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One of the most interesting features of the Jabuka Pit, a depression up to 275 m deep in the
Central Adriatic is the presence of ferromanganese crusts and coatings found on various mol-
lusks shells, shell fragments and other biogenic detritus exposed to seawater. They are com-
posed mostly of Fe-poor and Mg-rich 10 Å manganates. 10 Å manganates also form
collomorph-banded and botryoidal aggregates, as well as 1.5 mm high stalactitic structures
composed of up to 5 �m long plate-like crystals. Their hydrogenous precipitation at the sedi-
ment-water interface in oxygenated conditions is hypothesised.
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INTRODUCTION

The Jabuka Pit represents a shallow, up to 275 m deep
depression in the Central Adriatic, named after a small
volcanic island which is situated about twenty kilo-
metres E of the deepest part of the depression. Accord-
ing to Faganeli et al.,1 the sediments of the Jabuka Pit
are composed of pelites consisting of silty clay with
25–40 % of carbonates mostly of pelagic organisms.1

Twenty-four kilometres WNW from Jabuka Island there
is a submarine ridge, which most probably represents a
sunken volcanic island of the same gabbroic composi-
tion as the islands of Jabuka and Svetac.2 The age of the
volcanic rocks from this area most probably correspond
to Subboreal and Younger Dryas.3

The most significant feature of the Jabuka Pit is the
remarkable enrichment of recent sediments from this
area in Mn. Surficial sediments from the Jabuka Pit ex-
hibit Mn concentrations mostly in the range from 1140
to 3760 ppm.4 Even higher values of up to 4250 ppm for
the sediments of the same area were reported by Kosta

et al.5 The suspected main source of Mn concentrations
in the surficial sediments of the Jabuka Pit is most prob-
ably submarine weathering of gabbroic rocks of the is-
lands of Jabuka and Svetac, as well as pyroclastic mate-
rials from these areas. Contamination from the manga-
nese processing plant located in [ibenik Bay may have
also contributed to higher concentrations of Mn in the
Jabuka Pit.4 Up to now, there is no indication of any re-
cent hydrothermal or geothermal influence on the supply
of Mn or other metals to the sediments.

Another notable feature of the Jabuka Pit is the pres-
ence of ferromanganese crusts and coatings on various
mollusk shells, shell fragments and other biogenic detri-
tus exposed to seawater.6 A preliminary study revealed
that the coated structures comprise a complex assemblage
of materials, including 10 Å manganates, X-ray amor-
phous iron oxyhydroxides, as well as several detrital and
authigenic minerals and hard parts of marine organisms.6

Mollusk shells and other biogenic detritus appear to be
essential for the nucleation and intimate intergrowth of
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hydrated Mn and Fe oxides, as already observed by Burns
and Burns.7

The purpose of this paper is to determine the main
mineralogical and geochemical characteristics of ferro-
manganese coated structures from the Jabuka Pit and to
discuss the possible mechanism of their deposition on
mollusk shells and on other biogenic detritus.

EXPERIMENTAL

The deep water mollusk shells and shell fragments with
ferromanganese coatings and crusts selected for this study
were collected during summer in the years 1997–1999 by
dredging the floor with fisherman’s nets in the central part
of the Jabuka Pit, which represents the deepest (up to 275
m deep) part of the Central Adriatic (Figure 1). The sam-
pling was performed as a part of a larger study in the frame
work of the Slovenian-Croatian Bilateral Project (Biogeo-
chemical processes, elemental and isotopic composition of
the Adriatic Sea). During the collection of different biogenic
carbonates from the Jabuka Pit for isotopic analyses, the
mollusk shells covered with ferromanganese coatings were
separated from biogenic carbonate skeletons without any
visible coverings for further mineralogical and geochemical
investigations. For this study ferromanganese coatings from
20 mollusk shells were chosen to create two composite
samples (JP-103 and JP-104). Each composite sample con-
sisted of 10 mollusk shells covered with earthy black ferro-
manganese crusts and stalactitic structures. In the labora-
tory the coatings were removed from the mollusk shells by

a plastic knife and dried at ambient temperature and then
homogenized by grinding in an agate mortar for geochemi-
cal and X-ray diffraction analyses. For characterization of
the microstructure and composition of the coated structures,
a sample of stalactitic aggregate grown on a mollusk shell
and another sample from a mollusk shell covered with an
about 30 µm thick ferromanganese crust were studied at the
Jo`ef Stefan Institute with a JEOL JSM 5800 SEM instru-
ment with Link ISIS 300 EDS. Quantitative analyses were
performed using SEM Quand software and a virtual stan-
dard package library (VPS). Measured peak intensities in
the spectra were corrected and quantified using a ZAF ma-
trix correction program. For oxygen, semi-quantitative esti-
mation is possible only by comparison between the peak ar-
eas of the oxygen peaks in different spectra without exact
quantification. The relative random errors of EDS (Energy
Dispersive Spectroscopy) were less than 6 % for the trace
metals Ni, Co and Ba and better than 3 % for major and se-
lected minor oxides.

The mineralogy was determined at the Department of
Geology, Ljubljana, by X-ray powder diffractometry using a
Philips PW 3710 diffractometer and Cu-K� radiation. The
two composite powdered samples (JP-103, JP-104) of ferro-
manganese crusts and stalactitic structures were scanned at a
rate of 2° per minute, over the range of 2–70° (2�). The re-
sults were stored on a PC computer and analysed with
PC-APD diffraction software. The diffraction patterns were
identified using the data from the Powder Diffraction File
(1977) JCPDS system (todorokite – JCPDF card numbers:
38-475, 13-164, 18-1411; birnessite – JCPDF card numbers:
43-1456, 23-1046 and 23-1239; buserite, a hydrous manga-
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Figure 1. Map of the Adriatic Sea, showing the
position of the Jabuka Pit and the location of
the sampling area (�).



nate from the 10 Å todorokite group with 10 Å spacing, but
with a layered rather than a tunnel structure – JCPDF card
number 32-1128, vernadite – JCPDF card number 15-604)
and data for synthetic todorokite from Bilinski et al.8

Samples JP-103 and JP-104 were also analysed by in-
ductively coupled plasma-mass spectrometry (ICP/MS) for
REE (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Yb, Lu),
Rb, Nb, In, Mo, Sn, Cs, Ta, Hf, Tl, Sb, W, Pb, Bi, Th and
U. Major (Si, Al, Fe, Mg, Ca, Na, K), minor (Mn, P, Ti) and
selected trace elements (Ba, Sr, Y, Zr, Be, V) were measur-
ed after fusion with a mixture of lithium metaborate/lithium
tetraborate and dissolution in nitric acid by ICP with a
thermo Jarrell-Ash Enviro II ICP, while after total digestion
by four acids (nitric, hydrochloric, perchloric and hydroflu-
oric) Cu, Zn, Ag, Ni, Co, Cd, Sc, As, An, Cr, Se and Hg
were also determined by inductively coupled plasma (ICP)
spectrometry. Calibration was achieved using a combina-
tion of CANMET and USGS reference materials. Concen-
trations of Se, Hg, Cd, Sn, Ag and In were generally lower
than the detection limits of the selected ICP/MS and/or ICP
methods (5, 1, 0.5, 0.5, 0.4 and 0.1 ppm, respectively). Ele-
mental analyses were carried out at Activation Labora-
tories, Ontario, Canada. Analytical precision and accuracy
were better than �3 % for major elements, �5 % for REE,
but between 5 and 8 % for minor and the remaining trace
elements. This was indicated by the results of duplicate
measurements on one sample and the USGS MAG-1 (ma-
rine mud) and NOD-A-1 (Mn nodule) standards.

RESULTS

Shape, Occurrence, Size

Examination under an optical microscope showed that
the ferromanganese crusts and coatings analysed during
this study were generally earthy black. Their thickness
varied from less than 5 to 500 �m. Mn and Fe hydrated
oxides also formed collomorph-banded and rare botryoi-
dal aggregates, which were a few tenths of a millimetre
or less in diameter. Less commonly they occurred as 1.5
mm long black stalactitic structures with an earthy lustre
growing on the surfaces of previously deposited crusts.

Scanning electron microscope examination showed
various surface structures on the scale of a few micro-
metres e.g. aggregates of botryoidal clusters, spherulites,
plates, and disks, as well as up to 5 �m long plate-like grains
(Figure 2). At the highest magnification (10 000 x) one
could see an isolated cluster mostly composed of disks
and rare elongated acicular grains (Figure 2d). Biogenic
debris, represented by coccoliths cemented by the man-
ganese phase, was also common.

Backscattered electron examination of polished sec-
tions of stalactitic aggregates (Figure 3) revealed a lami-
nated, more or less concentric banded pattern. Frag-
ments of biogenic material and detrital minerals inside
stalactitic aggregates were also observed.
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Figure 2. SEM photos of stalactitic ferromanganese aggregates on a Serpula sp. fragment at four different magnifications.



Mineralogy

In the suite of ferromanganese crusts and coatings (sam-
ples JP-103 and JP-104), the main mineral phase was
characterised by two relatively strong diagnostic peaks
at 9.62 Å and 4.85 Å (sample JP-103) and at 9.64 and
4.84 Å (sample JP-104). The first and second order basal
X-ray diffraction near 10 Å and 5 Å correspond to
the reflection pattern of 10 Å manganates.9 Complete
data for the investigated samples are given in Table I,
where X-ray diffraction data on the investigated samples
are also compared with published data. The reference
data are for a 10 Å manganate – todorokite from
South Africa, NaMn6O12 � 3H2O (JCPDF card number
38-475), todorokite from the Todoroki mine, Japan,
(MnII,Mg,Ca,Ba,K,Na)2MnIV

5O12 �3H2O (JCPDF card num-
ber 13-164), todorokite from the Charco Redondo deposit,
Cuba, (Mn,Ca,Ba,Na,K,Mg,Fe,Al)3O7–y � (2–x)H2O, (x
and y = 0 to 1), (JCPDF card number 18-1411), synthetic
todorokite prepared by Bilinski et al.,8 7 Å manganate
birnessite, Na0.55Mn2O4 �1.5H2O (JCPDF card number
43-1456) and Na4Mn14O27 � 9H2O (JCPDF card number
23-1046), buserite, Na4Mn14O27 �21H2O, a hydrous manga-
nate that has a structure and composition analogous to
synthetic 10 Å phyllomanganate (JCPDF card number
32-1128) as well as vernadite, Mn(OH)4 (JCPDF card
number 15-604). The observed peak intensities and their
broadness may be a function of crystallinity as well as
the abundance of 10 Å manganates in the composite
samples. Other authigenic and/or detrital minerals in-
cluding calcite (JCPDF card number 05-0586), dolomite
(JCPDF card number 36-0426), aragonite (JCPDF card
number 05-0543), mixed layer clays (illite/montmorilo-
nite – JCPDF card number 35-0652), clinochlore (JCPDF
card number 19-0749), muscovite-2M1 (JCPDF card
number 06-0263), quartz (JCPDF card number 33-1161),
feldspars (Albite – JCPDF card number 41-1480) and
halite (JCPDF card number 05-0628) were also detected
in minor to trace amounts.

Chemical Composition

A sample of a stalactitic aggregate and of a crust were
analysed by EDS (Table II). Quantitative analysis carried
out with the SEM-EDS system revealed the following el-
emental mass fractions (Table II): 43.2 to 60.4 % Mn,
0–3.6 % Fe, 4.3–7.4 % Mg, 1.2–5.7 % Ca, 1.2–5.0 % Al,
0.7–5.7 % Si, 0.1–1.4 % K, 0–2.4 % Na, 0–0.9 % Ba,
0.4–1.6 % Cl, 0–0.7 % Ni and 0–0.4 % Co. The Mn/Fe
mass ratio was extremely variable with a minimum of
12.6. Some bright layers of stalactitic structures observed
in backscattered electron photographs were somewhat
richer in Mn and poorer in Fe content than darker ones,
but this was not a rule. As no Fe phase was detected in
the XRD scans of the coated structures, the bulk of the Fe
must be present in some amorphous compound. A com-
parison between the peak areas of oxygen in the EDS
spectra showed that the darker layers exhibited a lower
oxygen peak than the lighter ones (Figure 4).

ICP and ICP/MS analyses of the two composite
coated structure samples (JP-103 and JP-104), which
also have minor amounts of detrital minerals embedded
in them (Table III) showed that several trace elements
such as Ba, Sr, Ni, Co, As, Pb, Cu and V were consider-
ably enriched as compared to the surficial sediment
(sample V-13) from the same locality, whereas Zn was
present in only slightly higher concentrations. The REE
fractions (�REE = 65 and 63 ppm) were lower relative
to those of the surficial sediment ((�REE = 119 ppm).
The PAAS (Post-Achaean average Australian shale10)
normalized REE patterns (Figure 5) are roughly charac-
terized by a relatively flat REE distribution and pro-
nounced positive Ce and Eu anomalies with Ce/Ce* val-
ues of 1.33 and 1.45 and Eu/Eu* values of 1.19 and
1.21. The Ce and Eu anomalies were calculated using
the following equations: Ce / Ce* = CeN / (LaN � PrN)0.5

and Eu / Eu* = EuN / (SmN � GdN)0.5 where subscript N
indicates a PAAS normalized value.10
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Figure 3. Backscattered electron micrograph of a polished section showing a vertical cross-section of the stalactitic ferromanganese ag-
gregate (a) and the ferromanganese crust (b) growing on a mollusk shell. Points T1 to T16 refer to the EDS point count analysis presented
in Table II.

a b
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TABLE I. Literature values of d-spacing (d/Å) and intensity (I/%) for todorokite, birnessite, buserite and vernadite used to identify the man-
ganese phase in coated structures from the Jabuka Pit

Todorkite
South Africa
(38-475)(a)

Todorkite
Japan

(13-164)(a)

Todorkite
Cuba

(18-1411)(a)

Synthetic to-
dorkite Bilin-

ski et al.8

Sample
JP-103

Sample
JP-104

Bimessite
(43-456)(a)

Bimessite
(23-1046)(a)

Bimessite
(23-1239)(a)

Buserite
(32-1128)(a)

Vernardite
(15-604)(a)

d I d I d I d I d I d I d I d I d I d I d I

– – – – – – – – – – – – – – – – – – 10.1 100 – –
9.555 100 9.68 100 9.65 100 9.54 100 9.62 100 9.64 100 – – – – – – – – – –
7.061 5 7.15 2 7.05 40 7.15 50 7.13 7 7.13 10 7.144 100 7.09 100 7.21 100 – – 6.81 30
6.554 9 – – – – – – – – – – – – – – – – 6.79 10 – –

– – – – – – – – – – – – – – 5.60 10 – – – – – –
– – – – – – – – – – – – – – – – – – 5.01 70 – –

4.860 17 – – – – – – – – – – – – – – – – – – 4.92 20
4.773 24 4.80 80 4.82 70 4.79 80 4.85 70 4.84 70 – – – – – – – – – –
4.462 7 4.45 5 4.48 70 – – – – – – – – – – – – – – – –
4.410 10 – – – – – – – – – – – – – – – – – – – –
4.220 10 – – – – – – – – – – – – – – – – – – – –
4.170 11 – – – – – – – – – – – – – – – – – – – –
3.540 2 – – – – – – – – – – 3.572 27 3.56 80 3.61 80 – – – –
3.283 2 – – – – – – – – – – – – – – – – 3.34 50 – –
3.254 2 3.22 15 3.20 10 – – – – – – – – – – – – – – – –
3.181 3 – – – – – – – – – – – – – – – – – – – –
3.173 1 – – – – – – – – – – – – – – – – – – – –
3.081 7 – – 3.07 40 – – – – – – – – – – – – – – 3.11 60
3.003 8 – – – – – – – – – – – – – – – – – – – –
2.958 2 – – – – – – – – – – – – – – – – – – – –
2.777 7 – – – – – – – – – – – – – – – – – – – –
2.752 7 – – 2.75 10 – – – – – – – – 2.74 10 – – 2.72 10 – –
2.727 2 – – – – – – – – – – – – – – – – 2.68 10 – –
2.634 1 – – – – – – – – – – – – – – – – – – – –
2.609 2 – – – – – – – – – – – – – – – – – – – –
2.595 3 – – – – – – – – – – – – – – – – – – – –
2.581 3 – – – – – – – – – – 2.519 14 2.58 10 – – – – – –

– – – – – – – – – – – – – – 2.56 10 – – 2.56 30 – –
– – – – – – – – – – – – – – 2.51 70 – – – – – –

2.453 16 2.46 20 2.46 40 2.47 20 2.46 16 2.46 10 2.480 2 2.47 10 2.46 100 2.47 30 2.45 20
2.443 17 – – – – – – – – – – – – – – – – 2.44 30 – –
2.429 10 – – 2.42 10 – – – – – – 2.429 13 2.42 60 – – – – – –
2.399 36 – – – – – – – – – – – – – – – – – – 2.39 100
2.388 25 2.39 40 – – 2.40 50 – – – – – – – – – – – – – –
2.355 24 – – – – – – 2.36 5 2.35 5 – – – – – – 2.36 20 – –
2.345 25 2.34 15 2.35 40 2.33 10 – – – – – – – – – – – – – –
2.320 4 – – – – – – – – – – 2.324 2 2.31 10 2.33 100 – – – –
2.280 5 – – 2.28 10 – – – – – – – – 2.26 10 – – 2.27 30 – –

– – – – – – – – – – – – – – 2.25 10 – – – – – –
2.217 7 2.22 20 – – 2.21 10 – – – – 2.222 5 2.21 40 – – – – – –
2.206 5 – – 2.20 5 – – – – – – – – – – – – – – – –
2.194 2 – – – – – – – – – – – – – – – – – – 2.19 20
2.151 2 2.15 5 – – – – – – – – 2.154 7 2.15 40 – – 2.15 10 2.15 60
2.120 2 – – 2.13 10 – – 2.13 5 – – – – 2.14 40 – – – – – –
2.106 3 – – – – – – – – – – – – – – – – – – – –
2.090 3 – – – – – – – – – – – – 2.09 10 2.04 80 2.06 10 – –
1.993 5 – – – – – – – – – – – – – – – – 2.02 10 – –
1.986 6 1.98 20 1.98 10 1.97 10 1.98 5 – – – – 1.97 10 – – – – – –

– – – – – – – – – – – – – – 1.94 10 – – – – – –
– – – – – – – – – – – – – – 1.86 40 – – – – – –
– – 1.92 5 1.91 5 – – – – – – 1.823 4 1.82 40 – – 1.83 10 1.827 40
– – – – – – – – – – – – – – 1.81 40 1.802 10 – – – –

1.765 5 – – 1.77 10 – – – – – – – – 1.77 20 – – – – – –
1.755 5 1.75 10 – – – – – – – – – – 1.75 10 – – – – – –
1.742 8 – – – – 1.74 10 – – – – – – – – – – – – – –
1.738 6 – – – – – – – – – – – – – – 1.723 80 1.69 5 – –

– – – – – – – – – – – – – – 1.66 20 – – 1.68 5 – –
– – – – – – – – – – – – – – 1.63 20 – – 1.62 5 1.649 30

1.550 4 1.54 5 1.54 10 – – – – – – – – – – – – – – 1.537 40
– – – – – – – – – – – – – – – – 1.454 20 1.46 50 – –

1.423 16 1.42 30 1.42 5 – – 1.42 10 1.42 10 1.425 3 – – 1.422 60 – – 1.422 40
1.408 9 1.39 10 1.406 5 – – – – – – – – – – – – – – – –

(a) Numbers in parantheses indicate JCPDF card number.



DISCUSSION AND CONCLUSIONS

The heterogeneity, cryptocrystallinity or very fine parti-
cle size of the ferromanganese-coated structures from
the Jabuka Pit made identification of their mineralogy
by means of X-ray diffraction difficult and almost im-
possible. The occurrence of carbonates, silicates and
clay minerals admixed with the ferromanganese miner-
als in coated structures caused an additional complica-

tion, because their X-ray lines can sometimes be con-
fused with those of manganese oxides. However, the
strongest peaks at 9.62 and 9.64 Å, as well as those at
4.84 and 4.85 Å, and the medium to weak reflections at
7.13 Å, 2.46 Å, 2.35 and 2.36 Å, 2.28 Å, 2.13Å, 1.98 Å
and 1.42 Å suggest that the main constituents of the
ferromanganese crusts and collomorph-banded as well
as botryoidal aggregates are 10 Å manganese hydrox-
ides. The investigated samples show values of d-spacing
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TABLE II. Chemical composition (mass fractions, w/%) of ferromanganese stalactitic aggregate (points T1–T13) and crust (points T15 and
T16) as determined by EDS point count analyses(a),(b)

Sample Si Al Fe Mn Ti Ca Mg Na K P S Ba Ni Co V Cl O Total Mn/Fe Mg/Mn
point

T1 0.7 1.6 n.d. 58.6 n.d. 1.5 6.7 2.0 0.5 0.1 0.5 0.4 0.5 0.1 n.d. 0.7 26.2 100 - 0.11

T2 5.1 2.8 3.6 46.0 n.d. 3.6 4.9 0.8 1.0 0.1 0.5 0.6 0.4 0.3 n.d. 0.7 29.6 100 12.6 0.11

T3 1.6 1.2 1.4 57.1 n.d. 2.8 6.8 0.8 0.5 n.d. 0.3 n.d. 0.3 n.d. n.d. 0.7 26.6 100 40.1 0.12

T4 1.9 1.6 1.4 59.3 n.d. 1.9 5.4 0.3 0.6 n.d. 0.2 n.d. 0.3 n.d. n.d. 0.7 26.4 100 43.9 0.09

T5 1.5 1.5 n.d. 60.4 n.d. 2.1 4.7 1.6 0.7 n.d. 0.3 n.d. 0.4 0.2 0.1 0.8 25.8 100 - 0.08

T6 1.1 1.6 n.d. 58.5 n.d. 2.2 7.0 2.4 0.4 n.d. 0.1 n.d. n.d. n.d. n.d. 0.7 26.2 100 - 0.12

T7 2.1 2.6 n.d. 55.2 n.d. 1.5 7.4 2.0 0.5 n.d. 0.2 n.d. 0.3 n.d. n.d. 0.9 27.3 100 - 0.13

T8 2.3 1.6 n.d. 38.4 n.d. 22.3(c) 4.3 1.1 0.8 n.d. 0.4 n.d. 0.3 n.d. n.d. 0.4 28.2 100 - 0.11

T9 4.2 2.8 2.6 49.8 n.d. 1.9 6.0 0.7 0.1 n.d. 0.4 0.3 0.4 0.3 n.d. 0.8 30.0 100 19.1 0.12

T10 2.4 1.4 1.8 58.1 n.d. 1.2 4.7 1.8 0.9 n.d. 0.1 0.3 0.1 0.2 n.d. 0.6 26.4 100 32.1 0.08

T11 5.6 3.4 2.9 44.8 n.d. 2.6 6.3 1.2 1.2 n.d. 0.2 0.3 0.3 0.3 n.d. 0.9 30.0 100 15.2 0.14

T12 5.7 3.2 2.0 43.2 n.d. 5.7 5.1 0.6 1.4 n.d. 0.4 0.9 0.6 0.4 n.d. 1.2 29.8 100 21.5 0.12

T13 1.7 2.0 0.8 54.8 n.d. 2.1 6.3 1.2 1.0 n.d. 0.4 0.7 0.5 0.4 n.d. 1.6 26.5 100 66.0 0.11

T15 3.0 5.0 3.0 48.1 0.4 1.7 7.4 n.d. 0.6 0.1 0.1 n.d. 0.7 n.d. n.d. 0.4 29.6 100 16.2 0.15

T16 3.6 3.9 1.9 48.2 n.d. 4.3 6.5 n.d. 0.8 n.d. 0.2 0.6 0.5 n.d. n.d. 0.5 29.1 100 25.8 0.13

(a) The analyses correspond to ponits T1 to T16 plotted in Figure 3.
(b) n.d. – not detected.
(c) Detritad carbonate influence.

TABLE III. Chemical composition (mass fractions, w) of composite samples of ferromanganese stalactitic aggregates and crusts from vari-
ous mollusk shells(a),(b)

w / %

Sample SIO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TIO2 P2O5 LOI/% TOTAL/%

JP-103 10.7 4.4 1.9 22.0 5.0 19.4 3.1 0.9 0.2 0.1 31.4 98.9

JP-104 12.7 5.3 2.4 22.4 5.4 13.8 3.2 0.9 0.1 0.1 33.5 99.8

V-13 n.d. 10.3 4.4 4.9 3.8 13.6 2.7 2.0 0.4 0.1 n.d. n.d.

w / ppm

Sample Ba Sr Y Zr Be V Cu Pb Zn Ni Bi Th U W

JP-103 1054 1013 10 36 1 172 123 74 109 1378 0.3 3.1 1.5 15.0

JP-104 960 1005 11 34 1 190 143 85 148 1293 0.3 3.5 1.6 18.0

V-13 213 495 20 44 2.2 105 32 14 95 140 n.d. 7.0 1.8 n.d.

Tl Ta Hf Cs Au As Cr Co Rb Nb Mo Sb

JP-103 0.2 0.3 0.9 1.7 6 62 75 507 27 5.6 113 7.6

JP-104 0.3 0.5 1.8 1.8 2 53 93 405 27 5.8 124 7.9

V-13 n.d. n.d. n.d. n.d. n.d. 6 139 22 n.d. n.d. n.d. n.d.

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Ce/Ce*

JP-103 11.1 32 2.325 9.77 2.07 0.49 1.76 0.33 1.85 0.37 1.11 0.168 0.98 0.154 1.45

JP-104 12 30.4 2.288 9.63 1.98 0.47 1.74 0.31 1.83 0.36 1.09 0.161 0.96 0.16 1.33

V-13 24 46.9 5.4 20.8 4.4 0.98 4.1 0.6 3.5 0.69 2 0.3 1.9 0.28 0.95

(a) Chemical composition of surficial sediment (sample V-13) is taken from Dolenec et al.4

(b) n.d., not determined.



similar to natural and synthetic todorokite but not to the
patterns of buserite, birnessite or vernadite (Table I).
However, we must point out that due to the relatively
low crystallinity of the investigated ferromanganese
coated structures and their admixture with other
authigenic and detrital minerals we were unable to as-
certain if the 7.13 Å reflection in both samples corre-
sponds either to a 10 Å manganate mineral phase, or a 7
Å layer-structured phyllomanganate birnessite (Table I).
A reflection at approximately 7 Å is usually attributed to
birnessite.11 Although in our set of XRD data relatively
strong peaks of birnessite (i.e. those at 3.6 Å, 2.46 Å,
2.33 Å, 2.04 Å and 1.723 Å) are missing or masked by
reflections of the 10 Å manganate phase, we were not
able to exclude the possible presence of birnessite. Be-
cause the diffraction lines of 10 Å manganates also over-
lap the characteristic X-ray diffraction lines at 2.40–2.45
Å and 1.40–1.45 Å of vernadite11 it is also impossible to
determine the presence of this mineral in our samples.
Thus, for more precise identification of the crystalline
phases in the ferromanganese crusts and coatings from
the Jabuka Pit further studies such as contraction and ex-
pansion tests, differential scanning calorimetry (DSC)
and Mössbauer spectroscopy are necessary.

A significant feature of the predominantly 10 Å
manganate coated structures from the Jabuka Pit is their
considerable enrichment in Mg. Mandernack et al.,12

have suggested that replacement of MnII by Mg stabilizes
the 10 Å manganate structure. The Mg/Mn mass ratio of
the 10 Å manganate samples analyzed in this study varies
from 0.08 to 0.15 (Table I) and compares very well with
Mg/Mn values in the range between 0.08 and 0.15 for 10
Å MnIV manganates of microbial origin.12

The predominantly 10 Å manganate coated struc-
tures from the Jabuka Pit are also an important
trace-metal bearing mineral phase, showing higher con-
centrations of Ni, Ba and Co, as well as Cu, Pb and Zn,
relative to the surficial sediment (Tables II and III). These
elements are, according to Koschinsky and Halbach,13

present in seawater mainly as hydrated and labile
complexed cations. The abundance of a given element in
the ferromanganese coated structures from the Jabuka
Pit seems to be controlled primarily by scavenging pro-
cesses during precipitation of Mn and Fe oxides but can
also be influenced by other factors such as the amount of
dissolved O2 in the bottom seawater and the sources of
the elements.

The exact mechanisms of formation of predomi-
nantly 10 Å manganate crusts and coatings in the Jabuka
Pit are still unknown. The three accretionary modes of
hydrogenous precipitation, oxic and suboxic diagenesis
have been suggested for Mn precipitation in the marine
environment.14,15,16 Since coated structures were found
in the Jabuka Pit only on surfaces exposed to seawater,
we believe that they are essentially hydrogenetic.

The relatively high concentration of Ce and a strong
positive Ce anomaly in the investigated samples (Figure
5) suggest a highly oxidizing environment during their
formation. According to Nath et al.,17 the high content of
Ce and higher values of Ce anomalies in ferromanga-
nese nodules and crusts of hydrogenous origin is to be
attributed to a highly oxidizing environment. Buljan and
Zore-Armanda also indicated oxidizing conditions in the
Jabuka Pit.18 Strong positive Ce anomalies have often
been reported in manganese nodules and crusts from dif-
ferent localities.19,20 However, in a few cases negative
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Figure 4. Energy Dispersive Spectroscopy (EDS) of the dark-grey (T5) and light-grey (T6) ferromanganese layer from Figure 3 showing dif-
ferences in the height of the oxygen peak between the dark and bright layers.



Ce anomalies in ferromanganese nodules and crusts
were also reported. 21,22

The formation of predominantly 10 Å manganate
crusts and stalactitic structures at the sediment-water in-
terface is obviously caused by a supply of Mn and other
trace metals from the near-bottom seawater. The Mn
content of bottom seawater appears to be mainly con-
trolled by redistribution of Mn in surficial sediment due
to oxic diagenesis. The release of Mn from surface sedi-
ment in the Jabuka Pit during oxic diagenesis is sup-
ported by the Mn enrichment found within the upper 0–5
cm of the sediment and its decrease in the deeper parts,
as noted by Paul and Meishner23 and Kosta et al.5 The
topmost part (0–5 cm) of the surficial sediment from the
Jabuka Pit contains up to 4250 ppm of Mn, while the
Mn concentrations in sediments from deeper sections
(5–15 cm) are considerably lower (up to 1300 ppm). In
contrast, only slightly lower Fe concentrations within
the upper 0–5 cm of the sediment (3.6 %) as compared
to the values (3.9 %) in deeper sediments indicate that
Fe remains more or less bound in the sediment.5
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Figure 5. Post-Archean average Australian shale (PAAS) normalized
REE patterns of ferromanganese composite samples JP-103 and
JP-104 (�) and surficial sediment V-13 (�) from the Jabuka Pit.



SA@ETAK

Natalo`ene feromanganske strukture iz Jabu~ke Kotline (Sredi{nji Jadran):
mineralo{ka, geokemijska i genetska razmatranja

Tadej Dolenec

Jedna od najinteresantnijih osobina Jabu~ke Kotline, depresije do 275 m u Središnjem Jadranu, je prisustvo
feromanganskih prevlaka na|enih na razli~itim lju{turama meku{aca, fragmentima lju{tura i na drugom bioge-
nom detritusu u kontaktu s morskom vodom. Te su prevlake sastavljene uglavnom od Fe-siromašnih i Mg-bo-
gatih 10 Å manganata. 10 Å manganati tako|er ~ine kolomorfne forme i grozdaste agregate, a tako|er 1,5 mm
stalaktitne strukture sastavljene od plo~astih kristala duljine do 5 �m. Pretpostavlja se hidrogeno talo`enje na
granici faza sediment/voda u oksidativnim uvjetima.
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