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ARTICLE INFO ABSTRACT

Geochemistry of cobalt-rich ferromanganese crusts from the as-yet-unexplored Dirck Hartog Ridge (DHR), a
linear bathymetric feature of poorly understood origin, located in the centre of the Perth Abyssal Plain (PAP), is
described for the first time, based on 3 samples analyzed with XRF, ICP-MS and EPMA. Mean bulk concentrations
of Fe and Mn were 20.8 and 18.4 wt%, respectively; individual crust layers, however, proved chemically vari-
able. The mean concentration of metals of the highest economic potential (Cu + Ni + Co) was 0.69 wt%. The
mean total rare earth elements (REE) and yttrium (XREY) contents in the samples (1908 mg/kg) proved mod-
erate. The crusts showed strong positive Ce anomalies, negative Y anomalies and a low Ysn/Hosy ratio (mean
0.56). Observations on the texture and chemical composition of the crust samples studied allowed us to dis-
tinguish two major and two subtypes of representative colloform structures built of laminae. The Type I col-
loform structures showed the Mn/Fe ratio to range from 0.86 to 5.69, the ranges in Type II colloform structures
being 0.49-2.47 (Subtype II-1) and 6.91-221.42 (Subtype II-2). The Subtype II-2 colloform structures were
enriched in Ni (up to 7.31 wt%). The Co and Cu concentrations showed a high variability, 0.03-1.64 and
0.03-0.22 wt%, respectively. According to the current genetic models and discrimination diagrams, the crusts
studied were classified as hydrogenetic, although individual laminae and groups of laminae could be regarded as
diagenetic or hydrothermal.
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1. Introduction

Marine ferromanganese (Fe-Mn) deposits (including polymetallic
nodules and cobalt-rich crusts as the major types) have been, on ac-
count of their commercial potential, attracting wide interest for about
40 years (e.g. Shnyukov et al., 1979, Glasby et al., 1982; Halbach et al.,
1988, Kotliniski, 1999; Cronan, 2000; Hein and Koschinsky, 2014). Most
of the economic research and exploration effort so far has been ad-
dressing polymetallic nodules and cobalt-rich ferromanganese crusts
(e.g. Hein, 2000; Hein et al., 2015; Kotlinski et al., 2015; Petersen et al.,
2016).

Within the recent years, however, cobalt-rich Fe-Mn crusts have
appeared in the focus as another promising source of important metals
and minerals (Hein et al., 2013; Marino et al., 2017). Identification of
the resource’s potential calls for detailed geochemical studies which,

* Corresponding author.

using e.g. the Mn-Fe and Ni-Co-Cu ratios, make it possible to, inter alia,
infer the origin of the deposit’s formation (hydrogenetic, diagenetic or
hydrothermal) (Bonatti et al., 1972). In the recent years, the range of
geochemical assays used for the purpose of identifying the deposit’s
origin has been augmented by discrimination diagrams based on rare
earth elements (REE) and rare earth yttrium (REY) (Bau et al., 2014); in
addition, the use of high field strength elements (HFSE) (Josso et al.,
2017) has been proposed as well.

Most data on the distribution and resource potential of cobalt-rich
Fe-Mn crusts have been collected from the Pacific (e.g. Hein et al,,
2013, Hein and Koschinsky, 2014, Novikov et al., 2017), particularly
from the Pacific Crust Zone (PPCZ). The PPCZ (or the Pacific Crust
Zone, PCZ) is a seamount-rich region in the central and western
equatorial Pacific, extending from the equator to 20°N (Hein et al.,
2013). These seamounts are the biggest and the oldest in the global
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ocean, their size and age acting in favour of the occurrence of thick
crusts.

There is still not enough geochemical data available in the global
data base and little is known about the abundance of the crusts in most
areas of the ocean (Petersen et al., 2016). That is why studies like ours —
not restricted to the Exclusive Economic Zones (EEZ) and International
Seabed Authority (ISA) contracts generate an opportunity to comple-
ment knowledge on the geochemical nature and origin of Fe-Mn crusts.
A comparison of data from different areas of the global ocean provides
valuable insights into the variability of elemental concentrations in the
Fe-Mn crusts.

Geochemical studies on the Pacific crusts revealed for instance that
the chemical composition of crusts from the Shatsky Rise (SR, middle
northern latitudes) was significantly different from that characterizing
crusts from other regions of the Pacific (Hein et al., 2012). The SR crusts
(collected mostly from depths larger than 3000 m) were high in Cu, Li
and Th, and low in Co, Te and T1, compared to the earlier studied crusts
from the northwest-equatorial Pacific (Hein et al., 2000). Further, the
SR crusts are strongly enriched in Th (152 ppm, with a mean of
56 ppm), compared to crusts from the equatorial Pacific. Detailed
geochemical assays of individual layers of crusts from the Magellan
Seamounts revealed Co, Ni, Cu and REE cations to be irregularly dis-
tributed in the crusts, which suggests that metal supplies to the deposits
varied through time (Novikov et al., 2017).

As the interest in Fe-Mn crusts as a potential resource is growing,
new locations are being explored (e.g. Konstantinova et al., 2017,
Zhong et al., 2017), including those in the Indian Ocean. There, Fe-Mn
crusts have been found in the Central Indian Ocean Basin (Jauhari and
Pattan, 2000), on isolated seamounts such as the Afanasiy-Nikitin
Seamount (Banakar et al., 2007) and on the Ninetyeast Ridge (Hein
et al., 2016). Some of the crusts collected from the latter showed high
concentrations of Co (0.91 wt%), Ni (0.43 wt%) and ZREY (0.33 wt%)
as well as the highest contents of Pt (1.5 ppm), Ru (52 ppb) and Rh
(99 ppb) found so far in marine Fe-Mn deposits.

Recently, crust deposits have been located in the Perth Abyssal Plain
(PAP; E Indian Ocean; Fig. 1). As there is a growing interest in Fe-Mn
marine deposits world wide, comparative geochemical studies with
crust discovered in different locations are especially important for un-
derstanding regional mechanisms underlying their formation and re-
source potential. The deposits described in this paper were sampled
with the aim to perform detailed geochemical analyses, the results of
which are reported in this paper. Those analyses provided grounds for
making inferences, presented in the paper, as to the origin of the DHR
crusts.

2. Area of study

The Perth Abyssal Plain (PAP) extends west of SW Australia; it was
formed about 136 Ma when the seafloor between India, Australia and
Antarctica was spreading and continents were drifting apart (Gibbons
et al., 2012). It is flanked to the west by the Batavia Rise and Gulden
Draak Knoll, associated with the northern Naturaliste Plateau and the
western Bruce Rise, respectively (Whittaker et al., 2013), the eastern
border being the continental rise of the Western Australian Shelf. To the
north, PAP is bounded by the Zenith and the Cuvier Plateaux, the
southern, more complex, boundary being built by the Broken Ridge and
the Naturaliste Plateau separated by the Naturaliste Fracture Zone,
Gonneville Triangle and the southernmost Diamantina Fracture Zone.

PAP is divided into the western and eastern parts by the Dirck
Hartog Ridge (DHR), a linear feature more than 600km long and
trending NNE-SSW (~ 18°E), built by a group of irregular ridges rising
to ~2000m above the surrounding ocean floor. The wide (~50km
across) southern part of DHR deepens to a depth of 2800 m. The
northern part, shaped like an elongated asymmetric mound, features
shallower depths (~2200m) and is about 30 km wide.

DHR is built of both intrusive and extrusive mafic igneous rocks
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represented by alkali basalt in the northernmost and central parts as
well as dolerite and gabbroic rocks in the south (Watson et al., 2016).
Until recently, the DHR origin had been unclear. At present, it is in-
terpreted to be an extinct spreading centre (Gibbons et al., 2012;
Williams et al., 2013a) or a pseudofault (Mihut and Miiller, 1998). The
most recent research, however, indicates that the feature might be a
volcano tectonic seamount chain associated with the Kerguelen plume
(Watson et al., 2016).

The Eastern and Western PAP differ substantially in the bottom
morphology. The Eastern PAP is characterized by a relatively smooth
abyssal seafloor at a depth of 5000-5500 m, the Western PAP showing
the presence of an ENE-WSW trending elongated ridge ~270km in
length. This ridge is orthogonal to DHS and surrounded by a number of
variously oriented mounds (Watson et al., 2016).

The PAP sediment cover is relatively thin. As shown by the Deep Sea
Drilling Program data from Sites 257 and 259, the basaltic basement is
situated 262 m and 304 m below the seafloor (b.s.f.), respectively. Site
257 is located northeast of the Naturaliste Plateau, at a depth of
5278 m, whereas Site 259, 4712 m deep, is situated more to the west.
The Site 257 sediment consists mainly of Cretaceous (Albian) to
Quaternary brown detrital clay with a section of coccolith clay between
199 and 247 m b.s.f. Site 259 sediments are dated to the Aptian to
Quaternary and represent green-gray clay, zeolitic clay, brown clay and
oozes (Deep Sea Drilling Project, 1989).

PAP remains under the influence of two major water masses: the
Western Australian Current (WAC), bringing cold water from high la-
titudes to the north, and the Leeuwin Current (LC), a south-flowing
current carrying warm, low-salinity water from the tropics and high-
salinity water from the subtropics along the western Australian coast
(Cresswell and Golding, 1980; Richardson et al., 2005). LC is globally
unique in being the only poleward-flowing eastern boundary current
(comparable to the cold Benguela and Humboldt currents off the west
coasts of Africa and South America, respectively). LC and its antic-
yclonic eddies affect the water column down to at least 1000 m and are
low in nutrients and oxygen. Although this current system is observed
most of the year, analysis of satellite-derived sea surface temperature
images shows the strongest flows to occur between March and April
(Cresswell and Peterson, 1993).

PAP, as a part of the Perth Basin, lies in the path of the Antarctic
Bottom Water (AABW) and the Lower Circumpolar Deep Water (LCDW)
flowing north into the Central Indian Basin through numerous deep sills
in the Ninetyeast Ridge (Srinivasan et al., 2009). A southward return
flow (between 2000 and 4000m) of oxygen-poor and nutrient-en-
hanced water of the Indian Deep Water (IDW) overlays the northward
flow of AABW and LCDW. As shown by current meter records at the
southern opening of the Perth Basin between the Broken Ridge and the
Naturaliste Plateau, the net northward transport is the strongest at the
basin's western boundaries, the southward currents being at their
strongest at the eastern boundaries. The transport in the middle of the
basin is significantly weaker. The net northward transport below
y' > 28.1kg m ™3 (=3200 m) into the basin is between 4.4 and 5.8 Sv
(LCDW 2.4 to 3.3 Sv and AABW 2.0 to 2.5Sv) (Sloyan, 2006).

The water column salinity at 32°S varies between 35.5 PSU at the
surface and 34.71 PSU at 4500 m. The sea surface temperatures in the
northern and southern parts of PAP range from 18 °C in winter to 26 °C
in summer, and from 15 °C in winter to 20 °C in summer, respectively.
The temperature decreases with depth to 2.5 °C at 1500 m and 0.5 °C at
4500 m (Richardson et al., 2005; Sloyan, 2006; Cresswell and
Domingues, 2009).

3. Materials and methods
3.1. Sample collection and processing

Fe-Mn crust samples from DHR-6 (sampling site #6 in the dredge
log and in Fig. 1) were obtained in 2011, during cruise S52011/06 of
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Fig. 1. Location of the sampling site on the Dirck Hartog Ridge visited during cruise S$52011/06. Bathymetry is based on GEBCO 2014 data. Names of the undersea
features follow GEBCO Gazetteer (IHO-IOC, 2006).

(a) (b)

Fig. 2. Fe-Mn crusts from the Dirck Hartog Ridge, described in this paper. Red rectangles show crust fragments to be analyzed by XRF, ICP-MS and XRD
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Chemical composition of bulk Fe-Mn crust samples from the Dirck Hartog Ridge, as determined by XRF and ICP-MS. ICP-MS: expanded uncertainty of the results:
25%, P = 95%, coverage factor k = 2. XRF precision accuracy (standard deviation) was determined after 24 experimental measurements (each measurement taking

8 min).
Element DR6-9 DR6-10 DR6-10/1 DR6-10/4 DR6-11/1 DR6-11/3 Mean Standard deviation
Fe wt% 20.2 20.7 25.3 24.3 11.4 23.2 20.8 0.07
Mn 15.7 20.9 20.7 23.1 129 17.2 18.4 0.06
Mn/Fe 0.8 1.0 0.8 0.9 1.1 0.7 0.9
Si 8.05 5.17 2.55 2.28 9.21 5.36 5.44 0.08
Al 1.42 1.00 0.86 0.70 3.78 1.66 1.57 0.02
Mg 0.53 0.55 0.58 0.56 0.82 0.54 0.60 0.01
K 0.44 0.36 0.28 0.29 1.76 0.54 0.61 0.01
Ca 1.51 1.83 1.83 2.05 1.44 1.68 1.72 0.01
Na 0.40 0.36 0.29 0.36 1.07 0.44 0.49 0.06
P 0.14 0.17 0.21 0.22 0.10 0.16 0.17 0.001
Ti 0.66 0.81 1.57 1.33 0.94 1.43 1.12 0.01
S 0.14 0.17 0.17 0.19 0.10 0.15 0.15 0.002
Ag mg/kg 1.9 4.1 1.2 3.1 1.4 3.2 2.5
As 169 263 182 221 145 139 186
Ba 1210 1830 1240 1660 1660 1490 1515
Be 5.2 7.9 5.6 7.3 6.9 5.8 6.5
cd 3.2 4.6 3.2 3.7 2.8 29 3.4
Co 3500 3390 3780 3350 2490 2330 3140
Cr 9 63 9 19 6 10 19
Cu 1270 1670 1180 1140 1050 1130 1240
Li 7 9 6 5 41 52 20
Mo 316 398 341 432 264 243 332
Ni 2570 2550 2530 2440 2430 2780 2550
Pb 932 1690 976 1140 915 883 1089
Rb 9 10 9 7 22 27 14
Sb 35 82 29 52 35 35 45
Sr 1020 1340 1100 1290 981 873 1100
Th 31 22 31 24 11 10 22
Tl 108 129 123 121 76 80 106
U 7.5 10.5 8.3 9.7 6.8 5.9 8.1
A% 507 652 530 639 506 478 552
Zn 638 1040 593 724 689 667 725
La 158 215 171 234 126 113 169
Ce 1310 1300 1310 1410 1470 1350 1358
Pr 32.9 46.1 35.0 49.0 24.4 21.5 34.8
Nd 128 183 137 193 93 83 136
Sm 27.1 38.3 29.3 40.6 18.1 16.7 28.3
Eu 6.5 9.2 7 9.6 4.4 4 6.8
Gd 29.5 40.7 31.6 43.5 20.3 19.0 30.8
Tb 4.2 5.9 4.5 6.2 2.9 2.5 4.4
Dy 24.5 34.4 26.3 36.3 17.3 14.8 25.6
Y 79 97 82 105 53 48 77
Ho 4.86 6.84 5.29 7.24 3.47 3.00 5.12
Er 13.7 18.9 14.9 20.3 9.6 8.6 14.3
Tm 2.0 2.6 2.1 2.8 1.3 1.1 2.0
Yb 12.5 15.8 12.9 16.8 8.2 7.1 12.2
Lu 1.90 2.39 1.96 2.55 1.25 1.08 1.9
Sc 7 9 7 8 7 7 8
>REY 1835 2017 1871 2177 1854 1694 1908
>LREE 1662 1792 1689 1936 1736 1588 1734
XHREE 172 225 182 241 117 106 174
LREE/HREE 0.83 0.89 0.84 0.89 0.93 0.95 0.89
Cesn/Cesn 4.19 3.01 3.90 3.03 6.09 6.29 4.42
Eu,, 1.07 1.09 1.07 1.07 1.07 1.04 1.07
Ysn/Hogn 0.60 0.52 0.57 0.53 0.56 0.59 0.56

* XRF precision accuracy.

RV Southern Surveyor (operated by the Australian Marine National Fa-
cility), intended to collect new magnetic and swath bathymetry data
and dredge rock samples from across PAP. The dredging was conducted
along a 3-km long swath in the central part of the Dirck Hartog Ridge
(coordinates of the dredging start and end: —29°41.828; 105°31.358
and —29°42.990; 105°29.871, respectively), covering the depth range
of 2680-3345 m. The total weight of the 13 dredge samples obtained
was about 30 kg. A number of samples showed the presence of a crust
up to 45 mm thick (Fig. 2A-B). Prior to this study, only the substrate
rocks were comprehensively described, the description showing the
substrate rocks to be represented by amygdaloidal basalts with well-
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developed Mn-oxide cemented tallus, altered basalts with microscopic
vesicles filled with multiple fluid rims as well as strongly altered tallus
clast. In addition, a small amount of ooze was collected in the dredge
(Williams, 2011; Williams et al., 2013a,b; Whittaker et al., 2013;
Watson et al., 2016).

In 2015, three DHR-6 samples (denoted DR6-9, DR6-10, DR6-11)
were shipped to the laboratory of the Faculty of Geosciences, University
of Szczecin, Poland for geochemical analyses. Representative sections of
the crust and substrate rock were selected for the assays (Fig. 2C-D).
Some sections were powdered by grinding in an agate mortar and the
material was divided into three parts intended for energy dispersive X-
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Fig 3. Post-Archean Australian Shale (PAAS)-normalized REE distribution in Fe-Mn crusts from the Dirck Hartog Ridge (PAAS according to Taylor and McLennan,

1985).

Table 2

Representative EPMA data (wt%) for Type I colloform structures (see Discussion); b.d.l., below detection limit. Since all As and Tl concentrations were below the

EPMA detection limit, they are not shown.

No K Si Al Cl Ba Ca Fe Mn Ti P Co Ni Cu Zn Sr S Pb Na Mg Mn/Fe
1 0.21 367 095 075 042 190 26.39 2270 255 044 038 0.26 014 017 bdl 020 bdl 062 040 0.86
2 0.07 278 078 0.42 032 230 2049 2141 111 035 0.67 031 015 bdl bdl 023 038 049 1.00 1.05
3 0.39 052 159 029 015 157 6.32 36.26 0.38 0.13 043 3.03 037 bdl bdl 025 bdl 082 090 5.73
4 0.10 0.66 258 0.20 b.dl 1.44 6.02 3584 0.20 0.12 0.23 320 075 0.15 bdl 0.09 011 062 517 5.96
5 0.27 1.73 063 1.13 015 253 16.21 33.06 0.73 0.28 0.85 0.57 0.17 bdl bdl 025 bdl 040 094 204
6 0.23 349 093 087 050 1.81 26.17 2250 224 045 032 019 012 014 b.dl 024 bdl 099 0.82 0.86
7 0.36 1.40 058 039 020 3.17 1522 3382 0.88 0.27 1.44 0.65 0.13 011 0.13 023 0.23 084 125 222
8 0.19 271 064 041 0.16 289 1867 21.20 267 138 1.04 0.23 012 0.12 bdl 033 012 093 128 1.14
9 0.16 1.73 070 0.29 0.18 2389 1846 3290 1.02 033 157 042 018 019 bdl 014 014 053 094 1.78
10 0.28 1.62 038 085 030 274 1837 30.04 119 025 110 0.29 bdl bdl bdl 027 bdl 052 090 1.64
11 0.25 1.42 035 0.77 024 268 1564 3092 111 0.21 1.09 043 0.12 042 b.dl bdl bdl 1.32 355 1.98
12 032 135 058 038 020 3.01 1519 3594 098 0.29 130 0.72 019 024 b.dl bdl bdl 157 393 237
13 0.08 1.77 0.68 097 0.16 294 1469 3292 080 024 129 0.60 0.12 bdl bdl 034 bdl 084 146 224
14 0.28 225 079 051 038 232 19.22 2662 180 0.34 0.57 043 015 0.18 bdl 025 0.13 059 0.82 1.39
15 029 1.89 069 1.09 016 276 1696 3256 0.69 030 1.00 0.57 016 011 b.dl 032 bdl 1.02 1.04 1.92
16 036 1.75 072 059 0.12 311 1517 3439 069 026 091 079 020 0.15 bdl 031 bdl 119 1.20 227
17 0.34 1.64 069 058 0.15 312 1395 3418 0.65 0.24 0.68 0.81 019 0.15 bdl 030 bdl 1.00 1.13 245
18 0.25 258 0.68 0.83 024 250 2240 27.07 183 042 041 044 013 bdl bdl 034 bdl 116 1.10 1.21
19 0.30 1.08 0.27 067 031 257 1057 31.06 114 0.12 0.64 0.68 0.13 bdl bdl 035 bdl 084 091 294
20 0.28 1.48 0.28 1.04 019 229 17.08 2578 093 024 0.75 036 0.06 bdl bdl 030 bdl 040 056 1.51
Mean 0.25 1.88 0.77 065 0.24 253 16.66 30.06 1.18 0.33 0.83 075 019 0.18 x 0.26 0.19 0.83 1.47 218
Standard deviation 0.09 0.81 050 0.28 010 0.50 5.13 4.97 0.67 0.26 0.38 0.81 0.15 0.08 x 0.07 0.10 0.31 1.21 1.34
Coeficient of variation 0.36 0.43 0.64 043 043 0.20 0.31 0.17 0.57 077 046 1.08 0.77 0.46 x 0.26 0.52 0.37 0.83 0.62
Detection limit 0.02 0.05 0.03 0.02 0.10 0.04 0.10 0.10 0.04 0.03 0.07 0.08 0.05 0.10 0.09 0.03 0.10 0.03 0.03

ray Fluorescence Spectrometry (XRF), Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) and XRD assays (mineralogical analyses, to be
described elsewhere; Maciag et al., in prep.). Grain mounts from an-
other group of sections were prepared for measurements in the electron
probe microanalysis (EPMA). The sections were cut, mounted in epoxy
resin and polished.

3.2. Geochemistry

XRF was carried out on powdered and press-pelleted samples to
determine contents of 10 major oxides as well as V, Ni, Cu, Zn, Sr, Y, Zr,
Nb, Mo, Ag, Ba, Nd and Pb. The analyses, following Brouwer (2010)
were conducted using a PANalytical Epsilon 3 spectrometer at the Fa-
culty of Chemical Technology and Engineering, West Pomeranian
University of Technology, Szczecin, Poland.

524

Minor and trace element (including REY) contents were determined
following Sindern (2017) after full acid digestion (HNOs, HF, HClO,
and Aqua Regia) by ICP-MS (ELAN DRC II, Perkin Elmer, USA) at the
Central Chemical Laboratory of the Polish Geological Institute — Na-
tional Research Institute (PGI-NRI), Warsaw, Poland. The ICP-MS data
were normalized to Post Archean Australian Shale (PAAS) (Taylor and
McLennan, 1985).

Back-scattered electron (BSE) images were obtained and composi-
tional analyses were conducted at the Laboratory of Critical Elements,
AGH University of Science and Technology, Cracow, Poland following
Spilde and Berlin (2006) using a JEOL SuperProbe JXA-8230 electron
probe microanalyzer (EPMA). EPMA was operated in the wavelength-
dispersion mode at accelerating voltage of 15kV, 20 nA probe current,
1 um diameter focused beam for ferromanganese oxides, 3-5 pum dia-
meter beam for apatite and aluminosilicates, counting times of 20 s at
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Representative EPMA data (wt%) for Subtype II-1 colloform structures (see Discussion); b.d.l., below detection limit. Since all As and TI concentrations were below

the EPMA detection limit, they are not shown.

No K Si Al Cl Ba Ca Fe Mn Ti P Co Ni Cu Zn Sr S Pb Na Mg Mn/Fe
1 0.10 3.41 1.28 035 022 175 21.37 2097 097 034 039 035 019 012 bdl 012 024 042 1.05 0.98
2 0.08 343 1.06 085 029 225 2328 2446 117 039 082 029 015 bdl bdl 025 038 0.38 1.01 1.05
3 0.08 358 1.14 094 029 228 2381 2388 120 038 081 026 016 b.dl bdl 023 035 044 0.87 1.00
4 0.58 516 236 037 014 192 1474 2532 057 028 041 080 0.17 015 bdl 017 bdl 060 1.33 1.72
5 0.44 257 181 030 022 193 1312 3235 051 026 089 151 045 0.13 bdl 018 bdl 0.70 221 247
6 0.26 238 131 036 019 251 1570 31.31 0.64 037 038 079 0.18 b.dl bdl 021 bdl 038 114 1.99
7 0.19 543 245 071 040 210 2649 1653 368 047 035 019 011 017 bdl bdl 013 039 0.72 0.62
8 0.27 266 096 084 027 223 2137 2733 085 039 032 043 0.18 bdl bdl 019 bdl 034 0.73 1.28
9 030 198 041 095 032 253 1735 2615 099 033 084 030 0.09 011 bdl 016 012 063 052 1.51
10 021 472 073 064 036 160 30.02 1747 128 038 0.15 020 0.09 b.dl bdl 021 bdl 054 056 0.58
11 021 4.82 096 056 054 1.47 3325 1637 124 041 021 018 0.12 011 bdl 025 0.16 0.80 0.92 0.49
12 050 479 1.13 051 027 137 21.29 1791 0.89 0.20 035 0.19 bdl 021 bdl 020 035 0.72 0.57 0.84
13 0.16 1.89 036 053 018 225 16.14 2161 115 026 045 019 010 0.12 010 0.18 035 0.64 0.61 1.34
14 0.18 249 049 049 028 217 1935 2046 129 031 036 022 bdl bdl bdl 010 bdl 058 052 1.06
15 0.09 490 146 083 065 1.61 29.05 1532 478 039 0.28 0.15 0.07 017 010 017 031 0.04 0.21 0.76
Mean 0.24 361 1.19 062 031 200 21.76 2250 141 0.34 047 040 0.16 014 x 0.19 0.27 051 0.86 1.18
Standard deviation 0.15 1.21 061 0.22 0.13 036 578 5.19 1.15 0.07 0.24 036 0.09 0.03 x 0.04 0.10 0.19 0.46 0.57
Coeficient of variation 0.61 0.33 0.51 0.35 0.43 0.18 0.27 0.23 0.81 0.20 0.51 0.88 0.58 0.23 x 0.22 037 0.37 0.53 0.45
Detection limit 0.02 0.05 0.03 0.02 0.10 0.04 0.10 0.10 0.04 0.03 0.07 0.08 0.05 010 0.09 0.03 0.10 0.03 0.03

Table 4

Representative EPMA data (wt%) for Subtype II-2 colloform structures (see Discussion); b.d.l., below detection limit. Since all As and Tl concentrations were below

the EPMA detection limit, they are not shown.

No K Si Al Cl Ba Ca Fe Mn Ti P Co Ni Cu Zn Sr S Pb Na Mg As Mn/Fe
1 1.78 b.dl 020 bdl 014 027 0.38 4743 029 bdl 095 1.98 019 014 b.dl bdl bdl 1.32 352 bdl 12375
2 1.04 435 236 037 030 165 483 3476 1.03 0.16 032 1.90 041 024 bdl 014 bdl 0.87 258 026 7.20
3 0.73 1.85 0.99 0.65 044 235 540 37.31 1.46 0.26 031 1.52 030 0.16 bdl 013 bdl 085 1.44 011 6.91
4 1.44 b.dl 057 007 016 0.99 0.30 4673 0.05 0.05 bdl 156 1.07 0.16 b.dl 0.13 b.dl 0.85 1.44 011 156.95
5 075 1.93 120 0.51 044 295 577 40.60 1.21 0.18 035 1.74 033 0.19 b.dl bdl bdl 019 284 bdl 7.04
6 0.11 b.dl 1.06 0.06 bdl 2.09 020 41.42 bdl bdl 060 675 037 022 bdl bdl bdl 246 214 b.dl 211.42
7 1.37 b.dl 062 010 029 1.00 0.43 4791 0.08 006 b.dl 1.34 095 039 bdl bdl bdl 050 454 b.dl 11246
8 0.13 b.dl 1.06 0.03 bdl 205 021 4056 b.dl bdl 164 636 028 015 b.dl bdl bdl 246 2.09 b.dl 189.05
9 0.07 b.dl 312 0.03 bdl 1.03 042 3561 bdl bdl 042 731 033 bdl bdl bdl bdl 1.45 445 b.dl 83.89
10 0.35 057 3.45 0.17 bdl 115 1.39 39.01 021 0.07 bdl 344 1.22 050 b.dl 006 bdl 066 565 0.13 28.05
11 0.55 0.53 3.17 0.23 018 1.33 1.90 40.25 025 0.12 0.18 3.53 0.92 0.57 bdl 0.09 bdl 087 510 007 21.18
12 0.35 0.65 285 0.2 bdl 1.21 1.16 40.00 0.18 0.08 021 361 1.00 0.13 bdl 029 011 1.19 1.02 b.dl 34.58
13 0.77 032 158 0.1 031 1.18 1.33 4546 039 0.05 0.17 3.04 068 0.17 010 0.7 031 021 076 b.dl 34.12
14 1.03 0.06 1.19 0.13 b.dl 1.05 0.34 4669 0.12 0.06 bdl 270 1.02 043 b.dl 004 bdl 0.83 591 bdl 139.33
15 1.56 0.11 0.30 0.03 0.49 053 0.75 47.80 0.14 b.dl 063 214 041 020 0.12 007 bdl 119 3.42 bdl 6391
Mean 080 1.15 1.58 0.19 0.31 1.39 1.65 42.10 0.45 0.11 053 3.26 0.63 0.26 x 012 021 1.06 3.13 0.14 81.32
Standard deviation 0.54 1.30 1.07 0.19 012 0.68 1.91 440 047 0.07 042 1.92 035 0.14 x 0.07 0.10 0.65 1.64 0.06 67.39
Coeficient of variation 0.67 1.13 0.68 0.99 0.40 0.49 1.6 010 1.04 061 079 0.59 0.55 054 x 0.57 0.48 0.61 052 0.48 0.83
Detection Limit 0.02 0.05 0.03 0.02 010 0.04 010 0.10 0.04 0.03 0.07 0.08 005 0.0 0.09 0.03 010 0.03 0.03 0.04

the peak and 10s against both positive (+) and negative (—) back- 4. Results

grounds. The data were corrected with the ZAF procedure using the
JEOL electron microprobe software.

Wavelength-Dispersive X-ray Spectroscopy (WDS) X-ray maps of
ferromanganese oxides were developed using a 15kV accelerating
voltage, 20 nA beam current, 15 ms dwell time, 0.5 um step size and a
focused beam.

To determine the growth rate of the DHR crusts, Manheim & Lane-
Bostwick “Cobalt chronometer” was applied (Manheim and Lane-
Bostwick, 1988). The calculated growth rates need to be considered as
maximum ones, as the method is not sensitive to hiatuses. The growth
rate (R) was calculated for the bulk samples from R = 6.8 X 107/
(Co™'” [mm/My], where: Co" = Co X 50/Fe + Mn.

3.3. Data processing

The data were processed by calculating basic statistical parameters
and Pearson correlation coefficients (StatSoft Statistica v. 8) to develop
a correlation matrix of elemental contents and concentrations. The
tertiary diagram was plotted using the Grapher v. 10 (Golden Software
Inc.).

4.1. Physical description

The analyzed crusts were from 2 to 45mm thick and showed a
large-scale botryoidal texture with fine-scale microbotryoidal texture at
the very surface, with only small (to 4-5mm) protrusions. The crusts
were massive, laminated and somewhat more porous in the surface
part, contacting tightly and uniformly with the substrate. As shown by
the chemical data and results of the XRD analysis, the main mineral
phases are represented by Fe-Mn oxyhydroxides (vernadite, asbolane,
feroxyhyte-ferrihydryte). The crust surfaces showed small fractures and
cavities, filled — as confirmed by subsequent analyses — with zeolites,
clay minerals and phosphates. Phosphate minerals were represented
mainly by amorphous (Ca)-hydroxy(fluoro)apatite and collophane,
mixed with clays (nontronite, saponite, celadonite, glauconite, Fe-
chlorites) and Fe-Mn oxyhydroxides, especially at the crust-substrate
border (the yellowish layer in Fig. 2C). (Maciag et al., in prep.). The
same material was also observed within the uppermost part of the
substrate rock. Inside, the crusts were mostly black or dark grayish, and
some showed thin layers and mottling of yellow-orange minerals
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Fig. 4. Cobalt-rich ferromanganese crusts in BSE images; A, B, Type I colloforms (sample DR6-10); C, bright laminae of Mn oxides, enriched in Ni in Type I colloform,
with outermost layers of Type II-2 colloform (light gray on the left hand side of the photo; sample DR6-11); D, Type I colloform overgrown by Type II-2 colloform

(sample DR6-11).

(Fig. 2B).

4.2. XRF and ICP-MS

As shown by the XRF and ICP-MS-determined concentrations of
major, minor and trace elements in each Fe-Mn crust sample (Table 1),
Fe and Mn varied from 11.4 to 25.3 wt% and from 12.9 to 23.1 wt%,
respectively. The average Mn/Fe ratio was 0.9. The combined content
of Cu + Ni + Co ranged from 0.62 to 0.76 wt%, with an average of
0.69 wt%. Since the crusts studied were slightly phosphatized, the
phosphorus concentration was low (< 0.22 wt%). The Zn + Pb content
ranged from 1550 to 2730 mg/kg, averaging 1814 mg/kg.

The mean Si, Al and K concentrations were 5.44, 1.57 and 0.61 wt%,
respectively; on the other hand, the crusts showed low mean con-
centration of Na (0.49 wt%) and Mg (0.60 wt%). The Ca concentration
varied from 1.44 to 2.05wt%, averaging 1.72wt%. The Ba content
ranged from 1210 to 1830 mg/kg (averaging 1515 mg/kg). The Ag
concentrations were unusually high for Fe-Mn crust, as they ranged
from 1.2 to 4.1 mg/kg, with an average of 2.5 mg/kg.

The total REY (XREY) contents ranged from 1694 to 2177 mg/kg
(averaging 1908 mg/kg). The metal most abundant amongst REY was
Ce, occurring with a mean content of 1358 mg/kg. The samples studied
showed strong positive Ce anomalies (Cegn/Cesy™ = 3.01-6.28) (where
Cesn* = 0.5Lagy + 0.5 Prgy) (Bau et al., 2014), clearly seen on the REE
distribution spider diagrams (Fig. 3). The samples exhibited also
slightly positive Eu anomalies (Eu,, = 1.04-1.09) and a Gd anomaly
which is common in crust (Hein et al., 2012) as well as some depletion
in LREE relative to HREE (0.83-0.95) [where LREEgy/HREEgy =
(LaSN + 2PrSN + NdSN)/(ErSN + TmSN + YbSN + LuSN) (Dubinin and
Sval’'nov, 2000)]. The samples analyzed displayed negative Y anoma-
lies.
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4.3. EPMA

The EPMA results showed individual types of laminae to be highly
variable in their chemical composition. The Mn and Fe concentrations
varied from 15.32 to 36.26 wt% and from 6.02 to 33.25 wt%, respec-
tively. The Mn/Fe ratio ranged from 0.86 to as high as 221.42. The Ni
concentrations ranged from 0.19 to 3.20 wt%. The Co and Cu con-
centrations were highly variable, the ranges being as wide as 0.03-1.64
and 0.03-1.22 wt%, respectively. The Mg concentrations were highly
variable as well (0.40-5.91 wt%). The Si, Al and K concentrations
changed from below the detection limit to 5.43, 0.20-3.45 and
0.07-1.78 wt%, respectively (Tables 2-4).

Observations on the texture and chemical composition of the crust
samples studied allowed us to distinguish two major and two subtypes
of representative colloform structures built of laminae. The Type I
colloform structures are characterized by high porosity and poorly
visible borders between the laminae (Fig. 4A-C), whereas the Type II
colloform structures are more condensed, the laminae being sharply
delineated (Fig. 4D).

4.3.1. Type I colloform structures

The Type I colloform structures are highly porous, variability of
their chemical composition being moderate; it was only Ni, Cu, P and
Mg contents that were substantially more variable. The laminae are
concentric and uniform (Fig. 4A-C). The Mn and Fe concentrations
range within 21.20-36.26 and 6.02-26.36 wt%, respectively. The Mn/
Fe ratio range is 0.86-5.69. The Ni, Co and Cu concentration ranges are
0.19-0.81, 0.23-1.57 and 0.06-0.75 wt%, respectively. Occasionally,
Type I colloforms feature thin (< 1 um) microlaminae of a higher re-
flexivity (Fig. 4C), enriched in Ni (up to 3.2 wt%) and Mg (up to 5.17 wt
%; Table 2).
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Fig. 5. X-ray maps and BSE images of Type II colloform; Sample DR6-11/1_A1. The dark layers poor in the elements discussed are aluminosilicates.

4.3.2. Type II colloform structures

The Type II colloform structures are characterized by a denser and
non-uniform texture, compared to Type I; however, the differences in
the contents of chemical components between the laminae are not so
distinctive as in Type I (Figs. 4D, 5). Based on the chemical composition
of the laminae, the Type II colloforms can be further subdivided into
subtypes. In Subtype II-1, the Mn/Fe ratio spans a range of 0.49-2.47,
with Mn and Fe contents ranging within 15.32-32.35 and
13.12-33.25 wt%, respectively. The contents of Ni, Co and Cu are as
high as < 1.51, < 0.89 and < 0.45 wt%, respectively (Table 3). Some
Fe-dominated laminae show high Ti contents (Table 3, Nos. 7, 15). The
Mn/Fe ratio in the Subtype II-2 is much higher (6.91-221.42) than in
the Type I and Subtype II-1, with higher concentrations of Ni (up to
7.31 wt%) and Mg (up to 5.65wt%) and low Fe concentrations aver-
aging 1.6 wt% (Table 4). The differences between the two colloform
subtypes are also reflected in the contents of alkali metals, phosphorus
and sulphur: the Subtype II-2 colloforms contain less Si, Ca and P and
more Mg, compared to Subtype II-1 (Tables 3 and 4).

4.4. Correlations

As shown by the correlation coefficient matrix (Table 5), Fe is
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negatively correlated with Mn, Ni, Cu, Zn, Al, Ca, K, Na, Mg, positive
correlation being revealed with P, Si and Ti. Mn is positively correlated
with Ni, Cu, Zn, Ca, K, Na, Mg, and negatively with P, Si and Ti. Cu, Ni
and Zn are positively correlated with each other and also with Al, K, Na
and Mg, whereas they correlate negatively with Cl, P, Pb, S and Si. Co
shows strong positive correlations with Ca and S and to some extent
with Cl and Na, a weak correlation being revealed with Mn and nega-
tive correlations with Al, As, Cu, Fe, Mg and Zn. Si is positively cor-
related with P and negatively with Ca, K, N, Na and Mg. Al shows ne-
gative correlations with Ba, Ca, Cl, P, Pb and S and positive correlations
with, As, Tl and Mg.

5. Discussion
5.1. Elements concentration comparisons with other regions

According to their macroscopic features and geochemical data
(Table 1), the samples examined can be classified as representing ty-
pical cobalt-rich Fe-Mn crusts. The DHR crusts studied showed higher
Fe concentrations, compared to those found in the deposits from the
Ninetyeast Ridge and the Pacific Prime Crust Zone (Fig. 6). Compared
to crusts from the Atlantic and other parts of the Indian Ocean, the Mn
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Matrix of correlation coefficients for EPMA-derived contents and concentrations of selected major and trace elements; all the significant (p < 0.05) correlations are

marked red; n = 127.

Si Al cl Ba Ca Fe Mn Ti P Co Ni Cu Zn K Sr S Pb Tl Na Mg As
Al 0.17
al -0.06 | -0.39
Ba 0.02 | -0.26 | 0.40
Ca -0.32 | -0.36| 0.70 | 0.15
Fe 0.59 | -0.25 | -0.02 | 0.18 | -0.38
Mn | -0.71 | 0.07 | 0.04 | -0.13 | 0.42 | -0.95
Ti 0.10 | -0.07 | 0.07 | 0.39 | -0.23 | 0.46 | -0.53
P 0.25]|-0.25| 040 | 0.31| 0.32| 0.46 | -0.44 | 0.32
Co |-0.22|-040| 042| 000| 0.75|-0.23 | 0.29 | -0.18 | 0.21
Ni -0.53 | 0.53| -045| -0.37 | -0.17 | -0.69 | 0.62 | -0.34 | -0.60 | -0.11
Cu -0.46 | 0.58 | -045| -0.32 | -0.27 | -0.61 | 0.58 | -0.33 | -0.50 | -0.38 | 0.68
Zn | -037 | 0.57]|-036] -0.17 | -0.27 | -0.53 | 0.50 | -0.21 | -0.45 | -0.39 | 0.59 | 0.85
K -0.26 | 0.09 | -0.29 | -0.10 | -0.22 | -0.58 | 0.58 | -0.29 | -0.48 | -0.22 | 0.32 | 0.50 | 0.51
Sr 0.04| 002| 0.20| 040 | 0.05| 0.01| 0.04| 0.05| 0.15| -0.06 | -0.02 | -0.06 | -0.06 | -0.08
S -0.21| -0.46 | 0.79 | 0.23| 091 | -0.15| 0.22| -0.14 | 0.38 | 0.68 | -0.39 | -0.41 | -0.37 | -0.30 | 0.12
Pb 0.18 | -0.24 | 0.41| 048 | 0.34| 0.17|-0.19| 0.03| 0.56 | 0.21 | -0.39 | -0.38 | -0.31 | -0.38 | 0.26 | 0.37
Tl -0.01| 0.27]| -0.32| -0.05| -0.15 | -0.18 | 0.12 | -0.05| -0.23 | -0.15 | 0.27 | 0.25| 0.16 | 0.14| 0.20 | -0.23 | -0.17
Na -0.54 | -0.02| 0.03|-009| 031} -0.71| 0.72| -0.37| -0.38| 029 | 064 | 030| 0.24| 040| 0.10| 0.17 | -0.15| 0.14
Mg | -0.44 | 0.66 | -0.50 | -0.36 | -0.29 | -0.68 | 0.63 | -0.33 | -0.59 | -0.29 | 0.83 | 0.89 | 0.80 | 0.56 | -0.04 | -0.44 | -0.42 | 0.25 | 0.42
As 0.04 | 038 -0.22| 0.19 | -0.18 | -0.06 | 0.00| 0.19 | -0.09 | -0.27 | 0.13 | 0.28 | 0.35| 0.22 | -0.08 | -0.21 | -0.15 | 0.21 | -0.08 | 0.29
Hio -0.14 | -0.02 | 0.01| -0.27 | 0.16 | -0.48 | 0.32 | -0.47 | -0.27 | 0.11| 0.25| 0.12 | 0.06 | 0.18 | -0.26 | 0.00 | -0.06 | -0.01 | 0.21 | 0.18 | -0.24

" Calculated as the rest from the EMPA analysis.

wt% 25

20

15

10

concentrations were higher as well. On the other hand, the contents of
Co + Cu + Ni were generally lower. The mean contents of Co, Cu and
Ni (3140, 1240 and 2550 mg/kg, respectively) were similar to those in
crusts from other parts of the Indian Ocean (3291, 1105, 2563 mg/kg,
respectively; Hein and Koschinsky, 2014), but lower than those in the
PCZ (6662, 976 and 4209 mg/kg, respectively; Hein and Koschinsky,
2014), (Fig. 7). The DHR crust Co and Ni contents were substantially
lower than reported for the Southern Pacific (6167 mg/kg and
4643 mg/kg, respectively; Hein and Koschinsky, 2014). Compared to
the crusts from the Ninetyeast Ridge, west of the present area of study,
the DHR crusts are slightly depleted in Co and slightly enriched in Cu
(3872 mg/kg and 1024 mg/kg, respectively; Hein et al., 2016).

The mean Si, Al and K (6.82, 1.83 and 0.63 wt%, respectively)
concentrations in the samples studied proved similar to those found in

Fig. 6. Mean concentrations of major elements in the
Dirck Hartog Ridge crusts against mean values in
crusts from other areas of the World’s Ocean; the
Ninetyeast Ridge, Indian Ocean data after Hein et al.
(2016); the means for the Indian and Atlantic Oceans,
North Pacific Prime Zone, Non-Prime North Pacific
and South Pacific data after Hein et al. (2013).

M Dirck Hartog Ridge

M Ninetyeast Ridge

M Indian Ocean
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Atlantic Ocean
N. Pacific Prime Zone
Non-Prime N. Pacific

S. Pacific

crusts from other areas of the Indian Ocean (Hein and Koschinsky,
2014). The mean Ba contents were also similar to those reported from
other areas of the Indian Ocean (1515 mg/kg for DHR vs 1533 mg/kg as
the mean for Indian Ocean) (Hein et al., 2013). The DHR samples were
depleted in XREY (1908 mg/kg) relative to the crusts from other areas
(Hein et al., 2013, 2015, 2016); it was only in the Southern Pacific that
the crusts contained slightly less ZREY (Hein et al., 2013), compared to
the values found in this study (Fig. 7).

The mean concentrations of Co and Ni found in the DHR crusts
(0.31 wt% and 0.25%, respectively) are typical of globally recognized
“younger” crusts (Halbach and Manheim, 1984). The positive Mn cor-
relation with Ni, Cu and Zn suggests domination of precipitation of
typical Fe-Mn oxyhydroxide colloids which acquire trace metals by
surface sorption processes; however, this is not confirmed by the Ba and
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Fig. 8. A traditional ternary discrimination diagram (Bonatti et al., 1972) of the
samples studied. All the bulk samples are placed in the hydrogenetic field, but
different individual layers are located in hydrogenetic, diagenetic or hydro-
thermal fields.

T1 correlations (Hein et al., 2013). In the samples studied, Fe correlated
positively with phosphorus and aluminosilicate detritus elements, ty-
pical of the Fe-dominated laminae. A higher correlation of Co with S in
the Fe-Mn laminae, as seen in the DHR crusts, suggests some additional
cobalt acquisition from hydrothermal sources (Zeng et al., 2010). It
may be connected also with the complex redissolution, reorganization
and secondary enrichment processes due to alteration or phosphatisa-
tion (Koschinsky et al., 1997). Fe and Mn are found mainly in vernadite,
feroxyhyte-ferrihydrite and asbolane (Maciag et al., in prep.) which
adsorb heavy manganophilic metals (Co, Ni, Zn) and have large che-
mically active surfaces, affecting higher metal concentration in in-
dividual crust layers (Novikov et al., 2014). Along with Ba, Sr, P, Cl and
S, Fe should be considered as residual biogenic input (Hein and
Koschinsky, 2014). The Ti enrichment in Fe-dominated laminae sug-
gests hydrogenetic growth of several laminae on highly oxidized Fe-rich
mineral surfaces (Koschinsky and Hein, 2003); however, the impact of
some oxic diagenetic factors should be considered as substantial for the
formation of some laminae. The contents of Ni and Cu increase in the

Ore Geology Reviews 101 (2018) 520-531

Fig. 7. Mean contents of trace elements in the Dirck
Hartog Ridge crusts against mean values in crusts
from other areas of the World’s Ocean; the Ninetyeast
Ridge, Indian Ocean data after Hein et al. (2016);
means for the Indian and Atlantic Oceans, North
Pacific Prime Zone, Non-Prime North Pacific and
South Pacific data after Hein et al. (2013).
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Fe-Mn laminae with Mn/Fe ratio < 5 (Type I and Subtype II-2 collo-
form structures) and decrease with Mn/Fe ratio > 5 (Type I Nos. 3, 4;
Subtype II-2) (Halbach et al., 1981). High Ag concentrations may be
explained as the evidence of the hydrothermal input (Hein et al., 2005).
Other possibility is the diagenetic Ag incorporation within clay mi-
nerals (Bolton et al., 1986). However, further studies are required to
explain increased Ag concentrations in the DHR Fe-Mn crusts.

The high phosphorus content and the presence of layers of Fe-Mn
oxyhydroxides may be also indicative of changes in hydrodynamic
conditions, inflows of oxygenated deep water and upwellings (Marino
et al., 2017). Therefore, major phosphatized colloforms may be formed
under stable conditions supporting slower diagenetic growth.

5.2. Origin of the crusts studied

As mentioned in the Introduction, the conventional distinction be-
tween hydrogenetic, diagenetic and hydrothermal Fe-Mn deposits is
based on a ternary Mn vs Fe vs (Cu + Ni + Co) X 10 diagram (Bonatti
et al.,, 1972). However, this approach is not sufficient to distinguish
between hydrothermal and diagenetic precipitates. This is illustrated by
Fig. 8; although all the bulk samples in our study could be classified as
hydrogenetic, different individual layers should be considered as hy-
drogenetic, diagenetic or hydrothermal.

The uncertain distinction between the hydrothermal and diagenetic
origins of the Fe-Mn layers in the samples examined led us to follow the
innovative approach of Bau et al. (2014) involving the use of dis-
crimination diagrams based on REE and XREY as the components with
behaviours coherent with the marine environment. The two resultant
discrimination diagrams show relationships between the Cegn/Cesn™
ratio vs the Nd concentration and the Cegy/Cesy™ ratio vs the Ygn/Hogn
ratio, respectively. The two bivariate diagrams clearly show the sam-
ples analyzed to represent hydrogenetic Fe-Mn crusts, with a relatively
high Ce anomaly, a low Ygn/Hogy ratio and a high ZREY (Fig. 9). The
only two exceptions are samples DR6-11/1 and DR6-11/3 with lower
Nd concentrations (93.3 and 83.0 mg/kg, respectively), more typical of
hydrogenetic Fe-Mn nodules. However, the remaining parameters are
typical of hydrogenetic crusts. The large positive Ce anomalies in the
samples (averaging 4.42) can be related to a slow growth rate of the
crust (Kuhn et al., 1998). The bulk crust growth rate normally ranges
between 1 and 15mm/My (most frequently 4-6 mm/My) for hydro-
genetic crusts (Nagender Nath et al., 1997). The crust growth rate for
the bulk DHR samples varies from 2 to 5mm/My, with mean 3.93
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Fig. 9. Comparison of discrimination diagrams of marine Fe-Mn deposits from
several locations: Ninetyeast Ridge, Indian Ocean (Hein et al., 2016); South
China Sea (Zhong et al., 2017); Wallis and Futuna, southwest Pacific Ocean
(Josso et al., 2017); Canary Island Seamount Province, northeastern tropical
Atlantic (Marino et al., 2017); Shatsky Rise, northwest Pacific (Hein et al.,
2012); Dirck Hartog Ridge, this study (solid red circles). A, Cesn/Cesn™ ratio vs
Nd concentration; B, Cegn/Cesn* ratio vs Ygn/Hogy ratio (Bau et al., 2014).
SN = PAAS-normalized REE. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

(~4) mm/My, which is typical of the hydrogenetic origin. As the DHR
crusts studied were up to 45 mm thick, their age is inferred to be at least
14.4 Ma.

A variety of marine Fe-Mn deposits from several locations having
different oceanographic and tectonic settings are shown in Fig. 9. Al-
though most (notably those from the Shatsky Rise, Canary Island Sea-
mount Province) can be regarded as purely hydrogenetic, samples from
the Wallis and Futuna are typical hydrothermal deposits with low XREE
(14-39 ppm), variable positive and negative Ce anomalies as well as the
Nd content below 10 mg/kg™ in most samples. The large variability of
the South China Sea (SCS) data are due to some samples being from the
north-eastern and some from the north-western parts of SCS (NESCS
and NWSCS, respectively). The NESCS nodules exhibit no Ce anomalies
and low Nd concentrations (Fig. 9a); in addition, the samples show
negative Y and Ce anomalies (Fig. 9b), which allows to regard the
material as diagenetic. However, two of the samples are located in the
hydrothermal field. On the other hand, most NWSCS samples are
grouped in the purely hydrogenetic crust field with large positive Ce
and negative Y anomalies, as well as a high Nd content. As mentioned
by Zhong et al. (2017), positive Ce anomalies as well as high Ti and Co
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contents reflect water-mass dissolved metal composition and terrige-
nous input. The DHR samples showed negative Y anomalies (Fig. 3),
typical of hydrogenetic crusts. Nevertheless, a geochemistry-based
comparison between oceanic hydrogenetic and hydrothermal crusts
and metalliferous hydrothermal sediments from different areas may be
in some cases insufficient and fail to identify hydrothermal input in
ferromanganese crusts of mixed composition (Baturin and Dubinchuk,
2011). Four of the Ninetyeast Ridge samples lie outside the fields shown
in Fig. 9, because the crusts are phosphatized, which the discrimination
diagram could not account for. The remaining crusts, non-phospha-
tized, are typically hydrogenetic (Hein et al., 2016).

6. Summary

Cobalt-rich ferromanganese (Fe-Mn) crusts from the Dirck Hartog
Ridge (DHR), located in the centre of the Perth Abysal Plain (E Indian
Ocean) were analyzed and described for the first time.

The average combined concentration of metals of the highest
commercial potential (Cu + Ni + Co) was 0.69 wt%, which is similar to
the mean for the Indian Ocean crust and lower than in the crusts from
the Pacific Crust Zone (1.18 wt%). Compared to crusts from other areas,
the samples studied were depleted in rare earth elements and yttrium
(mean XREY = 1908 mg/kg), the Southern Pacific crusts only con-
taining less ZREY.

The crusts studied showed strong positive Ce anomalies, negative Y
anomalies and low Ysn/Hogy ratios (mean 0.56). Based on the existing
genetic models and discrimination diagrams, the crusts studied were
classified as hydrogenetic, although individual layers showed also fea-
tures indicating diagenetic and hydrothermal origin.

The study provides new data for inclusion into the global database
of chemical composition of oceanic crusts. However, as the number of
samples analyzed in this study was low, unequivocal conclusions as to
the geochemical patterns observed and crust origin require additional
samples from the area.
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