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Abstract: Mineralogy of phosphatized and zeolitized hydrogenous cobalt-rich ferromanganese
crusts from Dirck Hartog Ridge (DHR), the Perth Abyssal Plain (PAP), formed on an altered
basaltic substrate, is described. Detail studies of crusts were conducted using optical transmitted
light microscopy, X-ray Powder Diffraction (XRD) and Energy Dispersive X-ray Fluorescence
(EDXRF), Differential Thermal Analysis (DTA) and Electron Probe Microanalysis (EPMA). The
major Fe-Mn mineral phases that form DHR crusts are low-crystalline vernadite, asbolane and a
feroxyhyte-ferrihydrite mixture. Accessory minerals are Ca-hydroxyapatite, zeolites (Na-phillipsite,
chabazite, heulandite-clinoptilolite), glauconite and several clay minerals (Fe-smectite, nontronite,
celadonite) are identified in the basalt-crust border zone. The highest Ni, Cu and Co contents
are observed in asbolane and Mn-(Fe) vernadite. There is significant enrichment of Ti in
feroxyhyte−ferrihydrite and vernadite. The highest rare earth element (REE) content is measured in
the phosphate minerals, less in phyllosilicates and Na-phillipsite. The geochemical composition of
minerals in the DHR crusts supports the formation of crusts by initial alteration, phosphatization and
zeolitization of the substrate basalts followed by oscillatory Fe-Mn oxyhydroxides precipitation of
hydrogenous vernadite (oxic conditions) and diagenous asbolane (suboxic conditions).

Keywords: Fe-Mn oxyhydroxides; marine deposits; cobalt-rich ferromanganese crusts; hydrogenous
crusts; Dirck Hartog Ridge; Perth Abyssal Plain; Indian Ocean

1. Introduction

Co-rich ferromanganese crusts formation and mineral composition have been the subject of
several scientific works [1–8]. Recent discoveries from previously unstudied locations, mainly due to
increase of marine research, provide new data on crusts chemistry, mineralogy, formation conditions
and economic importance [9–12].

Cobalt-rich ferromanganese crusts consist of layered Fe-Mn oxyhydroxide deposits found on rock
substrates at depths between 400 and 7000 m below sea level (mbsl), where ocean bottom currents
clear rocks of sediment cover [13]. Maximum crusts thickness is around 26 cm; however, the mean
thickness is only 3 cm. Crusts occur at the flanks and summits of conical seamounts, guyots, ridges,
plateaus and other volcano-tectonic forms [14].

According to the cobalt-rich ferromanganese crusts classification based on types of fluids
and seawater sources of elements (cold ambient bottom waters or medium to low temperature
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hydrothermal fluids), the two major types of ferromanganese crusts are distinguished: (I) hydrogenetic
cobalt-rich ferromanganese crusts; (II) hydrothermal crusts and encrustations (sometimes called
stratabound manganese oxides) [15–18]. Hydrothermal crusts that precipitate directly from low
temperature hydrothermal fluids (few tens of degrees up to 200 ◦C), usually grow significantly
faster, even up to 1600–1800 mm/Ma [19]. Ferromanganese crusts in some locations form through
a combination of fluid sources and thereby exhibit a mixed origin, primarily either hydrogenetic,
diagenetic or hydrothermal-hydrogenetic [15,18,20,21].

Co-rich ferromanganese crusts formation is dominated by hydrogenetic processes. The
precipitation from bottom waters is extremely slow, with growth rates of 1–5 mm/Ma. The thickest
crusts occur in the depth interval between 800–2500 m and show the highest concentrations of critical
metals [22]. Some authors limit this depth to the anoxic zone at approximate depths of 1000–1500 m.
Below these depths, the thickness of crusts decrease [23–25].

On the youngest rock outcrops, crusts form mainly patina-thin layers. Most crust surfaces are
either botryoidal, smooth or rough, that form under conditions of strong bottom currents. In the thick
crusts, 2 to 8 visible or macroscopic layers may be distinguished. The internal layers are usually black
and massive, while outer parts are slightly lighter, laminated and more porous [13]. However, crusts
with four major layers of oxide layers have been found. The outer- and innermost are massive and show
light colors, whereas the middle layer is porous and brown [5]. Some authors [26] divide phosphatized
(P2O5 > 0.7%) basal or relic “layer R” of Upper Cretaceous to upper Paleocene age and “layer I” as
the oldest (subdivided into I-1 and I-2; Eocene) “anthracite” layer, which rests immediately on the
substrate and show a very compact, massive texture and steel gray color. “Layer II” is an intermediate
“dendritic” layer, brown in color, loose, and porous, with characteristic globular–dendritic structure,
non-phosphatized and mostly of Miocene age. “Layer III” is the top youngest layer, contacting
with water, which shows a thin-bedded texture and a dark brown color, usually of Pliocene to
Quaternary age.

Under natural conditions, the crust formation is presumably a reversible process—rate of their
growth could be sharply retarded or even replaced by dissolution depending redox conditions. This
possibility is also supported by geological observations: clumpy porous surfaces of growing crusts
occur together with lustrous smoothed areas, show signs of dissolution. The discordance between
different age crusts layers, suggests few gaps in the formation. Metal concentrations in oceanic
waters, compared to the crusts, are generally very low and cations can be incorporated in accordance
with percolating−adsorptive properties of manganese minerals, if only bottom waters are constantly
nourished with new portions of solution contact with the crusts surface. Delivery of metal ions
from oceanic waters depends on the bottom currents velocity and spatial-temporal character of
circulation [23,27].

The distinctive feature of ferromanganese crusts is high concentration of cobalt, ranging from
0.07 to 1.9% in bulk samples, with an average of 0.14–0.97% [28] and 0.19–0.74% [29] depending
on source distance and oceanic region. Crusts, compared to polymetallic nodules (another marine
ferromanganese deposit), contain less copper and nickel [14], however, they are highly enriched
in lead, tellurium, cerium, europium and other elements, relative to seawater and continental
crust [16]. Dominant factors determining the concentration of elements in hydrogenetic crusts include:
concentration of each element in seawater, element-particle reactivity, oxidation degree of MnO2,
elements residence time in seawater and growth rate [29].

The major aim of this paper is to present mineralogical description of cobalt-rich ferromanganese
crusts from Dirck Hartog Ridge (DHR) located central Perth Abyssal Plain (PAP), Indian Ocean.
Additional geochemical data, crust age estimations and selected data on formation processes, according
to rare earth elements (REE) contents, were presented in our initial paper [30] on this general topic.
Detailed tectonic and petrological description of DHR, including dredging data, were published in
Reference [31].
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2. Geological Setting

The Perth Abyssal Plain (PAP) is a large structural underwater topographic feature located
offshore southwest Australia (Figure 1). The PAP western margin is defined by Batavia and
Gulden Draak knolls, which were conjugated to part of the northern Naturaliste Plateau and Bruce
Rise, respectively [32]. The eastern border is the Western Australian Shelf. The northern margin
is represented by two major plateaus—Zenith and Wallaby—while the southern border is more
complicated, composed of the Broken Ridge and Naturaliste Plateau, divided by Naturaliste Fracture
Zone and southernmost Diamantina Zone. The PAP started to form about 136 Ma when the seafloor
between India, Australia and Antarctica separated by seafloor spreading [33].

The PAP is divided into Western and Eastern Perth Abyssal Plains by DHR—a linear bathymetric
feature-oriented NNE−SSW, composed of a group of irregular ridges. The total DHR is over
600 km length and 30–50 km width, and extends to 2800 m and ~2200 m below sea level in the
southern and northern parts, respectively. The DHR is dominated by alkali basalts, dolerites and
gabbroic-type rocks [31]. Basalts recovered from the DHR are represented by highly altered alkaline
type, showing traces of low-grade metamorphism (spilitization), being destroyed by hydrothermal
fluid alteration [31]. According to the most recent research, the DHR might be a seamount chain of
volcano-tectonic origin, associated with magmatic activity of the Kerguelen plume [31].

The PAP is influenced mainly by cold northward Western Australian Current (WAC) and warm
southward Leeuwin Current (LC). Both currents are active most of the year, well oxygenated and
nutrient-rich, with the strongest flow between March and April [34,35].
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Figure 1. The DHR sampling sites location collected during cruise SS2011/06. Undersea feature names
and borders follow General Bathymetric Chart of the Oceans (GEBCO Gazetteer) [36].

3. Materials and Methods

The ferromanganese crust samples from the DHR were collected in 2011 during SS2011/06 cruise
aboard the Australian Marine National Facility vessel R/V Southern Surveyor. Three analyzed samples
(DR6-9, DR6-10, DR6-11), were dredged from water depth 2680 m to 3345 m, along a 3-km long swath.
On the surface of collected rock samples, several crusts of varying, generally low thickness (reaching
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45 mm), have been identified. Only a few substrate rocks from the DHR were widely described prior
to this study [31,32,37–39].

The representative sections of crusts and substrate rock samples were selected for analysis and
divided into 10 subsamples (Table 1; Figure 2). Subsamples were ground in agate mortar and separated
for X-ray Powder Diffraction (XRD), Energy Dispersive X-ray Fluorescence Spectrometry (XRF),
Inductively Coupled Plasma Mass Spectrometry (ICP-MS), Differential Thermal Analysis (DTA) and
Thermogravimetric Analysis (TGA). Grain mounts for Electron Probe Microanalysis (EPMA) were
prepared from the solid parts. Selected geochemical data from XRF, ICP-MS (not presented here) and
EPMA were published in Reference [30].

Table 1. General description of the DHR samples.

Id Description

DR6-9 slightly weathered and crushed Fe-Mn crust; thickness up to 10 mm
DR6-9/2 yellowish-white mineral layer within the basalt-crust border zone; thickness up to 3 mm
DR6-9/3 medium weathered basalt
DR6-10/1 black-brownish minerals separated from the interior part of the thick (~45 mm) crust
DR6-10/2 highly weathered and slightly phosphatized basalt

DR6-10 black-brownish mineral mixture from the interior part of the crust
DR6-10/4 black-brownish mineral mixture from the interior part of the crust

DR6-11/1 black minerals (~2 mm thick) with a small white-yellowish dendrite-like forms (zeolites)
separated from the upper part of the thick (~40 mm) crust

DR6-11/2 yellowish-brown phosphatized mineral mixture from the down part of the crust
DR6-11/3 black-brownish mineral mixture from the bottom part of the thick crust sample
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Figure 2. Representative cut sections of ferromanganese crusts from the DHR; (a) DR6-9; (b) DR6-10; (c) DR6-
11. The red rectangles mark crusts subsamples selected for the XRD, DTA, XRF, ICP-MS and EPMA analyses. 
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sections, XRD and EPMA. 

The XRD mineralogy was studied by use of PANalytical Empyrean diffractometer, Royston, UK. The 
analytical conditions were: monochromatic CuK-α radiation at 35 kV and 30 mA, scans from 5–65° (2Θ), 
step size 0.024 (2Θ). The wide-angle detector (PIXcel 3D, Royston, UK) was used, with XRD data processed 
by Crystal Impact Match! 3 software and COD database [40]. 

The abundances of major (Si, Al, Fe, Mn, Ti, Cr, Ca, Na, K, Mg, P, S and Cl) and trace (Sr, Ba, Ni, Cu, 
Zn, Pb, V, As, Rb, Zr, Y and Nb) elements in the substrate basalts and basalt-crust border zone subsamples 
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Figure 2. Representative cut sections of ferromanganese crusts from the DHR; (a) DR6-9; (b) DR6-10;
(c) DR6-11. The red rectangles mark crusts subsamples selected for the XRD, DTA, XRF, ICP-MS
and EPMA analyses. Yellow rectangles show places chosen for the substrate-crust alteration zone
description, preparation of thin sections, XRD and EPMA.

The cut and thin sections of substrate rocks were polished and examined with Zeiss Axio Scope.A1
polarized light microscope, Ningbo CCD 5.1MP camera and ToupView photo software. The two
subsamples of substrate basalt (DR6-9/3 and DR6-10/2), including white-yellowish mineral mixtures
separated from crusts (DR6-9/2 and DR6-11/2), were analyzed using optical methods, XRD, XRF
and EPMA.

The XRD mineralogy was studied by use of PANalytical Empyrean diffractometer, Royston, UK.
The analytical conditions were: monochromatic CuK-α radiation at 35 kV and 30 mA, scans from 5–65◦

(2Θ), step size 0.024 (2Θ). The wide-angle detector (PIXcel 3D, Royston, UK) was used, with XRD data
processed by Crystal Impact Match! 3 software and COD database [40].

The abundances of major (Si, Al, Fe, Mn, Ti, Cr, Ca, Na, K, Mg, P, S and Cl) and trace (Sr, Ba, Ni,
Cu, Zn, Pb, V, As, Rb, Zr, Y and Nb) elements in the substrate basalts and basalt-crust border zone
subsamples were determined by PANalytical Epsilon 3 EDXRF spectrometer (Royston, UK), equipped
with SDD (silicon drift detector) and ceramic X-ray tube (50 kV, 9 W). Analysis was performed in helium
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atmosphere, using pressed pellet method, three minutes counting time per sample and standard-less
OMNIAN software.

The DTA and TGA were performed using MOM Q-1500D Derivatograph (Budapest,
Hungary) [41] with “Derywat” (Kraków, Poland) data acquisition system [42]. Three samples
(DR6-10/1, DR6-11/1 and DR6-11/2) were analyzed to confirm XRD results and receive information
about thermal stability, oxygenation state, thermal weight loss and decomposition nature. Powdered
crust samples (800 mg each) were placed in alundum crucibles. Al2O3 was used as a reference material.
Samples were heated linearly from 20 ◦C to 1000 ◦C, in open-air atmosphere, and rate of 10 ◦C/min.
The samples in the oven were covered with a glass cup for better heat dispersion. The TG, DTG and
TA curves were registered, smoothed, aligned and leveled to an empty oven standard.

The chemical composition of minerals was determined using a JEOL SuperProbe JXA-8230 (Tokyo,
Japan) EPMA at the Laboratory of Critical Elements, AGH University of Science and Technology,
Kraków. The EPMA was operated in the wavelength-dispersion mode, at accelerating voltage of
15 kV and probe current of 20 nA. Focused beam with 1 µm diameter was used for manganese oxides,
3–5 µm for apatite and aluminosilicates, counting time of 20 s on peak and 10 s on both (+) and
(–) backgrounds were applied. The following standards, lines and crystals were used for Fe-Mn
oxyhydroxides: albite (SiKα, TAP; AlKα, TAP; NaKα, TAPH), tugtupite (ClKα, PETJ), barite (BaLα,
PETJ), diopside (CaKα, PETJ; MgKα, TAPH), fayalite (FeKα, LIF), rhodonite (MnKα, LIF), rutile (TiKα,
PETH), YPO4 (PKα, PETH), Co (CoKα, LIFH), NiO (NiKα, LIFH), cuprite (CuKα, LIFH), willemite
(ZnKα, LIFH), sanidyne (KKα, PETL), celestine (SrLα, PETL), anhydrite (SKα, PETJ), crocoite (PbMα,
PETH), Tl(Br,I) (TlMα, PETH) and GaAs (AsLα, TAPH); for aluminosilicates: albite (SiKα, TAP; AlKα,
TAP; NaKα, TAPH), tugtupite (ClKα, PETJ), diopside (CaKα, PETJ; MgKα, TAPH), fayalite (FeKα,
LIF), rhodonite (MnKα, LIFL), rutile (TiKα, PETH), YPO4 (PKα, PETH), orthoclase (KKα, PETL), Cr2O3

(CrKα, LIFH); for phosphate minerals: albite (SiKα, TAP; AlKα, TAP; NaKα, TAPH), tugtupite (ClKα,
PETL), barite (BaLα, PETJ; SKα, PETJ), diopside (MgKα, TAPH), fluoroapatite (CaKα, PETJ; PKα,
PETH), hematite (FeKα, LIF), rhodonite (MnKα, LIF), willemite (ZnKα, LIFH), orthoclase (KKα, PETL),
celestine (SrLα, PETJ), crocoite (PbMα, PETL),YPO4 (YLα, PETJ), rutile (TiKα, PETH), CePO4 (CeLα,
LIFH), PrPO4 (PrLβ, LIFH), GdPO4 (GdLβ, LIFH), LaPO4 (LaLα, LIFL), SmPO4 (SmLα, LIFL), NdPO4

(NdLα, LIFL) and GaAs (AsLα, TAPH). Data were corrected using ZAF procedure (Z—stopping power,
back-scattering factor and X-ray production power; absorption—A; fluorescence—F autocorrection).

The results of REE content in the phosphate minerals were normalized to Post Archean Australian
Sedimentary Rocks (PAAS), according to Reference [43].

4. Results

4.1. General Samples Desription

The substrate rocks were identified as highly altered basalts. The texture of analyzed samples
was phaneritic and porphyry, intergranular, needle-like, in some parts with small veins and vesicules
up to 0.7–0.8 mm diameter, also directional and fluidic (Figure 3a,b). Major traces of weathering were
visible, especially within the basalt-crust border zone. Vesicules were filled with celadonite, zeolites
and small amounts of chalcedony. Plagioclases were dominated by bytownite-labradorite-andesine
series, showing typical lamellar polysynthetic twinnings and extensive pertitization. Additionally,
some minor K-feldspar (orthoclase-sanidyne) and albite phenocrysts were identified in the basalt
matrix. Samples showed intensive pyroxene decomposition, with remnants of Fe and Cr-rich spinels
and other dispersed non-identified non-opaque oxide minerals (Figure 3c,d). Some grains were
identified in EPMA as a pseudobrookite and Mg-chromite. The small olivine remnants were completely
decomposed to ’iddingsite’.
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zones) and dispersed non-opaque minerals; starting from centre to right—the colomorphs complex 
composed of Fe-Mn oxyhydroxides and greyish Fe-rich clay minerals; (d) several plagioclase twinnings with 
altered pyroxenes and small veinlets filled-up with the mixture of clay minerals (Fe-smectite, nontronite), 
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was confirmed only by EPMA. 
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Figure 3. Representative transmitted light photos of the DR-9 sample; basalt interior (a), (b) and
basalt-crust alteration zone (c), (d): (a) several plagioclase twinnings, small pyroxenes and vesicule
filled with fibrous-like green celadonite; black non-opaque minerals were identified in EPMA as
Fe-Cr rich spinels and pseudobrookite; (b) porphirous, intergranular, needle-like texture with visible
plagioclases, pyroxenes, non-opaque minerals and vesicule filled with chalcedony; (c) plagioclase
twinnings with altered pyroxenes (red zones) and dispersed non-opaque minerals; starting from
centre to right—the colomorphs complex composed of Fe-Mn oxyhydroxides and greyish Fe-rich clay
minerals; (d) several plagioclase twinnings with altered pyroxenes and small veinlets filled-up with
the mixture of clay minerals (Fe-smectite, nontronite), green authigenic hydroxyapatite and glauconite;
visible on the right—black colomorphs and patches of Fe-Mn oxyhydroxides.

Substrate rock was covered by a thin layer of weathering products, being a mixture of amorphic
hydroxyapatite, glauconite, clay minerals and a small amount of initial Fe-Mn oxyhydroxides. Visible
clay fillings were often massive, patchy or fibrous in the texture (i.e., “flower-like” aggregates)
(Figure 3a,d).

4.2. EDXRD

Described crusts were mineralogically dominated by low-crystalline Fe-Mn oxyhydroxides,
mainly vernadite, with less asbolane. Due to low amount and crystallinity, the presence of
feroxyhyte-ferrihydrite was confirmed only by EPMA.

The low-crystalline Fe-Mn bearing oxyhydroxides in type of vernadite show first broad
asymmetric flat peak extreme around 2.46–2.44 Å and second smaller one ~1.42 Å. Due to the short
range of prepared diffractograms the 1.42 Å peak was not visible, however presence of vernadite may
be confirmed by weak 3.16 Å and 2.13 Å positions. Low crystaline asbolane was indicated by low
broad reflections at 9.62–9.58 Å, 4.80–4.78 Å and 2.46–2.44 Å (Figure 4a,b).
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Figure 4. Representative powder diffractograms of the crust samples from the DHR (a and b):
(Q)—quartz; Fe-Mn oxyhydroxides: V—vernadite, Asb—asbolane; zeolites: Phi—phillipsite,
Gd—gismondite; clay minerals: Cl—non-identified clay minerals, Non—-nontronite, Ce—celadonite;
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Lb—labradorite, An—andesine.
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Additionally, zeolites and phosphates were recognized as major crust phases. Presence of the
Na-Ca zeolites—phillipsite and minor gismondite—was confirmed in the basalt-crust border zone.
Zeolite in type of Na-phillipsite [44,45] was revealed in the subsamples DR6-11/1 and DR6-9/2
(reflections at 3.18 Å, 7.12 Å and 4.10–4.08 Å) (Figure 4a,b). Zeolites were identified mainly in mixtures
with apatite and clay minerals. Apatite showed diagnostic 2.80 Å, 2.70 Å and 3.44 Å reflections [46,47]
and was detected in DR6-11/2 and DR6-10/2 subsamples.

In the crust’s basalt substrate, subsample DR6-9/3, presence of medium plagioclase—labradorite
and andesine was indicated (Figure 4b), showing several diagnostic peaks around 4.06–4.05 Å,
3.78–3.76 Å, 3.64 Å, 3.37 Å, 3.20–3.18 Å and in the lower angles [48,49].

Identified Ca-Mg rich pyroxenes, in type of diopside and augite, showed diagnostic reflections at
2.89–2.99 Å and 2.51–2.56 Å [50,51] (Figure 4b).

Some trace broad reflections in high angles (d around 14 and 10 Å) shall be interpreted as clay
mineral admixtures, mainly nontronite, celadonite or chlorite (Figure 4b) [52].

4.3. XRF

According to chemical bulk XRF analysis of the substrate rocks (DR6-9/2, DR6-10/2), the basalt
samples were medium to high alkaline type showing 1.32 to 4.78 wt. % of K2O and 38 to 43 wt. % of
SiO2 [53]. The Nb/Y and Zr/Ti values were 0.022 to 0.055 and 0.007 to 0.008, respectively, which is
typical for sub-alkaline to alkaline basalt series [54]. According to Reference [55], analyzed basalts
were Fe-dominated type, with FeOt/(FeOt+MgO) ratio in range of 0.82 to 0.93. The Zr/Y ratio from
0.26 to 0.54 and Ti/Y from 38 to 70 are typical for the plate margin basalts, suggesting oceanic source of
magma [56,57]. High phosphorus content (0.22 to 3.50 wt. % of P2O5) and TiO2 ~2.0 wt. %, indicated
partial material acquisition from the island arc sources [58]. Basalts were low sulphated, showing
CaO contents in range of 13.23 to 17.06 wt. %. The total content of Ni, Cu, Zn and Pb was >1000 ppm.
Amount of vanadium was intermediate reaching 101 ppm. Basalts showed REE incorporation, mainly
Y (181–314 ppm).

Subsamples being mixture of hydroxyapatite, clay minerals and zeolites (DR6-9/2, DR6-11/2)
showed highly variable chemical composition: SiO2 (25.91 to 44.66 wt. %), Al2O3 (8.89–12.00 wt. %),
high FeOt (~17.6 wt. %) and MnO contents (5.61 to 11.30 wt. %). Subsample with zeolites domination
(DR6-9/2) indicated lower TiO2 (0.95 wt. %), CaO (7.61 wt. %), P2O5 (1.73 wt. %) and higher K2O
(4.50 wt. %) and Na2O (1.83 wt. %) contents, compared to the phosphatized crusts interior (DR6-11/2).
Apatite dominated crusts interior was depleted with SiO2, Al2O3 (25.91 and 8.89 wt. %, respectively),
Na2O and K2O (0.75 and 1.97 wt. %, respectively), showing however higher CaO (21.20 wt. %), MnO
(11.30 wt. %), P2O5 (5.19 wt. %), TiO2 (2.17 wt. %) and MgO (2.51 wt. %) contents. DR6-11/2
subsample indicated also the highest contents of S (0.40%), Cl− (0.28), Sr and Ba (>2000 ppm), As
(40 ppm), V (202 ppm), Zr (235 ppm) and Y (1220 ppm). The ∑(Ni, Cu, Zn, Pb) of zeolitized and
phosphatized samples is high, >8000 ppm and >10,500 ppm, respectively. Complete chemical results
of EDXRF bulk samples analysis are presented in the Table 2.

4.4. DTA and TGA

The DTA and TGA curves of analyzed DHR subsamples showed one intensive endothermal
(A) and one weak exothermal effect (B), in some parts of the curves—due to the polymineral samples
composition—some slight variation in their shapes. The exothermal effect was dominant during
analysis of all samples. The few stage dehydratation-dehydroxylation in lower temperatures (<530 ◦C)
and reduction of Fe-Mn bearing phases was observed (>530 ◦C). Large initial weight lost confirms
large amount of water incorporated into the structure of water bearing minerals (mainly Fe-Mn
oxyhydroxides, zeolites, hydroxyapatite and clay minerals). Thermograms of each analyzed sample
are shown on Figure 5. Formation of new high temperature (>850 ◦C) mineral phases in the DR6-11/3
subsample was confirmed by additional XRD heating analysis (up to 1000 ◦C), indicating presence of
Fe- and Mn-rich, such as braunite, jacobsite, hematite, Ca-ferrite and Mn-Fe(III) oxide (Figure 5d).
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Table 2. EDXRF chemical results of the bulk samples from the DHR.

Sample
Description Unit

DR6-9/3 DR6-10/2 DR6-9/2 DR6-11/2

Medium
Weathered

Basalt

Highly Weathered
and Slightly

Phosphatized Basalt

Yellowish-White
Zeolitized Mineral

Mixture Basalt-Crust
Border Zone

Yellowish-Brown
Phosphatized

Mineral Mixture
Crusts Interior

SiO2 [wt. %] 43.25 38.14 44.66 25.91
Al2O3 15.00 12.64 12.00 8.89
FeOt 1 18.91 18.35 17.60 17.64
MnO 0.43 0.51 5.61 11.30
TiO2 2.00 2.10 0.95 2.17

Cr2O3 0.12 0.10 0.01 -
CaO 13.23 17.06 7.61 21.20

Na2O 1.17 0.88 1.83 0.75
K2O 1.32 4.78 4.50 1.97
MgO 3.90 1.29 2.28 2.51
P2O5 0.22 3.50 1.73 5.19

S 0.02 0.11 0.19 0.40
Cl− 0.06 0.06 0.06 0.28
Sr [ppm] 292 608 371 1150
Ba 437 - 124 890
Ni 438 304 4522 7061
Cu 292 456 2708 1911
Zn 263 304 731 1054
Pb 73 76 166 489
V 101 101 134 202
As 0 23 - 40
Rb 27 55 27 25
Zr 81 96 110 235
Y 314 181 31 1220

Nb 7 10 - -
Nb/Y 0.022 0.055 - -
Zr/Y 0.26 0.54 3.55 0.19
Ti/Y 38.09 69.64 184.26 10.65
Zr/Ti 0.007 0.008 0.019 0.018

1 Total iron calculated as FeO + Fe2O3.

The total weight loss in the DR6-10/1 subsample was extremely high and equal to 67.4%. The
DTA and TGA curves are simple in their shape, showing intensive endothermal dehydratation effect of
vernadite and some minor phases (phillipsite, nontronite), with maximum in 196 ◦C (Figure 5a). Less
intensive exothermal effect visible between 350–400 ◦C needs to be considered as a “protohematite”
formation from iron gels. Other low exothermal effects, observed between 400–500 ◦C and 650–700 ◦C,
are devoted to oxidation of Fe-bearing phases [59]. In the higher temperature (>810 ◦C) some further
dehydroxylation and decomposition occurs.

The total weight loss in the DR6-11/1 subsample was 45.5% (Figure 5b). Thermal curves show
mainly effects of phillipsite dehydratation, with maximum endothermic effect in 181 ◦C and typical
double effect of 12 mole loss of zeolitic and crystalline water occurring in 210–250 ◦C. Above 435 ◦C,
the phillipsite structure is destroyed. Observed thermal effect was “masked” by dehydratation of
vernadite, asbolane and other water bearing phases (nontronite, celadonite, hydroxyapatite, Fe-gels).
Nontronite and asbolane dehydroxylation was visible around 440–450 ◦C. Mn4+ reduction to the Mn3+

state is visible through the entire DTA curve. Intensive and “flat” exothermal effect above 450 ◦C was
probably connected with decomposition and recrystallization of Fe-rich minerals. In temperatures
higher than 880 ◦C, further decomposition takes place [59].

The total weight loss in the DR6-11/2 subsample was 56.9%. Endothermal reaction started
immediately after heating and lasted until 380 ◦C. The maximum intensity was observed around
180–190 ◦C. In this temperatures phillipsite starts to lose zeolitic and crystalline water. Above
450 ◦C structure is destroyed and formation of aluminosillicates occurs. Additionally, the reaction of
water and CO2 loss in hydroxyapatite takes place [60]. Mentioned effects are masked by intensive
dehydroxylation of vernadite, nontronite and celadonite [61].
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Figure 5. Representative DTA and TGA curves of the bulk crust samples from the DHR: (a) DR6-10/1; 
dehydratation of vernadite and minor iron gels (feroxyhyte-ferrihydrite); B-wide exothermal decomposition 

Figure 5. Representative DTA and TGA curves of the bulk crust samples from the DHR: (a) DR6-10/1;
dehydratation of vernadite and minor iron gels (feroxyhyte-ferrihydrite); B-wide exothermal
decomposition of vernadite and Fe-rich gels; manganese reduction in vernadite (3+ to 2+); synthesis
of the new minerals phases; (b) DR6-11/1; A-dehydratation and dehydroxylation of phillipsite,
vernadite, asbolane and other phases (hydroxyapatite, nontronite, celadonite), structure destruction in
phillipsite and asbolane; nontronite dehydroxylation; B-exothermal decomposition of Fe-gels and
Mn reduction in vernadite; low intensive dehydroxylation of phyllosilicates; >880 ◦C synthesis
of the new mineral phases; (c) DR6-11/2; A-dehydratation and dehydroxylation of vernadite,
asbolane, hydroxyapatite, phillipsite, nontronite and celadonite; carbon dioxide loss in hydroxyapatite;
B-exothermal decomposition of Fe-gels and Mn reduction in vernadite; further dehydroxylation
of phyllosilicates; >950 ◦C synthesis of the new mineral phases; (d) XRD diffractogram of the
heated DR6-11/3 subsample shows presence of synthetic braunite, jacobsite, hematite, Ca-ferrite
and Mn-Fe(III) oxide.

The interior part of two subsamples (DR6-10/1 and DR6-11/2), compared to DR6-11/1, exhibited
higher content of water, caused mainly by more intensive dehydratation of the crust surface in the
open-air atmosphere, higher porosity of internal structure or different redox potential, affecting internal
ability of incorporating OH− groups.

4.5. EPMA

More than 200 EPMA analyses performed on the DHR crust samples revealed the presence of a
few types and subtypes of Fe-Mn rich oxyhydroxides, forming several colomorphic structures, being
already described in Reference [30].
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Several laminae of metal-rich vernadite, asbolane and metal depleted feroxyhyte-ferrihydrite
were analyzed. In general, vernadite and asbolane layers show intensive incorporation of metals such
as Cu, Ni, Co and Ti. High contents of REE were confirmed only in the Ca-hydroxyapatite. Low
concentrations of the REE were discovered in the alteration zone, mainly in the slightly phosphatized
mixtures of clay minerals (nontronite, glauconite, celadonite) and zeolites. The REE traces were
recognized also in the substrate basalt minerals (plagioclases, pyroxenes), including clay and zeolite
fillings of vesicules and veinlets. The EPMA revealed depletion of the REE in the structure of analyzed
Fe-Mn oxydroxides.

According to the DHR substrate basalt analysis, the feldspar group is represented mainly with
bytownite-labradorite series, with minor phenocryst of alkali rich albite and orthoclase-sanidine.
Feldspars general formula is A1T2Si2O8, showing several occupying the A sites (i.e., Na2+, K+, Ca2+,
Sr2+, Ba2+, Rb+, Pb2+ and REE3+) and T sites (i.e., Si4+, Al3+, Fe3+).

Calculated feldspar end-members in the DHR samples were, respectively: An47.64 Ab19.30 Or33.06

for bytownite, An49.93 Ab47.97 Or2.10 for labradorite, An2.65 Ab94.69 Or2.66 for albite and An0.10 Ab0.47

Or99.43 for orthoclase-sanidyne. Only albite showed some slight cation deficiency at the A sites.
Plagioclases were well developed, with several twinnings, zonated and partially pertitized, showing
several solid inclusions of pyroxene and oxide Ti-rich minerals (mainly pseudobrookite). Additionally,
highly weathered, decomposed feldspar remnants were identified in the basalt-crust alteration zone
(Figure 4). Bytownite-labradorite end-members show some traces of yttrium content (28–189 ppm),
indicating also some structural impurities of Ti, Fe, Cr, Mn and Cl (usually <1 wt. %).

The pyroxene group in the DHR samples is represented mainly by augite, with minor diopside and
ferrosilite (Figure 4b). Pyroxenes are silicates built from SiO3 linked with SiO4 tetrahedra. Generally,
small amounts of Si are replaced by A1 and other small cations. The simplified chemical formula for all
pyroxenes is M2M1T2O6, where M2 refers to cations in a generally distorted octahedral coordination,
M1 to cations in a regular octahedral coordination and T to tetrahedrally coordinated cations [62].

Calculated pyroxene end-members in the DHR samples were: augite (Wo24.85En30.32Fs23.83Ae21.00),
diopside (Wo40.15 En48.62 Fs10.41 Ae0.82), ferrosilite (Wo2.53 En29.33 Fs63.56 Ae4.58). Augite, and especially
ferrosilite, indicate cation deficiency at the M2 sites, mostly of Fe3+. Diopside showed Cr impurities
(up to 0.69 wt. %) and augite some traces of Y (<126 ppm). The highest Ti contents were measured
in ferrosilite (mean 1.55 wt. %) and lowest in augite (~0.25 wt. %). The mean Mg and Ca contents
(all in wt. %) were, respectively: 10.21 and 13.92 for diopside, 7.70 and 6.27 for augite, 4.08 and 0.35 for
ferrosilite. Chlorine in pyroxene was low (<0.44 wt. %). The calculated Si/Al ratio was highest for the
diopside (16.11) and lowest for ferrosilite (3.28).

Recognized and analyzed in EPMA were also some minor oxides, represented by pseudobrookite,
Mg-chromite and zircon.

Pseudobrookite is a rare, iron-rich titanium oxide mineral with the formula of
(Fe3+,Fe2+)2(Ti,Fe2+)O5 and is an indicator for pneumatolitic processes in Ti-rich rocks, i.e., in
vesicular basalts. A few grains of pseudobrookite were found as solid inclusions in feldspars
(Figure 6a) and in association with Mg-chromite and pyroxenes, especially strongly altered augite.
Mean Fetot and Ti contents in pseudobrookite are, respectively 53.05 and 13.60 wt. %. Some
non-significant amounts of chemical impurities were detected (Al, Mg, Ba), also with metal traces
(Mn, Ni, Cu, Co, Zn, Pb and Tl).
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Figure 6. Representative EPMA images of DHR basalts and substrate-crust border zone: (a) several
plagioclase twinnings (1, 4), hydroxyapatite (3, 5, 7, 8), remnants of pyroxenes (6) and pseudobrookite;
(b) part of pertitized, zonated plagioclase phenocryst (1, 2) with remnants of automorph pyroxene
(4) (ferrosilite) and pseudobrookite (3); (c) transition zone with graspy basalt texture and pyroxene
remnants (2); amorphic hydroxyapatite with small admixture of Zn, Fe, REE and depleted with F−

(1); phyllosilicate substrate coating developed as a weathering product (3) (celadonite-ferroceladonite
or Fe-saponite?); colomorphs with laminae of asbolane (6) and vernadite (4, 5) with >1.7% Ti + Co
and ~1.0 % Ni + Cu + Zn; (d) worm-like phyllosilicate filings from basalts vesicle (nontronite and
celadonite); (e) weathered basalts vesicule filled-up with the flower-like radial porous clusters of
Fe-chlorites, celadonite and nontronite (showing higher contents Cr and Y); small intergrowth (~40 µm)
of Ni-asbolane (4) and Ni-Cu asbolane (~40 to 50 µm) (5, 6); (7) hydroxyapatite depleted with F (0.5%)
and REE (Y + La) (0.5%); (8) small vein (10 to 20 µm) composed of zeolite (Na-K philipsite); (f) basalt
vesicule filled-up with worm-like phyllosilicate mixture (ferroaluminoceladonite and nontronite).
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Mg-chromite is a Fe-Mg rich oxide, classified in the spinel group, with general formula of
MgCr3+

2O4. Iron is substituted mainly by variable amounts of Mg, and minor Al, V, Ti, Mn and
others. Chromite spinels are often associated with seafloor basalts, being indicators of serpentinization
processes, mostly low-silica initial metamorphism, Fe-oxidation and hydrolysis of mafic rocks.

Mg-rich spinels analyzed in the substrate basalts from DHR showed high Cr and Fe contents
(27.25 and 18.49 wt. %, respectively; Cr/Fe ratio 1.47). Vanadium content was 0.11 wt. %. Admixtures
of Ni, Co, Zn (sum <0.20 wt. %), Ti, Mn, Si and Ca (∑ ~0.8 wt. %) are generally low.

Zircon is an important accessory silicate mineral, being associated with all geological
environments, with the general chemical formula of (Zr1 – y, REEy)(SiO4)1 – x(OH)4x – y. Zircon shows
high contents of high field strength incompatible elements (so-called HFE: Zr, Hf, Nb, Ta, REE3+, Th
and U), in some cases with impurities of alkali and alkaline metals.

Analyzed zircon grains from the DHR basalts showed mean Zr content of 48.28 wt. %, Th over
U domination (642 to 335 ppm, respectively; Th/U ratio 1.94) and large amount of REE (1.69 wt. %),
mainly Y (1.0 wt. %) and other HREE (∑Yb, Er, Lu >0.5 wt. %). The mean hafnium content was
0.83 wt. %. Some impurities of Fe, Ti and Ca were also present (<1.0 wt. %).

According to the chemical analysis of substrate-crust border zone, phosphate minerals were
represented by Ca-hydroxyfluorapatite (CHFA) with general formula of Ca5(PO4,CO3)3(OH). The
CHFA showed mean 36.7 wt. % of calcium and 13.51 wt. % phosphorus content. Several admixtures
and structural impurities of Si, Al (∑Si + Al = 1.96 wt. %), Ba, Sr (∑Ba + Sr = 470 ppm), Mg, Na, K (total
sum of 1.01 wt. %), Fe, Mn (∑Fe + Mn = 0.93 wt. %), Ti (500 ppm), Ni, Cu, Zn, Pb (total sum of 0.12 wt. %)
and sulphur (0.44 wt. %) were detected. The mean fluorine and chlorine contents were 1.22 and
0.03 wt. %, respectively. The REE were dominated by Y, La and Nd. The mean REE was 0.57 wt. %.
Analyzed apatites indicated some cation excess at the Z sites (+0.279) and deficiency at B sites (−0.185).

According to the chemical calculations and empirical formulas of Fe-Mn oxyhydroxides
(Appendices A and B, Tables A1 and A2), a few general assumptions may be defined. Identified
asbolanes showed lower Ti amounts and higher Al, Mg, K, Na, Zn comparing to vernadites. The
manganese content in asbolanes varied from 36 to 41 wt. %. The mean cobalt and nickel contents
were also high, especially in the Ni-Co-(Cu) subtype and reach 0.70 and 4.11 wt. %, respectively.
A bit lower mean values of Co and Ni were observed in Cu-rich subtype, where Cu > Co (Cu mean
content 0.84 wt. %). Asbolane lamellae were thin, usually from 2–5 to 15–20 µm (Figure 7). Mean
iron content and Mn substitution were also low. The analyzed vernadite lamellae were usually in the
Mn-(Fe) type, indicating greater Si, Ba, Sr, Ca, Pb, S and Cl− contents. All vernadites showed lesser
amount of H2O−, compared to asbolanes. In the Mn-dominated subtype Co > Ni > Cu was observed.
The highest silica and phosphorus contents were strictly connected with the higher Fe amount and
were indicated in the Fe-(Mn) vernadite and mixture of non-defined feroxyhyte/ferrihydrite. Fe-rich
oxyhydroxides in type of iron gels are usually depleted with Ca, Na, K and metals such as Ni, Co or Cu.
In the few EPMA points of analyzed Fe-rich minerals some greater amount of Ti was indicated (mean
4.83 wt. %), probably as a Ti/Fe substitution in the crystalline lattice. Fillings of Ti-rich feroxyhyte
and ferrihydrite showed usually higher contents of Ba, Cl− and Mg, but with the lowest values of
incorporated structural water.
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Figure 7. Representative EPMA images of DHR Fe-Mn crusts minerals: (a) (1, 3, 4) sequence of asbolane with 
high grade of Ni (6.2–7.3%); (2) Ni-Co asbolane showing >1.6% Co; uniform texture with change in (5) to 
more patchy and porous ; (5) low-grade Ni-asbolane with higher Mn content 47% and low alkali content; (6) 
low-grade Ni-(Co) asbolane; (7) and (8) Ni-asbolane (or buserite) with fibreous texture and Ni content from 
4.1 to 5.8; (b) basalt-crust transition zone with elongated coatings of phosphatized clay minerals (1, 2) 
(glauconite, nontronite, traces of ferroaluminoceladonite) with intergrowths of hydroxyfluoroapatite (3); 
“vein” in central part with remnant filling of nontronite, glauconite and celadonite; (4, 5) Fe-rich colomorphs 
of Ti-rich feroxyhyte-ferrihydrite; (7, 8) lamellae (up to 5μm) of vernadite; (9) massive vernadite with wavy 
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Figure 7. Representative EPMA images of DHR Fe-Mn crusts minerals: (a) (1, 3, 4) sequence of
asbolane with high grade of Ni (6.2–7.3%); (2) Ni-Co asbolane showing >1.6% Co; uniform texture
with change in (5) to more patchy and porous; (5) low-grade Ni-asbolane with higher Mn content
47% and low alkali content; (6) low-grade Ni-(Co) asbolane; (7) and (8) Ni-asbolane (or buserite) with
fibreous texture and Ni content from 4.1 to 5.8; (b) basalt-crust transition zone with elongated coatings
of phosphatized clay minerals (1, 2) (glauconite, nontronite, traces of ferroaluminoceladonite) with
intergrowths of hydroxyfluoroapatite (3); “vein” in central part with remnant filling of nontronite,
glauconite and celadonite; (4, 5) Fe-rich colomorphs of Ti-rich feroxyhyte-ferrihydrite; (7, 8) lamellae
(up to 5 µm) of vernadite; (9) massive vernadite with wavy and grainy texture and increased Ti
content; (c) thick vernadite (1) with higher content of Co (>0.6%) and Ti (>1%); (2) Ni-Cu asbolane
(~10 µm) with Ni (>3.5%), Cu (>1%), Zn (>0.5%) increased Mg content and depleted with P, Co and Ti;
(3) Fe-chlorites depleted with metals; traces of alteration; (4) small lamellae of asbolane (~µm) with
Ni + Cu + (Zn) content >4%; (5) mixed group of vernadite and asbolane, slightly depleted with metals;
(6) asbolane with Ni + Cu + (Zn) content >5% and increased Mg content; (7) bright laminae of Mn-rich
asbolane slightly depleted with metals and Mg; (8) asbolane depleted with metals (~2%); (9) crushed
grain of non-identified Fe-Si-Ti rich mineral; (d) small aggregate-core (1) of Ni-(Cu) asbolane with
amount of Ni + Cu + Zn (~4%) and increased Mg content; asbolane (2, 3) showing metal depletion
down to 2.5%; asbolane (4) with high content of Ni + Cu + Zn (4.5%) and Mg, depleted with alkali
metals; sequence of asbolane laminae (5–8) showing increase of ∑(Ni, Cu, Zn) content (>5%); zeolite
(heulandite-clinoptilolite) layer (9) depleted with metals, Sr, Ba and Ca; being part of crushed-like
alteration zone; Ni-Cu asbolane sequence (10–12) showing increase of metals content up to 5.2%;
another sequence of Ni-Cu asbolane (13, 14) showing increased metal content; (15) mixed laminae of
vernadite and asbolane; higher content of Ti + Co (~1.7%) in vernadite.
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5. Discussion

5.1. Mineralogy of Ferromanganese Co-Rich Crusts

The Co-rich ferromanganese crusts are composed primarily of highly amorphic hydrated Fe-Mn
minerals, mainly vernadite and feroxyhyte. Other mineral phases may include asbolane, ferrihydrite,
todorokite, birnessite, buserite, manganite, psilomelane and goethite, i.e., [7,13]. Crusts are often
phosphatized and show, in some cases, admixtures of detritial components [3]. Generally, chemical
elements are associated with one or more of five phases in Fe-Mn crusts: vernadite, feroxyhyte, residual
aluminosilicates, carbonate-fluoroapatite (CFA) and residual biogenic phases, e.g., [63]. The Co, Zn,
Ni, Mg, Ba, and Tl are generally associated with vernadite; As, Bi, Cu, Cr, Mo, Nb, Pb, Te, Ti, Th, W,
and Zr with feroxyhyte; Si, Al, K, Ti, Cr, Mg, Fe, Na, Sc, and Rb with several aluminosilicates; P, Ca,
CO2, Sr, and Y, with CFA (the measured CO2 is bound as CO3

2+ in the CFA structure); presence of Ba,
Sr, Ce, Cu, V, Ca, and Mg is connected with the residual biogenic phase, e.g., [29]. The REE, Y, Cu, Zn,
and V can partition between the Fe and Mn phases.

Iron is the most widely distributed element and occurs intermixed in vernadite. The Fe is
also the main constituent of feroxyhyte/ferrihydrite and occurs in several detrital minerals, such
as pyroxenes, amphiboles, magnetite (and other spinels) and clay minerals. The CFA occurs only
in the inner layers of thick crusts. In thin crusts and outer layers of thick crusts, calcium may be
associated with vernadite, phosphorus with the FeO(OH) and both with biogenic residuum. Content
of CFA-associated elements (P, Ca, Sr, and Y), as well as Te, Pt, Rh and Ir, generally increase with
the crust thickness. In contrast, contents of elements associated with the detrital phase, usually
decrease with increasing crust thickness [7]. Cobalt incorporation is an oxidation/reduction process
between Co2+ and Mn4+/Mn3+ [64]. The hydrogenous crusts contain cobalt mostly in the oxidation
state of +3 [65]. Significant Ni and Co substitution occurs due to similar geochemical behavior of
both elements and ability to form complex and chelate compounds, especially in the case of ionic
diameter similarity between Ni2+ and Mg2+ (6.9 vs. 6.6 nm). Nickel and cobalt are mobile, soluble and
coexist in weathering processes, forming high concentrated Ni- and Co-rich clays in association with
Fe-Mn oxyhydroxides, especially with asbolane [66] and Ni-vernadite. Both minerals adsorb heavy
manganophilic metals (Co, Ni, Zn) and show extensive chemically active surface, indicating high
ion-exchange capacity, which exceeds (in similar pH conditions) some clay minerals. Additionally, the
high titanium contents and Al domination may be potential indicators of exceptional hydrogenous
processes affecting crust formation [67]. Titanium is acquired primarily through sorption onto the
Fe-oxyhydroxides, so high Ti concentration is related mainly to slower growth, which does not allow
the time for significant sorption to occur [68].

The experimental model of oceanic bottom water solution, for vernadite and feroxyhyte rich
Co-rich ferromanganese crusts, increases in the following order: (Li+ < Na+, K+ < Ca2+) < (Sr2+ < Ni2+

< Zn2+ < Cd2+ <Mn2+) < (Ba2+ < Pb2+ ≈ Co2+ < Cu2+) < Mo6+. Metal ions are absorbed directly from
oceanic waters, immediately following the formation of manganese minerals, and continue during the
entire period of crust growth. At the initial stage of manganese mineral formation, when structure is
mostly disordered and marked by presence of maximal number of vacant sites (defects), sorptivity of
the minerals is especially high. Activity processes are often independent of substrate type and crusts
depth (600–3500 m), showing lesser desorption values with ageing.

Asbolane layers usually exhibit greater selectivity to Mn2+ and Ni2+ cations and lower to Mo6+ [27].
Dissolved manganese species, regardless of oxidizing conditions in solution, can co-precipitate on
particles of rapidly forming X-ray amorphous (colloid) iron hydroxide or other surfaces, following the
mechanism of heterogeneous hydrolysis. The process of joint precipitation of the iron and manganese
oxyhydroxides has an autocatalytic character, which causes a tight intergrowing of ferruginous and
manganese structures with formation of thin intercalated Mn- and Fe-rich layers, even at a micro
level [23].
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The X-ray reflection δ-MnO2 (vernadite) and X-ray amorphous Fe oxyhydroxide FeO(OH)
dominate in the crust mineral composition within 90–95% of crystalline phases. The remaining
5–10% are detrital minerals such as quartz, plagioclase, feldspar, pyroxenes and phillipsite. Thick
crusts are usually phosphatized in the older layers and 30% of crystalline phases are usually CFA [2,13].
Phosphatization occurs often in several layers [69]. Iron and manganese dominate in the chemical
composition of hydrogenetic crusts. The ratio of these two elements vary between 0.4 and 1.2, most
often 0.7 ± 0.2. The iron content in this type of crusts ranges from 12 to 26% with mean 21%.

5.1.1. Fe-Mn Oxyhydroxides

Hydrogenous crusts, as presented in this paper, are usually dominated by vernadite, showing in
some cases presence of other low-crystalline Fe-Mn oxyhydroxides.

Vernadite (Mn4+,Fe3+,Ca,Na)(O,OH)2·nH2O is genetically mainly hydrogenous, highly
disordered, randomly stratified nanocrystalline Fe- and Mn-bearing phyllomanganate, with hexagonal
layer symmetry and several diadochal constitutents, mostly of Na, K, Ca, Mg and several metals
such as Cu, Fe and Co [70,71]. Vernadite is the dominant mineral in crusts and nodules forming
under oxidizing conditions, mainly by rapid oxidation of Mn2+ [72,73] and exhibits typical “grassy”
forms. The so-called Fe-vernadite has a hybrid structure with coexisting Mn4+ and Fe3+ domains.
Observed higher Fe substitution instead of Mn is typical of Fe-vernadite, which is more abundant in
oxic environments, possibly due to higher resistance to reduction. Fe-vernadite need to be considered
also as an early and unstable oxydogenesis product [74]. On the other hand, the Mn-dominated
type of vernadite, is one of the most abundant and reactive Mn oxyhydroxides, especially in suboxic
aqueous systems. Vacant [MnO6]-octahedral sheets of Mn-(Fe) phyllomanganates may contain several
substitutions of lower valence cations (i.e., Mn3+, Ni2+, Cu2+, Zn2+ and Co3+) [75]. Metals can be
incorporated above these vacancies or even between them. In the hydrogenetic oxic environments, Mn
is speciated as a Fe-vernadite, showing intergrowths with feroxyhyte (δ-FeOOH) and monodispersed
phyllomanganate layers, having no interlayer of Mn-vernadite. In suboxic environments, which are
dominated by diagenetic Fe-Mn rich crusts and nodules, Mn is speciated predominantly as Mn-rich
10 Å vernadite, which consists of random intergrowths and the transformation product todorokite [76].
Vernadite may be found separately also as a biogenic product of Mn-oxidizing bacteria, whereas the
same mineral associated with ferrihydrite is produced abiotically via the heterogeneous oxidation of
Mn2+

aq initially on ferrihydrite surfaces [77]. Vernadite may contain several mechanical admixtures
or epitaxial intergrowths of other Fe-rich minerals, such as goethite and feroxyhyte. Fe-depleted
vernadites, obtained from aqueous solutions of metal salts and natural marine environment, show
tendency for transformation to asbolane-buserite over time, mainly under the influence of sorbed
cations of Ni2+ and Co2+ [78].

Vernadite from the DHR shows low Mn/Fe ratio (~1.77). Average Ni + Cu + Co content equals to
1.37%, with Co domination. Crust samples show exceptionally high Ti contents (mean 1.23%, max
4.77%). Compared with other Fe-Mn oxyhydroxides identified in the EPMA, vernadite shows the
highest Cl, S, Ba, Ca, Sr, P and Zn (Table A1, Figure 8). In samples from the DHR Fe-vernadite is
dominant, showing several intergrowths with Ni and Ni-Co asbolane and feroxyhyte-ferrihydrite
domains and in the analyzed area occurs in association with other Fe-Mn rich phases, quite similar to
other crust regions (compare References [79,80]).
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Figure 8. Chemical variability and classification of DHR Fe-Mn oxyhydroxides; (a) whisker plot shows
chemical variability between elements in the identified Fe-Mn bearing phases; blue for feroxyhyte and
ferrihydrite, red—asbolanes, green—vernadite; whiskers represent minimum and maximum values;
black line in boxes is a mean value; H2O− calculated as rest from EPMA; (b) discrimination diagram
of DHR crusts Fe-Mn bearing oxyhydroxides, according to Mn/Fe, Si/Al, Ni/Cu ratios and selected
elements content (Ni + Cu + Co, Ti and Cu); gray areas represent fields of vernadite, asbolanes and
feroxyhyte-ferrihydrite. Arrows indicate increase of phosphatization. All data from EPMA.

Asbolane Mn4+(O,OH)2 × (Co,Ni,Mg,Ca)x(OH)2x × nH2O is less dominant but a major
concentrator of economically important elements, especially Ni and Co. Asbolane is mainly a product
of the transformation of other manganese minerals, often being translated as diagenetic process.
However, in some cases (NW-Pacific) asbolane could be formed directly by hydrogenetic processes [27]
and may show hybrid forms, composed either only of octahedral layers (e.g., Co-Ni asbolane and
Ni-asbolane) or of octahedral and tetrahedral layers alternating along the c axis (Co-asbolane). Ni2+

occurs mainly in the chemically bound form, as insular Ni(OH)2 interlayers. Co-Ni asbolane is formed
by layers of MnO2, Ni(OH)2 and possible CoOOH or Co(OH)3 and may build intergrowths with
buserite and other manganese oxydydroxides [27,81]. Epitaxial asbolane growth, especially with Fe
phases such as goethite or feroxyhyte, may be an indicator of undersaturation [82] or presence of some
low-oxidation horizons. Asbolanes are often considered as initial for crust formation, being also the
oldest part in the crust’s age sequence. Some low-crystalline Fe-vernadite may undergo transformation
into asbolane, mainly under the influence of adsorbed Co2+ cations [27]. Higher Co and Tl contents in
asbolane suggests slower sorption and oxidation processes typical for hydrogenetic material [83].

Iron oxyhydroxides are represented by thermodynamically unstable amorphous δ–Fe3+O(OH)
feroxyhyte, with minor ferrihydrite Fe2O3·2FeOOH·2.5H2O. Feroxyhyte is formed with the influence of
Fe2+ and ferrihydrite with Fe3+, mainly due to oxydogenesis [84], both of which may form cements and
coatings by rapid oxidation of other ferrous compounds. Ferrihydrite is considered as a predecessor
of other more stable iron hydroxides [85]. Both minerals are major constituents of marine crusts
and often coexist with clay minerals and goethite, and may transform in open-air conditions. The
two minerals show yellowish-orange colors and in medium or slightly alkaline conditions form by
oxidation of Fe(OH)2 [86]. These show good absorptive properties and stability in oxidizing and
alkaline conditions, forming during Eh (water melting) or pH increase (alkalization induced by water
mixing) [87]. Domination of feroxyhyte suggests a leading role of variable redox conditions in the
synthesis of hydroxides. Both mineral structures are stabilized by inorganic elements—silicon in
ferrihydrite and manganese in feroxyhyte. Additionally, both minerals are associated with bacterial
formation on lava flows, especially on the basalt- and gabbro-like hosted olivine and augite rocks [88].
Feroxyhyte and ferrihydrite may contain significant admixtures of Si, Al, Ba, Mg, P and Ca. Changes of
Fe and Mn concentration in both phases may be an indicator of oscillatory changes of redox conditions,
for example by oxygenated water inflows [89,90].
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5.1.2. Phyllosilicates

Glauconite is iron-rich hydrous silicate (Fe-rich mica) with a dioctahedral structure, within which
considerable chemical variations can occur. The mineral can be found in widely differing sedimentary
environments, in recent and fossil sediments. Additionally, celadonite, which is isomorphic with
glauconite, may occur in altered volcanic rocks. In the marine environment, both minerals form
mixed-layered structures, often associated with clay minerals such as Fe-smectite and nontronite,
especially in oxidizing conditions [91]. Glauconite represents wide structural variability related to
substitutions of Fe in tetrahedral and octahedral positions. Visible presence of phyllosilicate alteration
(nontronite, chlorites and other clay minerals), connected with rapid Fe oxidation and Si presence,
may induce transformation to feroxyhyte [92]. Nontronite in association with Fe-oxyhydroxides and
glauconite may be evidence of extensive oxidation processes, while celadonite and especially saponite
rich mixtures are often associated with more redox conditions and alteration [93,94].

Layered silicates in the DHR samples are represented mainly by nontronite, Fe-smectite and
Fe-rich glauconite, with smaller amounts of Fe-bearing chlorites, celadonite and saponite (Figure 9a,b).
All are depleted with Ni, Co, Cu, Ti, Mn and other metals. The K and Mg dominate over Na
and Ca. Some of analyzed phyllosilicates have higher REE contents, varying from 23 to 653 ppm
and Cr (20–1716 ppm). Chromium connected with phyllosilicates need to be considered as an
indicator of intensive alteration processes. High content of Cl− and (O=OH−) suggests percolative
influence of salinated oceanic water and chlorine caption into the layered structures. Nontronite,
celadonite and glauconite are mainly intermixed, often with feroxyhyte and ferrihydrite. Mentioned
mixtures dominate on substrate rock surfaces and in some fillings, veins and vesicules between
colomorph generations and individual laminae. Nontronite was found also associated with zeolites
and “palagonite” traces. Complete chemical results and empirical calculated formulas from the EPMA
analysis are presented in Appendices A and B (Tables A1 and A2).

Figure 9. Variability of phyllosilicate minerals in crusts from the DHR: (a) phyllosilicate classification
according to Fe/(∑Na, K, Ca) and M+/4Si ratios; compiled after [95,96]; (b) Ternary diagram
classification of selected phyllosilicates basing on Fe-K-Mg ratios and oxidation-reduction potential [93].

Minor chlorite interlayers may be indicator of some lower temperature volcano-hydrothermal
activity (>100 ◦C). Trace chlorites may form also due to initial water percolation within young cooling
lavas [94].

5.1.3. Zeolites

Zeolites are hydrated aluminosilicates are often observed in marine environments and show
exceptional ion-exchange and sorption properties. Zeolite structure is complex and composed of SiO4
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and AlO4 tetrahedra. Substitution of Si by Al defines the negative charge of the zeolite crystalline
framework, which is compensated by alkaline and earth alkaline metal cations. Exchangeable cations
are mainly Na+, K+, Ca2+, Mg2+, Ba2+ and Sr2+. Several metal substitutions, such as B, Fe, Cr, Ge and
Ti may be present, especially in the Si lattice [97]. Zeolite chemistry is often associated with source
rock composition [98] and occurs in the early stage of cavity crystallization mixtures with sequence of
celadonite→glauconite→phillipsite-chabazite-heulandite. Presence of zeolites may be an indicator
of higher environmental pH or near volcanic source. Phillipsite and chabazite members are typically
associated with basalts and trachites [99]. Phillipsite may form during hydrothermal or diagenetic
processes in the marine environment and is mainly a product of halmyrolisis of volcanoclastic
material [100].

In the analyzed crusts, zeolites are mainly represented by low siliceous K-phillipsite, Na-chabazite
and heulandite-clinoptilolite members (Figure 10). Investigated zeolites form coatings and small veins,
mainly in the basalt-crust zone, mixed Mn-Fe oxyhydroxides and hydrated phosphates. The Si/Al
ratio is in general low and varies from 2.20 to 3.15 (Table A1). The Ti/Al ratio in measured phillipsites
is higher than in other zeolites and varies from 0.023 to 0.17 suggesting typical low hydrothermal
basalt type rock genesis, compare [101]. Potassium content in the analyzed samples varies from
2.25% to 4.09%. Recognized phillipsites are represented mainly by K-phillipsite. Phillipsite exchanges
irreversible Na for K, suggesting domination of authigenic formation and show some Fe and other
metals impurities which may confirm these processes. Analyzed phillipsites show also some REE
admixtures, mainly Y (165 to 653 ppm). Normally, marine phillipsites do not absorb REE and do not
inherit the composition of the host rock [100]. Increased content of REE may be however connected
with some diagenetic immobilization.

Chabazite is mainly hydrothermal but also a very rare diagenetic zeolite less common in the
marine environment than phillipsite. Na-Chabazite is often associated with mafic rock cavities, being
an indicator of diagenesis and low-grade metamorphism alteration, which forms assemblages with
other zeolites and phyllosilicates [102]. The Si/Al ratio in analyzed Na-chabazite varies from 2.41 to
2.64, which is between hydrothermal and diagenetic formation [99]. Sodium dominates over calcium.
The Ti/Al ratio is 0.0022. Chabazites have less impurities of Fe and Mn, less alkali than phillipsite and
no traces of Ba and Sr. Sodium dominates over other alkali metals. Potassium content is intermediate
(2.82–5.12%).
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Heulandite-clinoptilolite group is also less common than phillipsite, but observed more often
in pelagic sediments than in crusts and usually show diagenetic nature. The group is not stable in
alkali environments, often substituted by phillipsite and other zeolites [99]. The analyzed clinoptilolite
shows higher Ca content (6.95%) and Ba traces. The Si/Al ratio is 2.58. The clinoptilolite has some
impurities of Fe and Mn, also admixtures of Ni, Co, Ti, Zn, S, P and Tl and is low in Na and Mg, with
intermediate K content.

All geochemical data for DHR zeolites and their classification is presented in the
Appendices A and B (Tables A1 and A2) and Figure 10.

5.1.4. Phosphates

The main mineral dominating the Co-rich ferromanganese crusts is amorphic apatite, especially
hydroxyapatite or carbonatefluoroapatite (CPA), and its variations [9]. Hydroxyapatite has the general
formula of Ca5(PO4)3(F,Cl,OH) and is a structure that can incorporate a wide range of transition
metals, REE and anions. Some common substitutions occurring in apatites are as follows [105,106]:
Sr2+, Mn2+, Fe2+, REE and Y3+, Na+ ↔ Ca2+; Si4+, As5+, S6+ and C4+ ↔ P5+; Cl− and OH− ↔
F−; 2Ca2+ ↔ Na+ + REE3+ and Ca2+ + P5+ ↔ REE3+ + Si4+. Phosphatization and precipitation of
Fe-Mn oxyhydroxides may be indicators for change of hydrodynamic condition, oxygenated, fresh
deep-water inflows or even upwelling currents [105,107].

In the samples from DHR, the Ca-hydroxyapatite was discovered to be a dominantly phosphate
mineral, formed mainly as diagenetic-like coatings on the substrate basalts and between selected
colomorphs. Minor occurrences were found in some detritial grains and biogenic ones (i.e., one
sample with fish tooth). In general, apatites are pure one, without any detritial and authigenic
impurities (Table A1). The Si/Al ratio is low and equal to 1.35, in general low in Cl− (<0.11%)
with traces of S (0.33–0.63 wt. %). Fluorine content varies from 0.28 to 3.56 wt. %. In general, the
total REE content is high (mean 0.57 wt. %). The two EPMA sampling points with the highest
F− content (above 3 wt. %) show also the highest ∑REE contents, more than 1.8 wt. % of REE3+

and dominated by Y (0.64 to 0.98 wt. %). Normalized to PAAS chemical microprobe analyses of
DHR hydroxylapatite, indicate negative Ce anomaly [43]. The REE pattern is typical for seamount
phosphorites (Figure 11; compare [108]), as well as land-based phosphorites. Besides hydroxylapatite,
some traces of Y (24–44 ppm) were also identified in stratified phyllosilicates (glauconite, Fe-smectite
and Fe-chlorite) and K-phillipsite (140–320 ppm).

The apatites from DHR exhibit phylloalteration and admixtures of K and Fe-rich minerals, such
as glauconite and nontronite. Lower manganese and higher sulphur contents, comparing above, may
be an indicators of oxygenation conditions [109]. The Mn/Fe ratio and total REY (Rare Earth Elements
+ Yttrium) sum confirms alteration, beside one sample of fish non-altered tooth, completely depleted
with REE. The highest contents of ∑REY where observed in hydroxyapatites with P >14.2 wt. %,
showing low chemical and mechanical impurities and increased volatiles content >3.0 wt. % (F, Cl and
S), suggesting some hydrogenous acquisition of REE from external sources (positive correlation Cl
with Na) and diagenetic immobilization.

The absence of visible XRD evidences of transformation of feroxyhyte/ferrihydryte into hematite
or goethite, may suggest no weathering processes affecting crusts formation, even due to increasing
maturity. The iron-rich minerals show higher substitution of Fe by Si, comparing vernadite and
asbolane, and do not indicate visible traces of biogenic activity affecting formation processes
(i.e., bacteria).

The samples described are ferromanganese marine deposits in type of Co-rich crusts, dominated
by Co and Ni, and characterized by high Ti values. The ore is not sulfatized, partially highly
phosphatized and alcalized (zeolitization). In general, the (bulk) samples, due to mean Ni content
(<0.27%), need to be considered as a “poor ore” and according to mean Co amount (<0.29%) as a
“medium-rich one”. Samples with asbolane domination (DR6-11) show higher contents of Li (>40 ppm)
and Rb (>20 ppm), typical for asbolane-lithiophorite group. Vernadite dominated samples (DR6-9 and
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DR6-10) exhibit greater amount of Mo (>300 ppm), V (>500 ppm), Th and U. The ore, in general, is
depleted with Cr, Zn, Pb and Cu (mean Ni/Cu ratio is high as 3.76). There is no important content
of Ag (<4 ppm) and Au, however some traces of Zr (mean >400 ppm), Ga, In and Os (more than
few ppm) in the bulk ICP/MS and XRF analysis were observed and should be the aim of further
investigation [30].

Figure 11. Scatter plot of phosphorus versus calcium in DHR Ca-hydroxyapatites. DHR crusts
normalized to PAAS. Data for seamounts and continental margin phosphorite deposits from
Reference [9]. The DHR data from EPMA.

6. Conclusions

Hydrogenous Co-rich ferromanganese crusts from the unique Dirck Hartog Ridge, located in the
centre of Perth Abysal Plain, E Indian Ocean were mineralogically analyzed and described.

Studied samples were composed mainly of Mn-vernadite, interlayered with smaller amount
of Fe-vernadite, Ni-(Co) asbolanes and mixture of feroxyhyte−ferrihydrite. According to EPMA
analysis and comparison of two different Mn/Fe ratios, the two subtypes of vernadite were identified:
(I) Fe-(Mn) vernadite, defined by Mn/Fe ratio <1.0; (II) Mn-(Fe) vernadite, defined by Mn/Fe ratio >1.0.
Some of identified vernadite laminae may be potentially 10 Å phyllomanganate in type buserite and
some additional structural analysis shall be done. Compared to other Fe-Mn oxyhydroxides, vernadite
laminae show typical hydrogenetic genesis, with the highest Pb, Ca, Ba, Sr, P and S contents. Vernadite
also indicates the highest Co enrichment; however, the amount of other metals (Ni, Cu, Ti) is lower,
compared to asbolane.

According to the mineralogical analysis, DHR crusts formation was dominated by three main
processes: (I) basalt substrate rock weathering and alteration affected by phosphatization and
glauconitization, (II) precipitation of Fe-Mn oxyhydroxides, mainly from the well oxidized ambient
ocean waters, (III) sorption of metals by the Fe-Mn oxyhydroxides. The DHR crusts show low
phosphorus content (<0.7%; mean 0.17%) suggesting rather the “young” generation.

Diagenetic asbolanes are represented mainly by Ni-asbolane, with extensive Mn4+ substitution.
Asbolanes from the DHR indicate the highest contents of Ni, Cu, Zn, As and Tl, with some Na, K and Al
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structural impurities, compared to vernadite and feroxyhyte-ferrihydrite. The metal content generally
increases with the maturity of asbolane laminae. Asbolanes mainly impregnate crusts, whereas in the
upper parts of crusts domination of vernadite is more distinctive.

The feroxyhyte−ferrihydrite mixtures show the highest contents of Si and Ti, being depleted
in Mn and showing the lowest Ni, Cu and Co concentrations, compared to vernadite and asbolane.
Phosphorus content is higher in feroxyhyte-ferrihydrite mixtures than in asbolanes.

Several analyzed phyllosilicates (Fe-smectite, nontronite, celadonite, glauconite, saponite and
chlorites) show depletion with Ni, Cu and Co, especially within the intergrowths of Fe-Mn phases.
However, glauconite, nontronite, celadonite and Fe-chlorites show some traces of Cr and Y.

Thermal analysis indicated large amounts of water incorporated into the structure of DHR crusts
Fe-Mn oxyhydroxides, as well as high oxidation potential.

Formation of the Co-rich ferromanganese crusts from the DHR may result from the enhanced
increase of Antarctic Bottom Water (AABW) current activity, beginning to occur in Indo-Pacific regions
during early Miocene, which caused initial bedrock phosphatization, mainly due to increase of
biogenic productivity and oxygen depletion. Global increase of sea level in the middle Miocene may
have resulted oxygen enrichment and formation of analyzed Fe-Mn oxyhydroxides [110,111]. The
proposed formation mechanism and growth model lie in good correspondence with some discovered
diagenetic influences in asbolanes, which may indicate some periods of slower crusts growth in suboxic
conditions, caused mainly by lesser impact of oxygene-rich water currents. Additionally, the presence
of Ti-enriched feroxyhyte-ferrihydrite laminae, especially in deeper parts of the analyzed crust samples,
may indicate initial basalt alteration and formation of Fe-rich oxyhydroxides due to rapid oxidation.
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Appendix A

Table A1. The mean EPMA chemical results and minerals empirical formula recalculations (substrate/crust zone and Fe-Mn crust oxyhydroxide minerals).

Mineral
Group Vernadite Asbolane Feroxyhyte

Ferrihydrite Phyllosilicates Phosphates Zeolites

Subtype Fe-(Mn)
1

Mn-(Fe)
2

Ni-Cu-
(Co) 3

Ni-Co-
(Cu) 4 - Ti-rich 5 Glauconite Fe-smectite Nontronite Saponite Celadonite Fe-chlorite Ca-

hydroxyapatite
K-

phillipsite
Na-

chabazite
Na-heulandite

Na-klinoptiloite

Number of
EPMA

Analyses
n = 8 n = 56 n = 27 n = 9 n = 11 N = 8 N = 12 N = 6 N = 2 N = 8 N = 4 N = 2 N = 11 N = 4 N = 3 N = 1

Si [wt. %] 4.40 2.11 0.70 0.50 5.80 5.46 23.92 24.29 24.25 23.07 24.21 15.33 1.29 25.91 26.46 26.57
Al 1.23 0.72 2.03 1.40 0.92 1.71 4.59 7.41 1.66 2.91 2.68 3.52 0.67 9.68 10.36 10.31
Fe 26.74 17.71 1.53 2.19 50.73 40.71 16.20 12.94 18.89 20.38 18.54 31.04 0.89 6.14 0.35 0.59
Mn 18.71 29.30 42.12 40.31 0.06 0.06 0.07 0.09 <0.01 0.08 0.01 0.61 0.04 0.66 0.06 0.09
Ti 2.20 1.09 0.23 0.39 0.08 4.83 0.14 0.98 <0.01 0.09 0.15 0.30 0.05 0.68 - 0.03
P 0.39 0.32 0.07 0.08 0.20 0.50 <0.01 - - <0.01 - - 13.51 <0.01 - 0.01

Ba 0.42 0.23 0.15 0.20 0.01 0.21 <0.01 - - <0.01 <0.01 - 0.01 - - 0.03
Sr 0.08 0.04 0.02 0.02 <0.01 0.03 - - - - - - 0.03 - - -
Ca 1.70 2.61 1.10 1.57 0.17 0.80 0.38 0.26 0.25 0.23 0.24 0.18 36.70 1.54 0.37 6.96
Na 0.58 0.72 0.92 1.43 0.10 0.19 0.57 0.53 0.54 0.56 0.55 0.51 0.56 0.79 8.15 1.06
K 0.22 0.26 0.81 0.62 0.17 0.21 4.11 2.82 3.65 5.02 3.95 2.52 0.20 2.82 4.09 2.10

Mg 0.75 0.96 4.11 3.08 0.77 0.90 2.63 2.23 3.25 3.93 4.73 2.28 0.25 1.92 0.09 0.38
Ni 0.21 0.50 3.07 4.11 0.05 0.04 <0.01 - - <0.01 <0.01 - <0.01 0.07 - <0.01
Cu 0.11 0.15 0.84 0.32 0.12 0.18 <0.01 - - <0.01 <0.01 - 0.10 0.05 - -
Co 0.30 0.81 0.13 0.70 0.09 0.08 <0.01 - - <0.01 <0.01 - - <0.01 - 0.01
Zn 0.12 0.09 0.36 0.19 0.09 0.13 <0.01 - - 0.01 - - 0.02 <0.01 - 0.02
Pb 0.24 0.12 0.02 0.04 0.02 0.08 <0.01 - - <0.01 <0.01 - <0.01 <0.01 - -
As 0.03 0.02 0.05 0.03 0.03 0.08 <0.01 - - - <0.01 - - 0.03 - -
Tl 0.02 0.02 0.03 0.02 <0.01 0.01 <0.01 - - - 0.01 - - <0.01 - 0.03
S 0.16 0.25 0.06 0.05 0.02 0.05 <0.01 - - 0.03 <0.01 - 0.44 <0.01 - 0.07

Cl− 0.65 0.69 0.17 0.18 0.08 0.36 0.09 0.12 0.08 0.06 0.09 0.13 0.03 0.08 <0.01 0.02
F− - - - - - - - - - - - - 1.21 - - -

H2O− =
(O,OH) 17.69 20.76 20.98 23.23 17.34 15.92 8.18 7.15 9.56 7.62 8.32 11.45 8.02 6.17 6.59 10.14

Cr - - - - - - 0.02 0.06 0.08 <0.01 0.04 - - 0.01 0.01 -
V - - - - - - - - - - - - - - - -
Y - - - - - - 44 ppm 37 ppm - 34 ppm - 24 ppm 0.21 0.02 - -
La - - - - - - - - - - - - 0.12 - - -
Ce - - - - - - - - - - - - 0.03 - - -
Pr - - - - - - - - - - - - <0.01 - - -
Nd - - - - - - - - - - - - 0.13 - - -
Sm - - - - - - - - - - - - 0.03 - - -
Gd - - - - - - - - - - - - 0.03 - - -
Tb - - - - - - - - - - - - - - - -
Dy - - - - - - - - - - - - - - - -
Ho - - - - - - - - - - - - - - - -
Er - - - - - - - - - - - - - - - -
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Table A1. Cont.

Mineral
Group Vernadite Asbolane Feroxyhyte

Ferrihydrite Phyllosilicates Phosphates Zeolites

Subtype Fe-(Mn)
1

Mn-(Fe)
2

Ni-Cu-
(Co) 3

Ni-Co-
(Cu) 4 - Ti-rich 5 Glauconite Fe-smectite Nontronite Saponite Celadonite Fe-chlorite Ca-

hydroxyapatite
K-

phillipsite
Na-

chabazite
Na-heulandite

Na-klinoptiloite

Number of
EPMA

Analyses
n = 8 n = 56 n = 27 n = 9 n = 11 N = 8 N = 12 N = 6 N = 2 N = 8 N = 4 N = 2 N = 11 N = 4 N = 3 N = 1

Tm - - - - - - - - - - - - - - - -
Yb - - - - - - - - - - - - - - - -
Lu - - - - - - - - - - - - - - - -
Eu - - - - - - - - - - - - - - - -
Hf - - - - - - - - - - - - - - - -

∑REE - - - - - - 44 ppm 37 ppm - 34 ppm - 24 ppm 0.57 0.02 - -
U - - - - - - - - - - - - - - - -
Th - - - - - - - - - - - - - - - -

Si/Al 3.95 3.29 0.29 0.47 6.99 3.53 8.28 3.42 14.64 9.41 16.13 4.36 1.35 2.72 2.55 2.57
Mn/Fe 0.72 1.74 57.84 90.62 0.001 0.06 0.004 0.007 - 0.005 <0.001 0.02 - - - -
Ni/Co 0.74 0.71 83.75 6.81 0.69 0.39 - - - - - - - - - -
Ni/Cu 2.50 3.49 4.10 2.48 0.39 0.28 - - - - - - - - - -
Na/K 2.65 2.75 1.15 2.30 0.59 0.93 0.14 0.19 0.15 0.08 0.14 0.20 2.78 0.28 2.23 0.50
Cr/Fe - - - - - - 0.001 0.005 0.004 - 0.002 - - - - -
Th/U - - - - - - - - - - - - - - - -
Si4+ 0.791 0.376 0.061 0.043 0.534 0.514 3.803 3.572 3.685 3.763 3.946 2.384 0.235 4.713 3.007 4.785
Al3+ 0.230 0.133 0.183 0.126 0.088 0.168 0.760 1.118 0.262 0.494 0.454 0.569 0.127 1.831 1.225 1.932
Fe2+ - - - - - - 0.981 0.228 0.534 0.566 0.427 1.549 0.081 0.562 0.020 0.053

* Fe3+ 2.416 1.586 0.067 0.095 2.349 1.928 0.318 0.606 0.909 1.105 1.091 0.877 - - - -
** Mn2+ 1.715 2.662 1.857 1.779 0.003 0.003 0.005 0.005 0.001 0.007 0.001 0.048 0.004 0.061 0.004 -

Ti2+ 0.232 0.114 0.012 0.020 0.004 0.267 0.013 0.049 - 0.009 0.014 0.027 0.020 0.289 0.003 0.011
P5+ 0.063 0.051 0.005 0.006 0.017 0.043 - - - - - - 2.221 0.001 - 0.285

Ba2+ 0.015 0.008 0.003 0.003 - 0.004 - - - - - - - - - 0.001
Sr2+ 0.079 0.042 0.008 0.008 - 0.018 - - - - - - 0.002 - - -
Ca2+ 0.214 0.325 0.067 0.095 0.011 0.053 0.042 0.046 0.026 0.025 0.020 0.019 4.656 0.196 0.030 0.876
Na+ 0.127 0.157 0.097 0.151 0.012 0.022 0.111 0.122 0.100 0.083 0.109 0.097 0.125 0.176 1.130 0.231
K+ 0.028 0.033 0.050 0.038 0.011 0.014 0.467 0.298 0.398 0.488 0.384 0.003 0.026 0.368 0.333 0.271

Mg2+ 0.156 0.197 0.410 0.308 0.082 0.098 0.483 0.440 0.570 0.447 0.537 0.410 0.052 0.404 0.012 0.079
Ni2+ 0.018 0.043 0.127 0.170 0.002 0.002 - - - - - - - 0.006 - -
Cu2+ 0.009 0.012 0.032 0.012 0.005 0.008 - - - - - - 0.008 0.004 - -
Co2+ 0.026 0.069 0.006 0.029 0.004 0.004 - - - - - - - - - 0.001
Zn2+ 0.009 0.007 0.013 0.007 0.003 0.005 - - - 0.001 - - 0.001 0.001 - 0.002
Pb2+ 0.006 0.003 - - - 0.001 - - - - - - - - - -
As3+ 0.001 0.001 0.001 - - 0.001 - - - - 0.001 - - 0.002 - -
Tl3+ - - - - - - - - - - - - - - - 0.001
S6+ 0.050 0.079 0.009 0.008 0.003 0.009 0.002 - - 0.004 0.001 - 0.139 0.003 - 0.023
Cl− 0.092 0.097 0.012 0.012 0.006 0.027 0.011 0.013 0.009 0.007 0.011 0.016 0.004 0.012 - 0.003
F− - - - - - - - - - - - - 0.326 - - -

H2O− =
(O,OH) 1.722 2.004 0.982 1.088 0.865 0.813 - - - - - - 0.949 1.372 1.235 1.445

Cr3+ - - - - - - 0.001 - 0.006 - 0.003 - - 0.001 0.001 -
V5+ - - - - - - - - - - - - - - - -
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Table A1. Cont.

Mineral
Group Vernadite Asbolane Feroxyhyte

Ferrihydrite Phyllosilicates Phosphates Zeolites

Subtype Fe-(Mn)
1

Mn-(Fe)
2

Ni-Cu-
(Co) 3

Ni-Co-
(Cu) 4 - Ti-rich 5 Glauconite Fe-smectite Nontronite Saponite Celadonite Fe-chlorite Ca-

hydroxyapatite
K-

phillipsite
Na-

chabazite
Na-heulandite

Na-klinoptiloite

Number of
EPMA

Analyses
n = 8 n = 56 n = 27 n = 9 n = 11 N = 8 N = 12 N = 6 N = 2 N = 8 N = 4 N = 2 N = 11 N = 4 N = 3 N = 1

Y3+ - - - - - - 0.001 - - - - - 0.012 0.001 - -
La3+ - - - - - - - - - - - - 0.005 - - -
Ce3+ - - - - - - - - - - - - 0.001 - - -
Pr3+ - - - - - - - - - - - - - - - -
Nd3+ - - - - - - - - - - - - 0.004 - - -
Sm3+ - - - - - - - - - - - - 0.001 - - -
Gd3+ - - - - - - - - - - - - 0.001 - - -
Tb3+ - - - - - - - - - - - - - - - -
Dy3+ - - - - - - - - - - - - - - - -
Ho3+ - - - - - - - - - - - - - - - -
Er3+ - - - - - - - - - - - - - - - -
Tm3+ - - - - - - - - - - - - - - - -
Yb3+ - - - - - - - - - - - - - - - -
Lu3+ - - - - - - - - - - - - - - - -
Eu3+ - - - - - - - - - - - - - - - -
Hf4+ - - - - - - - - - - - - - - - -

∑REE3+ - - - - - - 0.001 - - - - - 0.024 0.001 - -
U4+ - - - - - - - - - - - - - - - -
Th4+ - - - - - - - - - - - - - - - -
∑ion 6 6 3 3 3 3 7 6.5 6.5 7 7 6 9 10 7 10

No oxyg. at. 8 8 4 4 4 4 12 19.5 21.5 20.5 12 12 13 22 18 24
1 Iron dominated; Mn/Fe < 1.0. 2 Manganese dominated; Mn/Fe >1.0. 3 Copper dominated; Co/Cu < 1.0. 4 Cobalt dominated; Co/Cu > 1.0. 5 Titanium rich; Ti >1.0 [wt. %]. * Fe3+

calculated from the stoichiometry. ** Mn4+ calculated for the structural formula of vernadite.
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Appendix B

Table A2. The mean calculated empirical formulas of DHR Co-rich crusts minerals (basing on the
EPMA data).

Basalt Substrate

Feldspars

Bytownite
(Ca0.463 K0.321 Na0.188 Mg0.012 Ti0.001) ∑ = 0.985 (Si2.552 Al1.437 Fe0.026 Cr0.001) ∑ = 4.016 O8

Labradorite
(Ca0.490 Na0.470 K0.021 Mg0.007 Ti0.003 Y0.001) ∑ = 0.992 (Si2.500 Al1.462 Fe0.046) ∑ = 4.008 O8

Albite
[Cl−0.002] (Na0.754 Ca0.021 K0.021 Mn0.019 Ti0.003 Mg0.003) ∑ = 0.800 (Si3.092 Al1.061 Fe0.027) ∑ = 4.18 O8

Orthoclase (or sanidyne)
[Cl−0.001] (K0.943 Na0.004 Ca0.001 Ti0.001 Mn0.002) ∑ = 0.951 (Si3.046 Al0.996 Fe0.004 Cr0.004) ∑ = 4.05 O8

Pyroxenes

Diopside
[Cl−0.001] (Ca0.766 Fe2+

0.188 Mg0.030 Na0.016) ∑=1.000 (Mg0.895 Al0.055 Ti0.019 Cr0.019 Mn0.011) ∑ = 1.000 (Si1.927 Al0.073) ∑ = 2.000 O6

Augite
[Cl−0.003] (Ca0.356 Na0.301 Fe2+

0.221 K0.068 Mg0.027 Mn0.015) ∑ = 0.988 (Al0.469 Mg0.416 Fe2+
0.103 Ti0.012) ∑=1.000 (Si1.949 Al0.051)

∑ = 2.000 O6

Ferrosilite
[Cl−0.008] (Mg0.247 Fe2+

0.205 K0.183 Ti0.079 Na0.039 Ca0.021 Mn0.008) ∑ = 0.782 (Al0.721 Fe2+
0.279) ∑ = 1.000 (Si2.210) ∑ = 2.210 O6

Other

Pseudobrookite
(Fe3+

1.212 Fe2+
0.687 Al0.043 Mg0.040 Mn0.013 Ba0.006 Zn0.005 Si0.003 Na0.003 Ca0.003 Co0.003 K0.002 Ni0.002 Cu0.001 Tl0.001) ∑ = 2.067

(Ti0.667 Fe3+
0.333) ∑ = 1.000 O5

Mg-chromite
(Mg0.538 Fe2+

0.464 Ti0.017 Mn0.007 Ca0.005 Zn0.002 Ni0.002 Co0.001) ∑ = 1.036 (Cr1.012 Al0.770 Fe3+
0.175 V0.004 Si0.002) ∑=1.963 O4

Zircon
(Zr0.941 REE3+

0.054 Fe3+
0.019 Hf0.008 Ti0.004) ∑ = 1.026 Si0.975 O4

Basalt Substrate—Crust Transition Zone

Phosphates

Ca-hydroxyfluorapatite (CFA)
(Ca4.656 Na0.125 Fe0.081 Mg0.052 K0.026 REE3+

0.024 Ti0.020 Cu0.008 Mn0.004 Sr0.002 Zn0.001) ∑ = 4.999 [(PO4)2.221 (CO3)0.093
(SiO2 0.235 Al2O3 0.127) (SO3)0.139] ∑ = 2.815 [(OH)0.949 F0.326 Cl0.004] ∑ = 1.279

Zeolites

Na-chabazite
[OH−1.235] ∑=1.235 (Na1.130 K0.333 Ca0.030 Fe2+

0.020 Mg0.012 Mn0.004 Ti0.003 Cr0.001) ∑ = 1.533 (Al1.225 Si3.007) ∑ = 4.232 O11.5
× 6.5 H2O

Ca-heulandite (or Ca-klinoptilolite)
[Cl− 0.003 OH−1.445] ∑ = 1.448 (Ca0.876 K0.271 Na0.231 Mg0.079 Ba0.001) ∑ = 1.458 (Si4.785 Al1.932 P0.285 Fe0.053 S0.023 Ti0.011 Zn0.002

Co0.001 Tl0.001) ∑ = 7.093 O17.5
× 4.5 H2O

K-phillipsite
[Cl−0.012 OH−1.372] ∑ = 1.384 (Fe0.562 Mg0.404 K0.368 Ca0.196 Na0.176 Mn0.061 Ni0.006 Cu0.004 S0.003 As0.002 Zn0.001 Cr0.001 P0.001

Y0.001) ∑ = 1.786 (Si4.713 Al1.831) ∑ = 6.544 O16 × 6.0 H2O
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Table A2. Cont.

Phyllosilicates

Glauconite
[Cl−0.011] (K0.467 Mg0.367 Ca0.042 Na0.111) ∑ = 0.987 (Fe3+

0.318 Mg0.116 Fe2+
0.981 Al0.563 Ti0.013 Mn0.005 S0.002 Cr0.001 Y0.001)

∑ = 2.000 (Si3.803 Al0.197) ∑ = 4.000 O10 (OH)2

Nontronite
[Cl−0.009] Ca0.026 Fe2+

0.534 (Fe3+
0.909 Mg0.570 K0.398 Al0.262 Na0.100 Cr0.006 Mn0.001) ∑ = 2.246 (Si3.685 Al0.262) ∑ = 3.947 O10 (OH)2

× 9.5 H2O

Fe-smectite
[Cl−0.013] (Ca0.046 Na0.122) ∑ = 0.168 (Al0.690 Mg0.440 Fe0.834 Ti0.049 Mn0.005 Cr0.003) ∑ = 2.021 (Si3.572 Al0.428) ∑ = 4.000 O10 (OH)2

× 7.5 H2O

Saponite
[Cl−0.007] (Ca0.025 Na0.083 K0.488) ∑ = 0.596 (Mg0.447 Fe2+

0.566
Fe3+

1.105 Al0.257 Ti0.009 Mn0.007 Zn0.001 S0.004) ∑=2.396 (Si3.763
Al0.237) ∑ = 4:00 O10 (OH)2 × 8.5 H2O

Celadonite
[Cl−0.011] (Mg0.475 K0.384 Na0.109 Ca0.020) ∑ = 0.988 (Mg0.062 Fe3+

0.491 Fe2+
0.427 Ti0.014 Cr0.003 Mn0.001 S0.001 As0.001) ∑ = 1.000

(Fe3+
0.600 Al0.400) ∑ = 1.000

(Si3.946 Al0.054) ∑ = 4.000 O10 (OH)2

Fe-chlorite
[Cl−0.016] (Fe2+

1.549 Mg0.410 Na0.097 Mn0.048 Ca0.019 K0.003) ∑ = 2.126 (Fe3+
0.877 Al0.569 Si0.384 Ti0.027) ∑ = 1.857 Si2.000 O9.800

(OH)3.200

Fe-Mn Crusts Zone

Fe-Mn oxyhydroxides

Fe-(Mn) Vernadite
[Cl−] ∑ = 0.092 (Mn4+

1.715 Si0.791 Ti0.232) ∑ = 2.738 (Na0.127 K0.028) ∑ = 0.155 (Ca0.214 Mg0.156 Sr0.079 Co0.026 Ni0.018 Ba0.015 Cu0.009
Zn0.009 Pb0.006) ∑ = 0.532

(Fe3+
2.416 Al0.230 As0.001) ∑ = 2.647 (P0.063 S6+

0.050) ∑ = 0.113 × 1.72 H2O

Mn-(Fe) Vernadite
[Cl−] ∑ = 0.097 (Mn4+

2.662 Si0.376 Ti0.114) ∑ = 3.052 (Na0.157 K0.033) ∑ = 0.190 (Ca0.325 Mg0.197 Sr0.042 Co0.069 Ni0.043 Ba0.008 Cu0.012
Zn0.007 Pb0.003) ∑ = 0.706

(Fe3+
1.586 Al0.133 As0.001) ∑ = 1.720 (P0.037 S6+

0.079) ∑ = 0.116 × 2.00 H2O

Ni-Cu-(Co) Asbolane
[Cl−0.012 S6+

0.009 P0.005] ∑ = 0.026 (Mg0.410 Ni0.127 Ca0.067 Cu0.032 Zn0.013 Sr0.008 Co0.006 Ba0.003) ∑ = 0.666 (Mn2+
1.857 Al0.183

Fe3+
0.067 Si0.061 Ti0.012 As0.001) ∑ = 2.181 (Na0.097 K0.050) ∑ = 0.147 × 0.98 H2O

Ni-Co-(Cu) Asbolane
[Cl−0.012 S6+

0.008 P0.006] ∑ = 0.026 (Mg0.308 Ni0.170 Ca0.095 Co0.029 Cu0.012 Sr0.008 Zn0.007 Ba0.003) ∑ = 0.632 (Mn2+
1.779 Al0.126

Fe3+
0.095 Si0.043 Ti0.020) ∑ = 2.063

(Na0.151 K0.038) ∑ = 0.189 × 1.09 H2O

* Feroxyhyte | Ferrihydrite nFe2O3 × nH2O
[Cl−0.006] ∑ = 0.006 (Fe3+

2.349 Si0.534 Al0.088 Mg0.082 P0.017 Na0.012 K0.011 Ca0.011 Cu0.005 Co0.004 Ti0.004 Mn0.003 Zn0.003 S0.003
Ni0.002) ∑ = 3.128 × 0.87 H2O

* (Ti)-Feroxyhyte | (Ti)-Ferrihydrite nFe2O3 × nH2O
[Cl−0.027] ∑ = 0.027 (Fe3+

1.928 Si4+
0.514 Ti0.267 Al0.168 Mg0.098 Ca0.053 P0.043 Na0.022 Sr0.018 K0.014 S0.009 Cu0.008 Zn0.005 Co0.004
Ba0.004 Mn0.003 Ni0.002 Pb0.001 As0.001) ∑ = 3.162 × 0.81 H2O

* Empirical formulas of feroxyhyte and ferrihydrite, due to lack of structural data, were calculated using generalized
nFe2O3 × nH2O.
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