrounds. The features and number of unconformities vary depending on the domain studied
and the tectonic unit. One common characteristic is the presence of microbial Fe-Mn crusts and Mn crusts. Three
different contexts of microbially mediated Fe-Mn crusts can be distinguished: a) hydrogenetic surficial Fe-Mn
crusts and macro-oncoids, b) hydrogenetic cryptic Fe-Mn crusts, and c¢) hydrothermal surficial Mn crusts. The
surficial Fe-Mn crusts and macro-oncoids are hydrogenetic crusts related to the chemo-organotrophic behaviour
of the benthic microbial communities in the External Subbetic. Encrusting foraminifera (7hurammina, Placops-
ilina, Tolypammina and nubeculariids) and fungi fed on bacteria, while the bacteria and fungi took advantage of
the nutrient-rich foraminiferal excretions. The cryptic Fe-Mn crusts are also hydrogenetic crusts developed in the
walls of submarine cavities and fractures in the External Subbetic at the time of the hardground development.
They are endostromatolites consisting almost exclusively of Frutexites in the case of thin neptunian dykes, or
serpulid-Frutexites assemblages in a large neptunian sill. This assemblage reflects the colonization of unfavour-
able environment (aphotic with low oxygenation) as a response to the photophobic behaviour of chemosynthetic
and cryptobiontic microorganisms. Finally, the hydrothermal Mn crusts registered in the Rif are characterised by
the record of bacillus-shaped bacteria and different type of filaments. The precipitation of manganese minerals
is interpreted as induced by the chemo-organotrophic behaviour of benthic microbial communities, since man-
ganese oxides may form as a result of the direct metabolic activity of bacteria in hydrothermal environments.
Very well-preserved fungal hyphae evidence the presence of fungi that probably fed on bacterial communities
and their by-products.
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RESUMEN

El limite Jurasico Medio-Superior en el Subbético Externo (Cordillera Bética) y el Grupo Jbel Moussa (Dorsal
Calcarea Rifefia) se caracteriza por la presencia de numerosas rupturas sedimentarias representadas como paleo-
karsts, superficies de omision y hardgrounds. Los rasgos y el numero de discontinuidades es variable dependiendo
del dominio estudiado y de la unidad tectonica considerada, pero un rasgo habitual es la presencia de depodsitos
laminados de 6xidos y oxihidroxidos de hierro y manganeso de origen microbiano. Se ha identificado tres difer-
entes contextos para el desarrollo de este tipo de depositos: a) costras y macro-oncoides de Fe-Mn superficiales,
b) costras de Fe-Mn cripticas, y, ¢) costras manganesiferas hidrotermales. Las costras de Fe-Mn superficiales
son depositos hidrogenéticos relacionados con la actividad quimiorganotrofica de comunidades bentdnicas mi-
crobianas sobre los hardgrounds del Subbético Externo. En estas costras abundan los foraminiferos encostrantes
(Thurammina, Placopsilina, Tolypammina y nubecularidos) y los hongos, que probablemente se alimentaron de
las bacterias, mientras que tanto las bacterias como los hongos pudieron beneficiarse de las excreciones de los
foraminiferos. Las costras se desarrollaron en cavidades y fracturas en el fondo marino paralelamente al de-
sarrollo de los hardgrounds. Estas costras endoestromatoliticas estan constituidas mayoritariamente por Frutex-

https://doi.org/10.7203/sjp.26.2.18537



136 REOLID

ites, y localmente por la asociacion serpulido-Frutexites; representan la colonizacion de ambientes carentes de
luz y mal oxigenados por parte de organismos criptobiontes quimiosintéticos con comportamiento fotofobo. Por
ultimo, las costras manganesiferas hidrotermales identificadas en el Rif se caracterizan por el registro de formas
tipo bacilo y abundantes filamentos, estos tltimos asignados a hifas de hongos. La precipitacion de los minerales
de Mn fue inducida por bacterias con comportamiento quimiorganotrofico relacionadas con surgencias hidroter-
males enriquecidas en metales, de las cuales se alimentaron los hongos habitualmente descritos en este tipo de
ambiente submarino.

Palabras clave: hardground, microbios fésiles, costra ferruginosa, costra manganesifera, Subbético, Rif.

INTRODUCTION 2000; Rojkovi¢ et al., 2003; Jach & Dudek, 2005). Hy-

drogenetic deposits form directly from seawater in an ox-

Iron and manganese crusts are grouped into three ge- idizing environment (Glasby, 2000). Diagenetic deposits
netic types: hydrogenetic, diagenetic and hydrothermal result from oxic-diagenesis within the underlying sedi-

classes (Bolton et al., 1988; Hein et al., 1997; Glasby, ments, leading to an upward supply of Fe and Mn from
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Figure 1. Location of studied outcrops in the Betic-Rifian Cordillera. 1. Central External Subbetic of Cérdoba (Sierra de Cabra);
2-5. Eastern External Subbetic: 2. Sierra de Quipar, 3. Sierra de Lugar, 4. Sierra de Corque and 5. Sierra de Reclot; 6.
Rifian Cordillera, Jbel Moussa Group.
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the sediment column, and they are characterised by faster
growth rates. Hydrothermal deposits precipitate directly
from hydrothermal solutions that are vented in areas with
high heat flow associated with submarine volcanism, such
as mid-ocean ridges, back-arc basins and hot spot volca-
noes (Glasby, 2000). The presence and the mediation of
microbes in the formation of Fe and Mn crusts is fairly
usual in the case of hydrothermal and hydrogenetic crusts.
A detailed analysis of fossil benthic microbial communi-
ties from these types of deposits is not common, however
(Martin-Algarra & Sanchez-Navas, 2000; Reolid & Nieto,
2010; Préat et al., 2011; Reolid et al., 2011; Rodriguez-
Martinez et al., 2011). This research is focused on the
study of benthic microbial communities from distinct types
of Fe and Mn crusts of the Jurassic hardgrounds from the
Western Tethys.

The Middle-Late Jurassic transition in the Western
Tethys was characterised by discontinuous sedimenta-
tion with complex stratigraphic breaks. Such unconformi-
ties are represented in numerous domains presenting iron
and manganese deposits: the Iberian Range (Aurell et
al., 1994, 1999; Ramajo & Aurell, 1997; Ramajo et al.,
2002; Meléndez et al., 2005), the Céte D’Or (Courville
& Collin, 1997), Schaignay (Scouflaire et al., 1997), the
southeastern Paris Basin (Lorin ef al., 2004; Collin ef al.,
2005), the Swiss Juras (Gygi, 1981; Huber et al., 1987),
Swabia (Gygi & Persoz, 1987) and the Maghreb (Soussi
& M'rabet, 1991; El Kadiri, 2002). In the case of the de-
posits of the Betic Cordillera, which represented the South-
Iberian Palacomargin during the Mesozoic (Figs. 1 and
2), important stratigraphic gaps and unconformities have
been registered during the Bathonian-Oxfordian (Sequei-
ros, 1974, 1987; Seyfried, 1978; Garcia-Hernandez et al.,
1980, 1989; Sandoval, 1983; Marques et al., 1991; Mar-
tin-Algarra & Vera, 1994; O’Dogherty et al., 2000; Vera,
2001; Reolid et al., 2008, 2010).

The aim of this work is the analysis of the benthic
microbial communities related to the Fe-Mn crusts of the
unconformities registered from the Early Bathonian to the
Middle Oxfordian in the External Zones of the Betic Cor-
dillera and in the Rifian Cordillera (Fig. 1), respectively
representing the northern and southern palacomargins of
the Western Tethys.

GEOLOGICAL SETTING

The western Mediterranean Sea is bordered by three
alpine systems: the Maghrebian Cordillera (Rif, Tell, and
Sicily), the Betic Cordillera, and the Apennines. They are
linked by the Gibraltar Arc and the Calabria-Peloritani
Arc, two major tectonic features that illustrate the connec-
tion between different cordilleras and reveal the gradual
change of vergence from one chain to another (Guerrera
et al., 1993).

The outcrops studied correspond to different branches
of the Betic-Rifian Cordillera, connected by the Gibraltar
Arc (Fig. 1). In the Betic Cordillera, the analysed sections
correspond to the Central and Eastern parts of the External
Subbetic, whereas in the Rifian Cordillera the studied sec-
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Figure 2. Palacogeographic reconstruction of the Westernmost
Tethys during the Bathonian and the Middle Oxford-
ian (modified from Ziegler, 1988). Note: Ib, Iberian
Massif; AB, Alboran Block.
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tion crops out in the northernmost part of the Rifian Cal-
careous Chain, corresponding to the Jbel Moussa Group
(Durand-Delga & Villiaumey, 1969).

CENTRAL EXTERNAL SUBBETIC

The External Subbetic is a domain of the Subbetic, lo-
cated between the Intermediate Units to the North and the
Middle Subbetic to the South (Vera, 2001).

In the Central External Subbetic, the top of the Ca-
marena Formation (Camarena Lanchares Unit) contains
a hardground with Fe-Mn crusts. The Camarena Fm.
(Bajocian-Bathonian) is composed by oolitic limestones
representing a shallow marine platform (Fig. 3). Over-
lying this unconformity is the Upper Ammonitico Rosso
Fm. (Callovian-Berriasian), made up of condensed facies
deposited in a pelagic swell. The age of the unconform-
ity varies, with a maximum from Late Bathonian to Late
Oxfordian (Molina, 1987). Neptunian dykes and sills are
abundant at the top of Camarena Fm., interpreted as hav-
ing a palaeokarstic origin (Molina et al. 1995, 1999). The
studied outcrop is located in the Barranco de Navahermosa
(37°30°7°'N, 4°18°32" "W).

EASTERN EXTERNAL SUBBETIC

The outcrops selected in the Eastern External Subbetic
are located in the provinces of Murcia and Alicante (SE
Spain) and correspond to three tectonic units: Reclot, La-
gar-Corque and Quipar. These are characterised by shal-
low shelf deposits of the lowermost Jurassic (Gavilan Fm),
overlain by pelagic and hemipelagic facies (Zegri Fm, Ve-
leta Fm and Upper Ammonitico Rosso Fm). After frag-
mentation of the Lower Jurassic carbonate platform, the
External Subbetic was structured into pelagic swells con-
trolled by listric faults (e.g., Vera, 2001; Vera et al., 2004).
During the Middle Jurassic, sedimentation in these pelag-
ic swells varied, between cherty limestones (Veleta Fm)
and ammonitico rosso facies (Upper Ammonitico Rosso
Fm), depending on the tectonic unit. The Upper Jurassic
is represented only by the Upper Ammonitico Rosso Fm
in all tectonic units.

A lower and an upper member can be differentiated in
the Upper Ammonitico Rosso Fm (Fig. 3). These mem-
bers are bound by complex hardgrounds representing
the Bathonian and Callovian unconformities with Fe-Mn
crusts and macro-oncoids. The lower member of the Up-
per Ammonitico Rosso Fm (Middle Jurassic) is made up
of well compacted red nodular limestones, whereas the
upper member of the Upper Ammonitico Rosso Fm (Up-
per Jurassic) is made up of marly nodular red limestones,
red limestones, and nodular pink limestones (Fig. 3). Au-
thors Rey (1993) and Nieto (1997) studied the stratigra-
phy of the formation in this area, showing that the top of
the lower member and the base of the upper member of
the Upper Ammonitico Rosso Fm are diachronous. The
studied sections//outcrops are distributed in three tectonic

units of the Eastern External Subbetic (within the prov-
inces of Alicante and Murcia; Fig. 1): the Reclot Unit
[Rambla Honda-1 (38°20°52"'N, 0°55°40""W) and Rambla
Honda-2 (38°20°51"'N, 0°55722""W)], the Lugar-Corque
Unit [Caprés (38°14"13"'N, 1°07°50""W), Lugar 62-1
(38°12°24"'N, 1°10°46""W) and Lugar 62-2 (38°20'51"'N,
0°5522""W)] and the Quipar Unit [Quipar (38°03"10"'N,
1°48°15""W)].

In the Bathonian—Oxfordian time interval of the Up-
per Ammonitico Rosso Fm. one may observe numerous
stratigraphic breaks identified as hardgrounds: the Lower-
Middle Bathonian hardground (atop the Zigzagiceras zig-
zag Biozone), the Middle-Upper Bathonian hardground
(atop the Bullatimorphites costatus Biozone), and the
Callovian-Oxfordian hardground. The hiatus associated
with each hardground varies from one tectonic unit to
the next, and sometimes even among outcrops within the
same tectonic unit.

RIFIAN CALCAREOUS CHAIN

The studied Jurassic manganese crust is located pre-
cisely in the Gibraltar Arc and crops out in the northern-
most end of the Rifian Calcareous Chain (Rifian Dorsale
Calcaire), an area pertaining to the Jbel Moussa Group
(Durand-Delga & Villiaumey, 1969). This group, which
overhangs the Gibraltar Strait, originated from a Jurassic
pelagic swell involving the external zones of the Gibral-
tar Arc (i.e., the Tariquid Ridge of Durand-Delga, 1972).
The Betic-Rifian or Alboran Block is the westernmost part
of the Mesomediterranean Terrane (Guerrera et al., 1993;
O’Dogherty et al., 2001). In turn, the Jbel Moussa Group
constitutes the northern part of the Rifian Calcareous Chain
and is composed by 4 km-scale tectonic units represented
by juxtaposed tilted blocks (Jbel Moussa, Jbel Juimaa, Ras
Leona and Leila) of a Jurassic continental passive palaeo-
margin. Detailed stratigraphic analyses carried out by El
Kadiri et al. (1990) and El Hatimi (1991) show that the
Jbel Moussa Group is equivalent to the Spanish Penibet-
ic and Subbetic domains, depending on the exact places.
From a stratigraphic point of view, the Jbel Moussa Group
contains, in a single succession, the typical facies of the
Internal Calcareous Chain (white massive limestones of
the Lowermost Jurassic, Fig. 3) and those of the External
Calcareous Chain (red radiolarites of the Middle and Up-
per Jurassic, Fig. 3).

The studied manganese crust occurs in the western part
of the Ras Leona High, close to an old mining site (“Col
de la Mine” of French authors) located 1.5 km west of
the village of Beliounis (35°54°08"'N, 5°24°52""W). The
studied discontinuity surface corresponds to the HG.5 of
El Kadiri (2002), who assigned it to the Upper Bajocian
based on dating inferred from radiolarites of nearby Be-
liounis (EI Kadiri, 1991). The studied manganese crust
lies between Lower Jurassic massive limestones and the
overlying Upper Jurassic radiolarites (Reolid et al., 2011).
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Figure 3. Synthetic stratigraphic sections of the Jurassic in the different tectonic units studied (modified from Reolid et al., 2010).
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MATERIAL AND METHODS

This research is based on the study of Fe-Mn crusts from 8
outcrops with hardground surfaces related to the Middle-Upper
Jurassic boundary: 1 section from the Central External Subbetic,
6 sections from the Eastern External Subbetic and 1 from the
Rifian Calcareous Chain.

A petrographic microscope was used to determine textures
of host rocks and Fe-Mn crusts from 450 thin sections. Moreo-
ver, 20 polished sections were prepared for analysing geometric
relationships between Fe-Mn crusts and hosting rocks.

A total of 190 Fe-Mn macro-oncoids were characterised ac-
cording to coating structure, diameter, nucleus size and coat
thickness. Mineral composition of the crusts was examined by
X-ray diffraction (XRD), as described in previous work (for de-
tails see Reolid et al., 2010, 2011).

Carbon-coated polished thin-sections were examined under
SEM using back-scattered electron (BSE) imaging and energy-
dispersive X-ray (EDX) analysis in order to obtain textural and
chemical data. These observations were carried out using a Zeiss
DSM 950 SEM equipped with an X-Ray Link Analytical QX-
2000 EDX system, at the Centro de Instrumentacion Cientifica
(CIC, Universidad de Granada).

In addition, Fe-Mn encrustations were split; broken pieces
from the inner surfaces of the crusts were mounted, coated with
gold, and examined under the SEM using secondary electrons
to study potential mineralogical and microbial structures. The
equipment used was a SCI Quanta 400 located at the CIC (Uni-
versidad de Granada).

Whole-rock analyses of major elements of the crust were car-
ried out using X-ray fluorescence (XRF) in a Philips PW 1040/10
spectrometer. Trace elements were additionally analysed using an
inductively coupled plasma-mass spectrometer (ICP-MS) Perkin
Elmer Sciex-Elan 5000 at the CIC (Universidad de Granada).

Thin sections were stained using the nuclear counterstain
DAPI (4’,6-diamidine-2-phenylindole), which is a fluorescent
stain that binds strongly to DNA, to rule out the occurrence of
recent microbes. Analysis of the staining techniques was carried
out with a Nikon E-800 fluorescence microscope and a Hama-
matsu CCD camera at the Department of Experimental Biology
(Universidad de Jaén). A Nikon DAPI-FITC filter set was used
for optimal detection of DAPI, and the AnalySIS 2.11.005 pro-
gram was used to process the images. The negative results of the
thin sections stained with DNA stains (DAPI and PI) allowed us
to rule out the presence of recent microbes from the inner parts
of the Fe-Mn crusts and macro-oncoids.

RESULTS

CENTRAL EXTERNAL SUBBETIC
Texture, mineralogy and geochemistry
The iron crusts of study are <5 cm thick, having devel-
oped on the hardground at the top of the Camarena Fm and
growing in the walls of neptunian dykes and sills (Fig. 3).
This crust sometimes appears as patches, while in other cas-
es as a thin coat around small fragments of fossils (Fig. 4).
The top of the Camarena Fm is an irregular surface that
suggests typical karstic morphologies such as kamenitzas

(see Fig. 4C), though its subaerial or submarine origin is
a matter of debate (Molina et al., 1995, 1999). The infill-
ing of these cavities, which constitute the neptunian dykes
and sills, is a pink limestone with microfacies similar to

Figure 4. Ferruginous crusts in the Navahermosa outcrop. A.
and B. Surficial crusts on the hardground. C. Ferru-
ginous endostromatolite growth in a palaeokarstic
(kamenitza-like) structure.
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the ammonitico rosso facies (Molina, 1987; Molina et al.,
1999). Some iron crusts are developed within the walls of
these cavities; indeed, the smaller cavities are infilled ex-
clusively by laminated iron crusts (Fig. 4C). Such cavity
and fissure dwelling stromatolites were denominated en-
dostromatolites by Monty (1984). These are cryptic crusts
because they are developed in protected shadow places of
the sea-bottom.

Notwithstanding, the most interesting cryptic crusts
are related to a large neptunian sill (3 m high and 13 m
long). This neptunian sill has a pelagic infilling of am-
monitico rosso facies from the Callovian to the Upper Ti-
thonian constituted by wackestones of Globuligerina and
Bositra buchi. The crust, over 3 cm thick, is developed
at the top of the cavity and contains a dense aggregate of
serpulids growing downward and coated by iron crusts
with an arborescent to dendrolitic microstructure (Reolid
& Molina, 2010).

The crusts studied in the Central External Subbetic are
constituted mainly by goethite and calcite, with a Fe,O,
content between 4 and 20 wt.%, less than 7 wt.% of MnO,
and a clearly positive anomaly of Ce (Ce/Ce*=3.54). The
analysis of thin sections revealed planar and arborescent
morphologies (Figs. 5SA and B). The planar morphologies
are characterised by an alternance of clear and dark lami-
nae corresponding to microbial lamination similar to that
described by Reolid & Nieto (2010). The laminae thick-
ness ranges between 20 and 140 um. In the arborescent
morphologies, lamination is less evident due to the darker
colour than in the planar morphologies as a result of the
higher MnO content.

Microbiota

The Fe-Mn crusts show a dense accumulation of fi-
brillar meshworks with microbial appearance as well as
abundant encrusting foraminifera (Vinelloidea and Placop-
silina). Other typical structures are segmented filaments
(20-30 pum). Sometimes they resemble boring in the pla-
nar lamination. These are most likely fungi.

SEM images allowed us to identify dense webs of
straight and slightly curved filaments with a cylindrical
shape measuring 2 to 10 pum in diameter (Fig. 6). These
filaments show branching at various angles and without
any evident pattern. Similar filaments have been interpreted
by Reolid & Nieto (2010) as fungal hyphae.

In the arborescent morphologies, the foraminifera
are also abundant, while the genera are different than in
the planar morphologies: Bullopora, Tolypammina and
Thurammina (Fig. 5).

In the case of the crusts developed in the walls of the
large neptunian sill, the boundstone is composed of ser-
pulid bundles growing downward with thin iron crusts
constituted by arborescent to dendrolitic microstructures
(Fig. 5). The serpulids are the dominant fossil macroin-
vertebrates and were the primary bioconstructors, whereas

all other organisms—foraminifera, gastropods and ostra-
codes—benefited from the free spaces among the serpulid
tubes (Figs. SC-F). The serpulid tubes are irregular and
slightly sinuous, with a diameter of 0.29-3.22 mm and
an average size of 1.05 mm. Serpulids with a diameter
<1 mm are dominant, whereas mature tubes are compara-
tively scarce (see Reolid & Molina, 2010, and Schlogl et
al., 2008 for equivalent example from Western Carpathi-
ans). The walls of the tubes show microborings progress-
ing from the outer side of the walls. The microborings are
located in the downward parts of the tubes and mainly in
specimens larger than 1.5 mm in diameter. The growth of
these serpulid aggregates was accompanied by extensive
Fe-Mn mineralization. The thin Fe crusts are widely ex-
tended on the outer side of the tubes with arborescent to
dendrolitic microstructures (maximum 0.71 mm long and
0.32 mm wide, Figs. 5B-F). Detailed examination of den-
drolitic iron structures with SEM reveals an alternation of
thin concave laminae, 2.5 to 0.6 um, of calcite and goethite
(Fig. 6D). These microstructures were assigned to Frutex-
ites shrubs by Reolid & Molina (2010). There are many
sessile foraminifera within the serpulid-Frutexites assem-
blage, attached to both the serpulid tubes and Frutexites
columns (Figs. 5C—F). The most abundant foraminifera are
Bullopora tuberculata (Polymorphinidae) and, secondarily,
the agglutinated foraminifera Thurammina hausleri (Sac-
caminidae) and Tolypammina (Ammodiscidae). Usually
there are no sessile foraminifera encrusted by Frutexites.

EASTERN EXTERNAL SUBBETIC
Texture, mineralogy and geochemistry

The Lower-Middle Bathonian hardground, the Middle-
Upper Bathonian hardground, and the Callovian-Oxfordian
hardground present abundant ferruginous crusts and macro-
oncoids composed by Fe-Mn oxyhydroxides (Jiménez-Mil-
lan & Nieto, 2008). The Fe-Mn crusts and macro-oncoids
extend over the hardground surface (Fig. 7). In general,
they are characterised by brown and reddish colours. The
Fe-Mn crusts have a 4-5 mm mean thickness and devel-
op directly over the hardground. The ferruginous macro-
oncoids are made up by a core (mollusc fragment or un-
determined lithoclast) coated by concentric laminae (Figs.
7B, C, and 8). Ammonoid shells and moulds are typical
cores of the macro-oncoids studied (Reolid et al., 2010).

The mean size of the ferruginous macro-oncoids is 43
mm, with variability from 10-108 mm, and the thickness
of the ferruginous coating is less than 30 mm. However,
in some macro-oncoids this coating is much thicker. The
outer shape is irregular in outline, and subrounded, sphe-
roidal to elongate.

The crusts have a poorly developed laminated struc-
ture, while the macro-oncoids have a very well developed
laminated structure (Fig. 8). The laminated bands are al-
most concentric and symmetrically related to the nucle-
us (Fig. 7B). The bands consist of partially overlapping
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Figure 5. Aspects of the Fe-Mn crust under petrographic miscroscopy. A. Planar microbial laminated fabric with participation of
encrusting foraminifera such as Placopsilina (arrow). B. Arborescent (dendrolitic) microbial fabric with abundant micritic
sediment and participation of encrusting foraminifera as Tolypammina (To), Bullopora (B) and Thurammina (Th). C. Ser-
pulid with encrustation by Frutexites (=F). The Fe-Mn crust was colonised subsequently by Bullopora tuberculata (=B).
D. Sessile foraminifera Thurammina hausleri (=T) with an agglutinated test constituted by quartz grains. E. Bullopora
(=B) and Tolypammina (=To) colonising Frutexites. Microborings (Mb) are observed in a serpulid tube. F. Bullopora tu-

berculata (=B) fixed to Frutexites. Scale bar = 1 mm.
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laminae, usually alternating between light and dark (Figs.
8A, B). The banded coatings consist of laminae with pla-
nar and arborescent or club-shaped morphologies (Figs.
8 and 9). Arborescent morphologies develop from an ini-
tial planar lamination (Fig. 8B); among them, some small
spokes are filled by pelagic sediment, mainly valves of
filaments. Some arborescent morphologies evolve to den-
drolitic ones with a dominant growth axis normal to the
lamination (finger-like columns).

The ferruginous encrustations are constituted by lami-
nated fabric with an alternance of clear and dark laminae
(20-140 wm thick) with planar and arborescent morphol-
ogies (Fig. 8). Reolid & Nieto (2010) have recognised a
well-developed hierarchy of laminae in different scales
of superimposed rhythms in the growth of the macro-

oncoids. Depending on the morphology of the laminae,
the rhythms can be classified as planar lamina-bearing
rhythms and as arborescent lamina-bearing rhythms (Fig.
8). The mean thickness of the arborescent lamina-bearing
rhythms is 2.43 mm, greater than that of planar lamina-
bearing rhythms (0.92 mm). Similarities have been found
between these rhythms and those described by Han et al.
(2003) in Pacific ferromanganese nodules, and by Martin-
Algarra and Vera (1994) in phosphate stromatolites from
the Penibetic (Betic Cordillera, Spain).

The hardground surface associated with the Bathonian
hardgrounds presents neptunian dykes (Reolid et al., 2010).
They were cavities with planar walls separated at a dis-
tance of 0.5 to 37 cm. When the thickness of the neptunian
dyke is >4 cm, endostromatolites are seen (sensu Monty,

Figure 6. Microbial filaments (A, B, and C) and Frutexites (D) observed in the Fe-Mn crust of the Central External Subbetic under
secondary electron images of SEM.
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1984; Burkhalter, 1995) with arborescent morphologies
growing from the cavity walls (Fig. 7D).

The mineral association both in ferruginous macro-
oncoids and crusts is made up of goethite, calcite, lithio-
phorite and cryptomelana (Jiménez-Espinosa et al., 1997;
Jiménez-Millan & Nieto, 2008). In general, the Fe,O,
proportion in crust and macro-oncoids is around 34.5%.
The Mn content is always lower than 20% (mean value
= 9.6%) and the Fe/Mn ratio is usually less than 30. The
crusts are enriched in Co, Ni, As and Sb, while the REE
content is close to the hydrogenetic recent Fe-Mn crusts
(Fleet, 1983; Fromm et al., 2005). These crusts present a
positive anomaly in Ce (Jiménez-Millan & Nieto, 2008).

Microbiota
Under petrographic microscopy, the lamination can be
attributed to the activity of benthic microbial communities.

Planar and arborescent laminated textures have been tradi-
tionally interpreted as microbialites, mainly in the case of
carbonates (Burne & Moore, 1987; Reolid et al., 2005; Nose
et al.,2006; Perri & Tucker, 2007; among others). Detailed
analysis of the planar laminae reveals frequent microspheres
with spherical to ovoid shapes and an average diameter of
40 pum (Figs. 10A—C). They probably correspond to mi-
crobes. Filamentous microstructures parallel to lamination
are observed in relation to these microspheres, with an av-
erage width of 8 um (Fig. 10A). In some cases the filamen-
tous microstructures, which constitute fibrillar meshworks,
contain small spheres forming a trichomal arrangement
(Fig. 10B). The morphology and size of the microspheres
and the filamentous microstructures resembles the filamen-
tous cyanobacterium Microcoleus (Gerdes et al., 2000).

The arborescent to dendrolitic microstructures regis-
tered in the Fe-Mn crusts, macro-oncoids and endostro-

Figure 7. Filed view of the Fe-Mn crusts and macro-oncoids of the Eastern External Subbetic. A. Lower-Middle Bathonian hardground
with banded Fe-Mn crusts and macro-oncoids (Rambla Honda-1 section, Reclot Unit). B. Fe-Mn macro-oncoid of the
Callovian-Oxfordian hardground from the Sierra de Quipar (Quipar Unit). C. Ammonoids from the Callovian-Oxfordian
hardground with microbial iron crust (Quipar Unit). D. Detail of a neptunian dyke with Fe-Mn endostromatolites in the
walls (arrow) from the Lower-Middle Bathonian hardground of Rambla Honda-1 (Reclot Unit) Scale bar = 1 cm.
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matolites are assigned to Frutexites shrubs (Figs. 8B, and
9C, D). It is not clear what type of microbe is involved
in Frutexites. It has frequently been assigned a cyanobac-
terial origin (Playford et al., 1976, 1984; Nicoll & Play-
ford, 1993) with different types of cyanobacteria (Scy-
tonematacean — Walter & Awramik, 1979; Rivulariacean

— Hofmann & Grotzinger, 1985; Angulocellularia group
— Riding, 1991), and attributed to chemosynthetic bacteria
(Cavalazzi et al., 2007).

Filamentous cyanobacteria and Frutexites can not be
identified under SEM analyses. In this sense Dahanayake
& Krumbein (1986) indicate that the filaments may be-

Figure 8. Examples of Fe-Mn crusts and macro-oncoids from Lugar 62-1 (Lugar-Corque Unit) in thin section. A. Detail of lamina
pairs grouped in and dark thin intervals with calcitic laminae (arrow). B. Laminated textures with alternance of planar and
arborescent morphologies revealing cyclicity. C. Fe-Mn macro-oncoid with an ammonoid as core; note the compossition
of the mould (packstone of Bositra, white arrow) is different to the surrounding sediment (packstone of Globuligerina,
black arrow). D. Ammonoid mould with a fragmented surface (dotted-line) encrusted by ferruginous microbialite. E. and
F. Lamination club-shaped and Thurammina (arrow). Scale-bar = 1 mm.
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come undetectable due to iron encrustation given the in-
tense iron mineralization.

Filamentous and segmented structures (20-30 pum in
diameter) have been observed in some parts of the Fe-Mn
crusts and macro-oncoids. Sometimes they resemble boring
in the planar lamination (Fig. 10D), and they are similar
to those described from the Nava Hermosa section of the
Central External Subbetic.

Some agglutinated foraminifera are registered in the
Fe-Mn crusts and macro-oncoids, including Thurammina,
Placopsilina and Tolypammina (Figs. 8E, F). Other organ-
isms are recorded within the macro-oncoids, such as Bosi-
tra buchi and planktic foraminifera.

Some broken pieces from the inner laminae of these
Fe-Mn macro-oncoids were analysed by SEM and allow
us to characterise two types of microbial structures made
up of calcite with Fe-Mn oxyhydroxide coatings or exclu-
sively of Fe-Mn oxyhydroxides (Fig. 11):

a.- The most abundant microbial structure appears as
straight to slightly curved cylindrical filaments ranging

2-3.5 um in diameter and having a length over 0.7 mm
(Figs. 11A, B). Occasionally these filaments are seen to
branch without an apparent pattern. They filaments may
be assigned to multicellular hyphae forming a fungal myc-
elium preserved by Fe-Mn oxyhydroxides.

b.- Other less common components are aggregates of
bacillus-shaped forms with a maximum size of ~2 um
(Figs. 11C, D). These forms are very probably related to
cyanobacteria, yet other possible types of eubacteria re-
lated to Fe and Mn oxidation cannot be ruled out.

RIFIAN CALCAREOUS CHAIN
Texture, mineralogy and geochemistry

In this sector, the discontinuity surface is directly over-
lain by a black crust 1-10 cm thick with submetallic lus-
ter (Fig 12A). The black crust overlies karstic neptunian
dykes and sills formed by the infilling of open cracks or
fissures by marine sedimentary material (El Kadiri, 2002).
Under the petrographic microscope, the crust has a poor-
ly developed laminated structure (Figs. 12B-D). Micro-

Figure 9. Fe-Mn macro-oncoids from the Quipar section (Quipar Unit). A. Planar laminated fabric (Sierra de Quipar). B. Segmented
filamentous structures. C. and D. Arborescent laminated fabric (Sierra de Quipar). Scale-bar = 1 mm.
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fissures and porosity in the underlain rocks (cherty lime-
stones and crinoidal grainstones) favoured the downward
progression of crustal mineralization (Figs. 12B, C). Ex-
amination of this black crust under the SEM reveals ir-
regular lamination, 3—20 um thick. Two types of planar
lamination were differentiated by Reolid ez al. (2011) ac-
cording to the morphology:

- Crystalline planar lamination composed by laminae
1020 um thick, consisting of both small acicular and
sheet crystals.

- Microbial planar lamination constituted by laminae
of 3-8 wm mean-thickness and constituted by a dense web
of filaments (Fig. 13).

Both types of laminations are irregularly distributed
in the crust and no pattern of interlayering is observed.

The bulk chemical composition of the crust is charac-
terised by a high content of MnO (72.0 wt.%). Other ma-
jor components are SiO, (2.3%), CaO (1.7%), K,O (1.1%)
and MgO (1.1%). Fe,0, and Al,O, are <1%. In addition, the
crust presents significant enrichments in Sr (1140 ppm), Ba

(2125 ppm), Co (87 ppm), Ni (131 ppm), and Cu (201 ppm)
with respect to the bulk composition of the upper continen-
tal crust (Post-Archaean Australian Shales, PAAS; Taylor &
McLennan, 1985). The sum of rare earth elements (REE) in
the manganese crust (10.9 ppm) is very low with respect to
the PAAS (183.0 ppm), the light REE being more abundant
than heavy REE. The chondrite-normalized REE patterns,
using the CI carbonaceous chondrite (McDonough & Sun,
1995), show two anomalies: one negative in Ce (Ce/Ce*=
0.56) and one positive in Eu (Eu/Eu*= 4.60). For more
details on chemical composition, see Reolid et al. (2011).

X-ray diffractograms and EDX analyses reveal that the
crust is basically constituted by manganese oxides: Ca-
birnessite, cryptomelane and coronadite.

Microbiota

Microbial structures are mainly related to Ca-birnessite
rich samples. The SEM analyses of the microbial laminae
of the Mn crust revealed six types of microbial structures
mineralized by Mn oxides:

Figure 10.Microbes under thin section from Fe-Mn macro-oncoids of Lugar 62-1 (Lugar-Corque Unit). A. Detail of the planar lam-
inated texture with fibrillar meshwork resembling a possible Microcoleus mat, arranged with their long axes parallel to
the surface of the macro-oncoid core. B) Filamentous microstructures constituted by microspheres forming trichomal ar-
rangements. C. Planar laminated fabric with fibrillar meshwork. D. Segmented filaments with appearance of microborings
(arrow) in ferruginous macro-oncoids. Scale-bar = 0.5 mm.
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a.- Webs of filaments with dense dichotomous branch-
ing: They are the most abundant microbial structures (Figs.
13 and 14A, B), appearing as a dense meshwork with thin,
straight to slightly curved cylindrical filaments, ranging
2—4 um in diameter and over 60 um in length. Dichoto-
mous branching is common, mostly through 90-120° an-
gles. In some very well preserved cases, the filaments are
partitioned by cellular cross-walls (septate). Some of these
filaments present fragmentation following the septa. In
other cases, a detailed analysis of the filament meshwork
reveals particular filaments made by ovoid-like micro-
spheres (6—7.5 wm length) forming a trichomal arrange-
ment. Crowded mineralized filaments sometimes produce a
continuous biofilm. A fungal origin is not ruled out; hence
filaments could be multicellular hyphae forming a fungal
mycelium preserved by Mn oxides. Some filaments prob-
ably correspond to septate fungi ascomycetes.

b.- Rugose simple filaments: They are filaments with
uncommon branching (at 65° angle), <2 um in diameter and
larger than 60 wm. Some of these filaments appear as aggre-

gates of grains and they are unfilled tubes when the diagenesis
is not intense (Fig. 14C). They present cellular cross-walls.

c.- Smooth simple filaments: They are filaments with
scarce branching (at 65° angle), 2 um in diameter and
larger than 60 um. The name “simple filament” is due to
the scarcity of branching (Fig. 14D). The surface of the
filament is smooth.

d.- Aggregates of bacillus-shaped forms: These are ac-
cumulations of ovoidal bodies with a size of 1.5-3.0 um
(Fig. 15). These forms are less common and probably re-
lated to bacteria.

e.- Bunches of segmented and branched filaments:
These are thick filaments (25-50 um) larger than 700
um, with dichothomous branching in parallel filaments
(Fig. 16A). The branches are segmented each 25—-60 um
by septa. Both the external walls and the septum are thin.
These structures are mineralised in Ca-birnessite and also
present a thin coat (2—5 wm) of this mineral surrounding
the filaments, which are densely packed. These structures
pertain to fungi (Alexopoulos et al., 1996).

Figure 11. SEM images of microbial structures registered inside Fe-Mn macro-oncoids from the Lugar-Corque Unit. A. and B. Straight
cylindrical filaments branching without apparent pattern, probably corresponding to fungal hyphae. C. and D. Aggregates
of bacillus-shaped bacteria. Scale-bar = 50 um in A and scale-bar = 10 pm in B, C and D.
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f.- Biofilms with saclike structures: These are biofilms
with cupuliform and saclike structures (4—7 um in diam-
eter) having spheric bodies (Figs. 16B, C). Many cupules
are open and empty, and some spheres are accumulated
close to the vessels of the biofilm. Moreover, filaments are
close to these structures. The structures pertain to fungal
sporangium (Alexopoulos et al., 1996).

The filamentous microbial remains built up the Mn
crust, and some samples show several microbial laminae
composed by superimposed filamentous meshworks (Figs.
13A and 14A). Crystalline laminae may result from recrys-
tallization of Mn oxides of the microbial laminae during
diagenesis.

The negative results of the thin sections stained with
DNA stains (DAPI and PI) allow us to rule out the pres-
ence of recent microbes in the samples studied from the
Mn crust.

INTERPRETATION

Three different contexts of microbial crusts can be
differentiated: surficial Fe-Mn crusts and macro-oncoids,
cryptic Fe-Mn crusts and surficial Mn crusts.

SURFICIAL Fe-Mn CRUSTS AND MACRO-ON-
COIDS

Martin-Algarra & Sanchez-Navas (2000) and Reolid &
Nieto (2010) interpreted the precipitation of Jurassic Fe-
Mn crusts and macro-oncoids from the Subbetic in rela-
tion to the chemo-organotrophic behaviour of the benthic
microbial communities. Iron oxides can form as a result
of the direct metabolic activity of microbes, or else as a
result of passive sorption and nucleation reactions (Fortin
& Langley, 2005). According to Dahanayake & Krumbein
(1986), iron-secreting microbial mats are predominantly

Figure 12.Manganesiferous crust of Ras Leona section (Jbel Moussa Group). A. Black crust of manganese over the unconformity
surface. B. Contact between the crinoid limestone and the manganesiferous crust (white arrow). C. Manganesiferous crust
with epigenic mineralizations advancing downward. D. Manganesiferous crust with no clear lamination. Scale-bar = 1 mm.
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fungal in origin. However, fungi are heterotrophic organ-
isms. Many authors have interpreted different types of eu-
bacteria inducing Fe and Mn mineralizations (see Frankel
& Bazylinski, 2003). Fe- and Mn-oxidizing bacteria, both
mesophilic autotrophic (such as Acidithiobacillus ferrooxi-
dans and Leptospirillum sp.) and chemoheterotrophic bac-
teria (such as Sphaerotilus, Leptothrix and Siderocapsa) are
known to induce the precipitation of Fe-Mn oxyhydrox-
ides under acidic and neutral conditions where Fe*" and
Mn*" are soluble (Southam, 2000; Frankel & Bazylinski,
2003; Hanert, 2006). Moreover, the presence of Frutexites
is commonly associated with Fe-Mn crusts, and they are
interpreted as chemosynthetic and cryptobiontic microor-
ganisms (Bohm & Brachert, 1993; Chafetz et al., 1998;
Cavalazzi et al., 2007).

Figure 13.SEM images of microbial lamination. A. Tilted view
of laminae composed by dense branched filamentous
mats. B. Mineralized biofilm among filaments.

Noteworthy is the interpretation of the Mn content of
the macro-oncoids. The origin of Mn-oxides may be re-
lated to inorganic and organic processes. However, inor-
ganic precipitation mechanisms are considered to be in-
sufficient for accretion of significant amounts of MnO in
natural environments (Ostwald, 1990). It is well recognized
that, in recent environments, efficient precipitation of Mn
from natural water depends basically on the presence of
Mn-oxidizing microbes (Nealson & Stahl, 1997; Francis &
Tebo, 2002; Frankel & Bazylinski, 2003). Some types of
eubacteria can induce the precipitation of Mn-oxides 4 to 5
orders of magnitude more efective than by abiotic precipi-
tation (Hasting & Emerson, 1986; Francis & Tebo, 2002).
Monty (1973), Greenslate (1974), Ehrlich (1975) and
Krumbein (1983) have suggested the influence of microbes
in the reactions of Mn in deep-sea manganese nodules,
whereas Schaefer ef al. (2001) propose Mn precipitation
that is biogenically controlled in shallow water oncoids.

Specific Fe and Mn enrichment by microbes highlights
the importance of microbial biocoenoses as a catalyzer,
also serving as a specific trap of these elements (Krumbein
& Jens, 1981; Nealson, 1983; Dahanayake & Krumbein,
1986; Frankel & Bazylinski, 2003). Iron and manganese
are concentrated by extracellular traps in the microbial
wall. In the studied macro-oncoids, the former existence
of mucilaginous substances around the microbes and their
role as an iron chelating compound (siderophore) secreted
by microorganisms in the precipitation of authigenic min-
erals can be reasonably inferred by the presence of fibril-
lar meshworks. According to Lewin (1984), siderophores
produced by microbes could trap and transfer Fe*" into the
cell interior. Authigenesis occurred by means of the Fe and
Mn previously enriched by the siderophores as amorphous
precursor phases that could later be precipitated as Fe-Mn
oxyhydroxides. The Ce enrichment, in turn, might be ad-
equately explained by oxidative scavenging of Ce* from
normal seawater by Fe-Mn oxyhydroxides formed in close
genesis to microbes (Martin-Algarra & Sanchez-Navas,
1995). The pelagic swells of the External Subbetic were
favourable places for microbially mediated authigenesis
due to: a) the sediment-starved conditions (e.g., Reolid
et al., 2010) , and b) the injection in seawater of Fe, Mn,
trace elements, and REE related to the contemporary vol-
canic processes recorded in the Median Subbetic (Puga et
al., 1989; Vera et al., 1997).

The existence of organisms in the Fe-Mn crusts and
macro-oncoids, such as fungi and encrusting foraminifera,
has palacoecological implications. The association of en-
crusting foraminifera with microbial films closely resem-
bles commensalism, where the biofilms served as a food
source for the encrusting foraminifera and fungi, while the
bacteria and fungi took advantage of the nutrient-rich fo-
raminiferal excretions. Gradzinski et al. (2004) suggested
this kind of relationship for the occurrence of nubeculari-
ids and Tolypammina in microbial-foraminiferal oncoids
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in the Toarcian of the Tatra Mountains (Poland). Veillette
et al. (2007) studied the sessile foraminifera from mod-
ern manganese nodules and surmised that food particles
could be obtained either from suspension or from micro-
bial films present on the nodule surface.

The plano-convex irregular shell of the encrusting fo-
raminifera is generally attributed to a sessile epifaunal
mode of life and passive herbivore or suspension-feeder
strategy (Reolid et al., 2008). These forms cannot graze,
and so must feed on organisms they harvest with their
pseudopodia near the attachment site (Jones & Charnock,
1985). According to Gooday & Haynes (1983) and Lipps
(1983), these passive herbivores presumably feed on bac-
teria. In Oxfordian deposits of the neighbouring Prebetic
(Betic Cordillera), Placopsilina and Tolypammina are typi-

cal encrusting taxa occurring in association with micro-
bial fabrics and encrustations (Reolid et al., 2005; Reolid
& Gaillard, 2007).

CRYPTIC Fe-Mn CRUSTS

The walls of submarine cavities developed during the
Middle-Late Jurassic unconformity in the Central Exter-
nal Subbetic were an appropriate place for colonization by
serpulid-Frutexites assemblages growing downward from
the top walls of the cavities. In the case of the neptunian
dykes of the Eastern External Subbetic, the endostromato-
lites are composed by Frutexites but serpulids are absent.

The serpulids have been interpreted as epibionts with
photophobic behaviour (Gaillard, 1983; Kobluk, 1988;
Olériz et al., 2002; Reolid et al., 2005). In anomalous-

Figure 14.SEM images of filamentous structures. A. Lamination constituted by webs of filaments with dense dichotomous branch-
ing. B. Dense meshwork of thin, straight to slightly curved cylindrical filaments, with dichotomous branching. C. Rugose
simple filaments (black arrows) with cellular cross walls (white arrows). D. Smooth simple filaments.
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ly stressed environments, serpulids have been described
as the main constituent of buildups (Palma & Angeleri,
1992; Friebe, 1994; Fornos et al., 1997; Cirilli et al., 1999;
among others), possibly in conjunction with low oxygen,
anomalous salinities, or eutrophic conditions. Recent ser-
pulids are tolerant to low-oxygen bottom-water conditions
(Sageman et al., 1991).

Microborers colonised the outer side of the serpulid
tubes previous to Frutexites colonization. Similar authigen-
ic precipitation of Fe and Mn oxyhydroxides is interpret-
ed on Jurassic examples by Schlogl et al. (2008), and on
modern hard surface fauna by Toscano & Raspini (2005).

The presence of Frutexites is commonly associated
with Fe-Mn oxyhydroxides (Wallace et al., 1991; Bohm &
Brachert, 1993; Nicoll & Playford, 1993; Mamet & Préat,
2006; Cavalazzi et al., 2007; Reolid & Nieto, 2010). The
type of microbe involved in Frutexites, however, is un-
clear and has frequently been assigned a cyanobacterial
origin (Walter & Awramik, 1979; Riding, 1991; Nicoll &
Playford, 1993) or interpreted as a chemosynthetic and
cryptobiontic microorganism (Bohm & Brachert, 1993;
Chafetz et al., 1998; Misik & Aubrecht, 2004; Cavalazzi
et al., 2007; Reolid & Nieto, 2010). The record of Fru-
texites is congruent with scarce light availability. Bohm &
Brachert (1993) related the record of Frutexites with aph-
otic stromatolites and evoked a non-phototrophic behav-
iour in Jurassic examples from Germany. Myrow & Co-
niglio (1991), Bohm & Brachert (1993) and Cavalazzi et
al. (2007) have interpreted a cryptobiontic lifestyle for the
organisms producing Frutexites. Bohm & Brachert (1993),
in the particular case of Frutexites, interpret a preference
for oxygen deficient environments. The record of bacte-
rial and fungal communities related to Fe-Mn crusts in

modern examples from submarine caves in the northwest-
ern Mediterranean (Allouc & Harmelin, 2001), and from
reef caves at Lizard Island in Great Barrier Reef (Reitner
et al., 2000), serve to confirm the growth of such Fe-Mn
coatings in reduced light conditions.

The sessile foraminifera, as minor components in this
assemblage, are congruent with the cryptobiontic behav-
iour inferred by the serpulids and Frutexites. The most
abundant is Bullopora tuberculata, which was reported
previously to be a common inhabitant of cryptic micro-
habitats (Olivier, 2004; Reolid & Gaillard, 2007). Another
foraminifera of this assemblage is Tolypammina, which
is very common in sheltered parts of bioclasts or inside
microborings, Bullopora and Thurammina chambers, and
spicule meshes of hexactinellid sponges (Kazmierczak,
1973; Gaillard, 1983; Oloriz et al., 2004; Guibault ef al.,
2006; Reolid, 2007; Reolid & Gaillard, 2007; Rodriguez-
Martinez et al., 2011). A similar habitat was described for
T. gregaria by Benjamini (1984) from the Anisian of Is-
rael. Tolypammina and Thurammina were interpreted by
Reolid & Gaillard (2007) as cryptobiontic microorganisms.
The sessile foraminifera are usually found colonizing the
serpulid tubes and the Frutexites shrubs, and the shape of
the foraminiferal tests are adapted to the topography of
these types of substrates. This indicates a succession in
the cavity-dwelling fauna in which the colonisers were the
serpulids, whereas sessile foraminifera appeared in more
advanced phases. The overgrowing specimens often at-
tached to already mineralized and encrusted tubes might
indicate that the authigenic mineralization occurred at a
time around aggregate formation. Moreover, the coloni-
zation of Frutexites by sessile foraminifera excludes the
possibility of a diagenetic origin of Frutexites.

Figure 15.Bacillus-shaped microbes. A. Microbes with morphology of bacillus locally fused with the Mn crust (white arrow) and
bacillus well preserved (black arrow) show that these forms were probably undetectable under thin section. B. Very well
preserved bacillus.
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SURFICIAL Mn CRUSTS

The mineralogy and geochemistry of the studied Mn
crust from the Jbel Moussa (Rifian Calcareous Chain) are
congruent with a hydrothermal origin (Reolid et al., 2011).
According to Glasby (2000) the hydrothermal Mn-crusts in
modern oceans are characterised by low contents (in ppm)
of Cu (20-1000), Ni (1-1400), Zn (1-1230), Co (6-210),
and Pb (0-93 ppm). The manganese crust from the Ras
Leona section presents values (in ppm) within the hydro-
thermal range for these elements (Cu =201, Ni =131, Zn
=95, Co = 87, and Pb = 2).

Mn/Fe ratio exceeding 40 is typical of hydrothermal
manganese precipitates (Corliss et al., 1978; Bolton et
al., 1988; Usui et al., 1997). According to Glasby (2000),

the hydrothermal manganese crusts in modern oceans can
have Mn/Fe ratios from 10 to 4670. In the studied man-
ganese crust the Mn/Fe ratio is 87. Positive Ce anomaly
and high Y REE are characteristics of hydrogenetic and
hydrogenetic-diagenetic manganese crusts, while a nega-
tive Ce anomaly along with a positive Eu anomaly and
low Y REE are characteristics of hydrothermal manganese
crusts (Matsumoto et al., 1985; Mills & Eldefield, 1995;
Hein et al., 1997; Usui et al., 1997; Kuhn et al., 1998). The
values of Y REE in hydrogenetic manganese crusts exceed
1400 ppm (Hein et al., 1997), whereas they are about 100
ppm or less in hydrothermal manganese deposits (Usui et
al., 1997). In the studied crust ) REE is 10 ppm, and there
are negative Ce and positive Eu anomalies in PAAS-nor-

Figure 16.SEM images of the less commom microbial structures in the Mn crust of Ras Leona section. A. Bunches of segmented
and branched filaments from thin section (back-scattered images). B. Biofilms with saclike structures in the surface re-
sembling fungal sporangium. C. Biofilm with a microsphere (white arrow), probably a fungal spore.
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malised patterns. High Eu anomalies in the deposits re-
flect a process of leaching of Eu** from the host rocks at
temperatures above 250°C. Enrichment in light REE rela-
tive to heavy REE is also characteristic of hydrothermal
origin (Mills & Eldefield, 1995). The identified minerals
(Ca-birnessite, cryptomelane, and coronadite) have been
reported in hydrothermal vent deposits (Lonsdale et al.,
1980; Glasby et al., 2005; Canet & Prol-Ledesma, 2007).
Birnessite has been interpreted in relation to hydrother-
mal metal-enriched solutions (Koschinsky & Hein, 2003;
Canet et al., 2008) and sometimes related to cryptomelane
(Corona-Esquivel et al., 2000). Birnessite is a biological-
induced Mn mineral (Frankel & Bazylinski, 2003) that is
poorly crystalline and a common component of the fos-
sil microbial filaments. Coronadite has been reported in
deposits related to hydrothermal vents and vein deposits
(Glasby et al., 2005; Canet & Prol-Ledesma, 2007; Cam-
prubi et al., 2008).

In the context of this research, the record of benthic mi-
crobial communities is compatible with the hydrothermal
origin of the Mn crust. Modern microbialites occur abun-
dantly in the vicinity of submarine hydrothermal vents,
which are the source of nutrients for microbes. Microbes
that precipitate Mn oxides and iron compounds have been
described in such environments (Ghiorse & Ehrlich, 1992;
Mandernack & Tebo, 1993; Ehrlich, 1996; Connell et al.,
2009; Santelli, 2009; Templeton et al., 2009). The precipi-
tation of manganese minerals is interpreted as induced by
the chemo-organotrophic behaviour of benthic microbial
communities, since manganese oxides may form as a re-
sult of the direct metabolic activity of microbes (Ehrlich,
1996; Chafetz et al., 1998; Frankel & Bazylinski, 2003).
Many authors have interpreted different types of eubacteria
inducing Fe and Mn mineralizations (see Frankel & Bazy-
linski, 2003). However, we interpret the main filamentous
structures observed in SEM images as fungal hyphae, also
described in hydrothermal environments (Connell et al.,
2009). The presence of ascomycetes is congruent with the
recognition of these fungi in recent deep-sea hydrothermal
ecosystems (Le Calvez et al., 2009). Less common compo-
nents such as the aggregates of bacillus-shaped forms are
very probably related to eubacteria; and their association
with the Mn oxidation cannot be ruled out in view of their
importance in the precipitation of Mn crusts in hydrother-
mal environments (Mandernack & Tebo, 1993; Dick et al.,
2009). Fungi most likely feed on bacterial communities
and their by-products.

In modern environments, it is known that efficient pre-
cipitation of Mn from sea water depends basically on the
presence of Mn-oxidizing microbes (Peck, 1986; Nealson
& Stahl, 1997; Francis & Tebo, 2002; Frankel & Bazy-
linski, 2003). Some types of bacteria (like some Bacil-
lus species, among others) can increase the rates of pre-
cipitation of Mn-oxides up to 4 to 5 orders of magnitude
with respect to abiotic precipitation (Hasting & Emerson,

1986; Chafetz et al., 1998; Francis & Tebo, 2002). Ehr-
lich (1975) and Krumbein (1983) envisaged the influence
of microbes in the reactions of Mn in deep-sea manganese
nodules. An important source of Mn in marine environ-
ments is the hydrothermal activity associated with global
tectonic processes (Corbin et al., 2000; Rojkovi¢ et al.,
2003). In hydrothermal vents, a high microbial activity
has been described, involving microbes that enhance the
scavenging of Mn, facilitating its deposition (Mandernack
& Tebo, 1993). Precipitation could be related to increas-
ing pH and Eh created in the microenvironment around
microbial clumps: oxidizing and alkaline conditions would
have favoured the precipitation of Mn (e.g., Rankama &
Sahama, 1960, Chafetz et al., 1998). Microbially induced
Mn enrichment highlights the importance of microbial
biocoenoses as a catalyzer, also serving as a specific trap
of these elements (Krumbein & Jens, 1981; Frankel &
Bazylinski, 2003). In the studied crusts, the existence of
mucilaginous biofilms around the microbes and their role
as a manganese chelating compound secreted by microor-
ganisms in the precipitation of authigenic minerals can be
reasonably inferred by the occurrence of microbial micro-
structures. Authigenesis occurred through the Mn that had
been previously enriched as amorphous precursor phases,
and later precipitated as manganese oxides.

CONCLUSIONS

The Middle-Upper Jurassic transition in the External
Subbetic (Betic Cordillera) and the Jbel Moussa Group
(Rifian Calcareous Chain) is characterised by numerous
stratigraphic breaks recorded as hardgrounds with micro-
bial Fe-Mn crusts. Three different contexts of microbial
crusts can be differentiated:

a) Surficial Fe-Mn crusts and macro-oncoids. They are
hydrogenetic crusts related to the chemo-organotrophic
behaviour of benthic microbial communities. Microbial
biocoenoses served as a specific trap for Fe and Mn en-
richment. The record of encrusting foraminifera (7Thuram-
mina, Placopsilina, Tolypammina and nubeculariids) and
fungi with microbial films closely resembles commen-
salism, where the biofilms served as a food source for
the encrusting foraminifera and fungi, while bacteria and
fungi took advantage of the nutrient-rich foraminiferal
excretions. The surficial Fe-Mn crusts and macro-oncoids
developed in pelagic swells of the External Subbetic be-
cause microbially mediated authigenesis was favoured by
the overall sediment-starved conditions, as well as the in-
jection in seawater of Fe, Mn, trace elements and REE
related to contemporaneous volcanic processes recorded
in the Median Subbetic.

b) Cryptic Fe-Mn crusts: They are hydrogenetic crusts
with the same mineralogy and geochemistry as the surfi-
cial Fe-Mn crusts, but they grew in the walls of submarine
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cavities and fractures. They are endostromatolites consti-
tuted almost exclusively by Frutexites in the case of thin
neptunian dykes, or by serpulid-Frutexites assemblages
growing downward from the top walls of large neptunian
sills. This assemblage reflects the colonization of an unfa-
vourable environment (aphotic and probably low oxygena-
tion) as a response to photophobic behaviour. Frutexites is
usually interpreted as a chemosynthetic and cryptobiontic
microorganism. The record of sessile foraminifera such
as Bullopora, Tolypammina and Thurammina is interpret-
ed in the same sense as in the surficial Fe-Mn crusts and
macro-oncoids.

¢) Hydrothermal Mn crusts: bacillus-shaped bacteria
and different types of filaments are identified in Mn crusts,
with mineralogy and geochemistry pointing to a hydrother-
mal origin. A submarine hydrothermal vent is interpreted,
where the precipitation of manganese minerals would be
induced by the chemo-organotrophic behaviour of benth-
ic microbial communities, since manganese oxides may
form as a result of the direct metabolic activity of bacte-
ria. The best preserved microbial structures are filaments
interpreted as fungal hyphae, probably ascomycetes. It is
probable that the fungi feed on bacterial communities and
their by-products.
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