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INTRODUCTION

The Middle-Upper Jurassic transition
within the External Subbetic (Betic
Cordillera, Southern Spain) and the Jbel
Moussa and Jbel Juimaa groups (Rifian
Calcareous Chain, Morocco) is
characterized by nhumerous 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
(Reolid, 2011).

This research is focused on the review
and comparison of the genetic types
(hydrothermal or hydrogenetic) of Fe-Mn
crusts from hardground surfaces related
to the Middle-Upper Jurassic boundary
based on a geochemical study. The data
presented are the result of a study of Fe-
Mn crusts from 6 outcrops: 1 section
from the Central External Subbetic
(Cabra), 3 sections from the Eastern
External Subbetic (Liugar 1, Lugar 2, and
Quipar), and 2 sections from the Rifian
Calcareous Chain (Ras Leona from Jbel
Moussa Group and Onzar from Jbel
Juimaa Group). XRD was used for
mineral determination, SEM (BSE
imaging and EDX) for mineral, chemical,
and textural data and XRF/ICP-MS for
whole-rock analyses of major and trace
elements respectively.

MINERALOGY AND GEOCHEMISTRY

Two main types of crusts can be
differentiated: Fe-rich crusts and Mn-rich
crusts (Table 1).

Fe-Rich Crusts

The Fe-rich crusts developed on different
Middle Jurassic hardgrounds (the Lower-

Middle Bathonian HG, the Middle-Upper
Bathonian HG, and the Callovian-
Oxfordian HG) and also growing in the
walls of neptunian dykes and sills
related to these surfaces. The crusts are
< 5 cm thick and three morphological
types of laminated crusts are registered:
stromatolites, macro-oncoids, and
endostromatolites (submarine cavity
and fissure dwelling stromatolites).

The crusts studied in the Central
External Subbetic (Cérdoba Province) are
constituted mainly by goethite and
calcite, with a Fe203 content between 4
and 20 wt.% and < 7 wt.% of MnO (Table
1). The chondrite-normalized REE
patterns, using the Cl carbonaceous
chondrite (McDonough & Sun, 1995),
show a clearly positive anomaly of Ce
(Ce/Ce*=3.11). The YREE content
(449-2083 ppm) is higher than in the
upper continental crust (183 ppm)
referred to Post-Archaean Australian
Shales (PAAS; Taylor & McLennan,
1985).

The crusts from Eastern External
Subbetic (Murcia and Alicante provinces)
are made up of goethite, calcite,
lithiophorite, and cryptomelane
(Jiménez-Millan & Nieto, 2008). The
Fe203 proportion in crust and macro-
oncoids is between 9 and 20 wt.%. The
MnO content is always < 1.5 wt.% (Table
1). The crusts are enriched in Co, Ni, As,

850 ppm) is close to the hydrogenetic
recent Fe-Mn crusts (Fleet, 1983). These
crusts present a positive anomaly in Ce
(Ce/Ce*=7.26).

The crusts from Jbel Juimaa Group
(Rifian Calcareous Chain) are composed
mainly by goethite and calcite. The
Fe203 proportion is 17.5 wt.%, whereas
SiO2 presents highest values (16.3 wt.%)
compared with the other studied
outcrops. These crusts also present a
positive anomaly in Ce (Ce/Ce*=4.26)
with Y REE in the crust (309 ppm) higher
than in PAAS.

Mn-Rich Crusts

The Mn-rich crusts are located in Jbel
Moussa Group (Rifian Calcareous Chain)
represented by poorly laminated black
crusts with 1-10 cm thick. Under the
petrographic microscope, the crusts
have a poorly developed laminated
structure. X-ray diffractograms and EDX
analyses reveal that they are basically
constituted by manganese oxides: Ca-
birnessite, cryptomelane and coronadite
(Reolid et al., 2011).

The bulk chemical composition of the
crusts is characterized by a high content
of MnO (72.0 wt.%). Other major
components are SiO2 (2.3%), CaO
(1.7%), K20 (1.1%), and Mgo (1.1%).
Fe203 and Al203 are < 1%. In addition,

and Sb, while the > REE content (652- the crusts present significant
Cabra Ligar 1 | Lagar 2 ‘ Quipar Onzar Ras Leona
Mineralogy Gth, Cal Gth, Cal, Crp, Ltp Gth, Cal Brn, Crp, Cor
Fe203 (wt. %) 4-20 9-20 17.50 <1
MnO (wt.%) 0.81-6.48 0.05-1.46 0.17 72.0
Y REE (ppm) 449-2083 652-850 309 11
Ce/Ce* positive positive positive negative
Table 1. Main mineralogical and geochemical results of the crusts studied. Brn: Birnessite, Cal: Calcite, Cor:

Coronadite, Crp: Cryptomelane, Gth: Goethite, Ltp: Lithiphorite.

Anomalia de Ce.
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enrichments in Sr (1140 ppm), Ba (2125
ppm), Co (87 ppm), Ni (131 ppm), and
Cu (201 ppm) respect to the bulk
composition of the PAAS. The Y REE (11
ppm) is very low and the light REE are
more abundant than heavy REE. The
chondrite-normalized REE patterns show
two anomalies: one negative in Ce
(Ce/Ce*= 0.56) and one positive in Eu
(Eu/Eu*= 4.60).

INTERPRETATION

According to mineralogy and mainly
geochemistry of the crusts, two different
genetic contexts can be differentiated:
hydrogenetic and hydrothermal.
Hydrogenetic crusts form directly from
seawater in an oxidizing environment
(Glasby, 2000). Hydrothermal crusts
precipitate directly from hydrothermal
solutions that are vented in areas with
high heat flow associated with
hydrothermal fields and submarine
volcanism (Glasby, 2000).

The mineralogy and geochemistry of the
studied Fe-rich crusts from the Central
and Eastern External Subbetic (Betic
Cordillera) and Jbel Juiméaa Group (Rifian
Calcareous Chain) are congruent with a
hydrogenetic context. Mn/Fe ratio
exceeding 40 is typical of hydrothermal
crusts (Usui et al., 1997), but all Fe-rich
crusts studied have values below 0.5
similar to recent hydrogenetic
ferromanganese nodules (Gonzalez et
al., 2010).

According to Usui et al. (1997) negative
Ce anomaly along with a positive Eu
anomaly and low ) REE (<100 ppm) are
characteristics of hydrothermal crusts,
while a positive Ce anomaly and high
> REE are characteristics of hydrogenetic
crusts. The values of YREE in
hydrogenetic crusts exceed 1400 ppm
(Hein et al., 1997). In the studied Fe-rich
crusts > REE is from 309 to 2083 ppm,
and there is positive Ce anomaly in
PAAS-normalized patterns.

The Fe-rich crusts present contents of Ni,
Co, and Pb higher than those of
hydrothermal crusts in modern oceans
(Glasby, 2000). The Fe-rich crusts
studied present higher values of Ni, Co
and Pb mainly in the case of Central
External Subbetic and Jbel Juimaa
Group. Nevertheless, in the case of
Eastern External Subbetic the ranges of
these elements are within hydrothermal
values. The identified minerals (goethite,
calcite, lithiophorite and cryptomelane)
have been described in relation to

macla n® 16. junio ‘12

revista de la sociedad espaiiola de mineralogia

hydrogenetic  origins
Dubinchuk, 2011).

(Baturin &

In the case of Mn-rich crusts from Jbel
Moussa Group, the mineralogy and
geochemistry are congruent with a
hydrothermal origin (Reolid et al., 2011).
Mn/Fe ratio is 96.9, exceeding the
boundary value of 40 typical of
hydrothermal precipitates (Usui et al.,
1997). In addition, the studied Mn-rich
crust YREE is 11 ppm and there are
negative Ce and positive Eu anomalies
in PAAS-normalized patterns confirming
the hydrothermal origin. High Eu
anomalies in the deposits reflect a
process of leaching of Eu2+ from the
host rocks at temperatures above 250
°C. According to Glasby (2000) the
hydrothermal Mn-crusts in modern
oceans are characterized by low
contents (in ppm) of Cu (20-1000), Ni
(1-1400), Zn (1-1230), Co (6-210),
and Pb (0-93 ppm). The Mn-rich crust
studied presents values within the
hydrothermal range for these elements
(Cu = 201, Ni = 131, Zn = 95, Co = 87,
and Pb = 2 ppm). The identified
minerals (Ca-birnessite, cryptomelane,
and coronadite) have been reported in
hydrothermal vent deposits (Glasby et
al., 2005; Canet & Prol-Ledesma, 2007).

The comparison between fossil
ferromanganese crusts and recent
oceanic hydrogenetic and hydrothermal
crusts suggests that the geochemical
approach is a useful tool for identify the
origin but a wide range of geochemical
parameters must be employed. The
most determinative parameter is the
presence of anomalies in REE (Ce and
Eu) compared to chondrite and PAAS
normalized patterns. In the contrary,
contents of Ni, Co, and Pb may be
insufficient in some cases and fail to
identify hydrogenetic origins (case of

samples  from Eastern External
Prebetic).
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