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Layered ferromanganese crusts collected by dredge from a water depth range of 2770 to 2200 m on Mendeleev
Ridge, Arctic Ocean,were analyzed formineralogical and chemical compositions and datedusing the excess 230Th
technique. Comparison with crusts from other oceans reveals that Fe-Mn deposits of Mendeleev Ridge have the
highest Fe/Mn ratios, are depleted inMn, Co, and Ni, and enriched in Si and Al aswell as someminor elements, Li,
Th, Sc, As and V. However, the upper layer of the crusts showsMn, Co, and Ni contents comparable to crusts from
the Atlantic and Indian Oceans. Growth rates vary from 3.03 to 3.97mm/Myrmeasured on the uppermost 2mm.
Mn and Fe oxyhydroxides (vernadite, ferroxyhyte, birnessite, todorokite and goethite) and nonmetalliferous de-
trital minerals characterize the Arctic crusts. Temporal changes in crust composition reflect changes in the depo-
sitional environment. Crust formation was dominated by three main processes: precipitation of Fe-Mn
oxyhydroxides from ambient ocean water, sorption of metals by those Fe and Mn phases, and fluctuating but
large inputs of terrigenous debris.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The economic interest in oceanic ferromanganese (Fe-Mn) crusts
and nodules results from high grades of base, critical, and rare metals
(Anikeeva et al., 2002; Hein et al., 2000; Muiños et al., 2013).
Hydrogenetic Fe-Mncrusts have gained recognition as a potential future
resource for a wide variety of elements such as Co, Ti, Mn, Ni, Pt, Zr, Nb,
Te, Bi, Mo, W, Th, and rare earth elements plus yttrium (REY; Hein and
Koschinsky, 2014). The Fe and Mn oxides form from the direct precipi-
tation from ambient seawater and are deposited mostly on the flat tops
and flanks of seamounts where oceanic currents prevent sedimentation
(Anikeeva et al., 2002; Hein and Koschinsky, 2014; Melnikov, 2005).

Fe-Mn deposits are distributed globally with the largest fields in the
Pacific Ocean, and smaller fields in the Atlantic and Indian Oceans. The
Arctic Ocean remains a poorly explored region for deep-ocean mineral
deposits. Fe-Mn deposits within the western Arctic Ocean were report-
ed by a number of scientists (e.g., Baturin et al., 2014). In 2014,
stantinova).
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fragments of Fe-Mn crusts were sampled southwest of the study area
via submersible (Fig. 1A) (Bazilevskaya and Skolotnev, 2015). Mainly
1–2 mm-thick crusts and two 30 mm-thick crusts were collected on
that cruise. In 2008, 2009, and 2012, US scientists collected Fe-Mn crusts
from the Chukchi Borderland that are similar in appearance and compo-
sition to those reported here (Fig. 1A) (Hein et al., 2012).

We present here data for Fe-Mn crusts collected from the western
Arctic Ocean. Crusts were sampled on Mendeleev Ridge and studied in
terms of morphology, mineralogy, and chemical composition, and a ge-
netic model is proposed based on these characteristics. Our study in-
cludes a considerable number of samples containing thick (up to
50 mm) crusts. An integrated approach based on the application of dif-
ferent analytical techniques (i.e. ICP, ICP-MS, XRD, ED, SEM-EDX, EPMA)
was used to better determine the chemical andmineral compositions of
the crust samples, which then can be related to regional geological and
oceanographic conditions.

2. Material and methods

Geological and geophysical studies atMendeleev Ridge were carried
out using the Russian ice breaker Kapitan Dranitzyn within the
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Fig. 1. Sampling Location. A (Jakobsson et al., 2012): Location of research area (inset), ellipse shows location of HLY0805 and HLY0905 cruises (USA) (Hein et al., 2012); black dot is the
dredge site of the Arctic 2012 Project from which samples were obtained for this study; white dot is the area studied by submersible in 2014 (Bazilevskaya and Skolotnev, 2015); B:
Bathymetric map with detailed location of dredge site from the Arctic 2012 Project (Morozov et al., 2013).
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framework of the Arctic 2012 Project (Morozov et al., 2013). A dredging
site was selected on the southern Mendeleev Ridge based on seafloor
morphology and located on the southwestern slope of a local depression
covering the depth range of 2770 to 2200 m, latitude 79° 27.0′ N and
longitude 171° 59.4′ W (Fig. 1).
Table 1
Methods applied to each sample.

Sample Type Interval
(mm)

Methods (laboratory)

12/01 Bulk 0–50 ICP-AES (VIMS), AAS (VIMS, VNIIO), ICP-MS (VIMS)
12/02 Bulk 0–50 ICP-AES (VIMS), AAS (VIMS, VNIIO), ICP-MS (VIMS)
12/03 Bulk 0–50 ICP-AES (VIMS), AAS (VIMS, VNIIO), ICP-MS (VIMS)
12/04/01 Layer 0–5 ICP-AES (VIMS), AAS (VIMS, VNIIO), ICP-MS (VIMS), ED (
12/04/02 Layer 5–27 ICP-AES (VIMS), AAS (VIMS, VNIIO), ICP-MS (VIMS), ED (
12/04/03 Layer 27–37 ICP-AES (VIMS), AAS (VIMS, VNIIO), ICP-MS (VIMS), ED (
12/05/02 Bulk 0–50 ICP-AES (VIMS), AAS (VIMS, VNIIO), ICP-MS (VIMS)
12/06 Bulk 0–50 ICP-AES (VIMS), AAS (VIMS, VNIIO), ICP-MS (VIMS)
12/07 Bulk 0–50 ICP-AES (VIMS), AAS (VIMS, VNIIO), ICP-MS (VIMS)
12/08/01 Layer 0–3 ICP-AES (VIMS), AAS (VIMS, VNIIO), ICP-MS (VIMS), ED (
12/08/02 Layer 3–17 ICP-AES (VIMS), AAS (VIMS, VNIIO), ICP-MS (VIMS), ED (
12/08/03 Layer 17–24 ICP-AES (VIMS), AAS (VIMS, VNIIO), ICP-MS (VIMS), ED (
12/09/01 Layer 0–3 ICP-AES (VIMS), AAS (VIMS, VNIIO), ICP-MS (VIMS), ED (

EPMA (Geomodel, SPSU)
12/09/02 Layer 3–23 ICP-AES (VIMS), AAS (VIMS, VNIIO), ICP-MS (VIMS), ED (
12/09/03 Layer 23–35 ICP-AES (VIMS), AAS (VIMS, VNIIO), ICP-MS (VIMS), ED (
12/10 Bulk 0-50 ICP-AES (VIMS), AAS (VIMS, VNIIO), ICP-MS (VIMS), ED (
12/11/01 Layer 0–1 ICP-AES (VIMS), AAS (VIMS, VNIIO), ICP-MS (VIMS), ED (
12/11/02 Layer 1–30 ICP-AES (VIMS), AAS (VIMS, VNIIO), ICP-MS (VIMS), ED (
12/12 Bulk 0–50 ICP-AES (VIMS), AAS (VIMS, VNIIO), ICP-MS (VIMS)
12/13 Bulk 0–50 ICP-AES (VIMS), AAS (VIMS, VNIIO), ICP-MS (VIMS), ED (
648/01 Layer 0–5 ICP-AES (VSEGEI), AAS (VNIIO), ICP-MS (VSEGEI), SEM-E
648/02 Layer 5–18 ICP-AES (VSEGEI), AAS (VNIIO), ICP-MS (VSEGEI), SEM-E
648/03 Layer 18–25 ICP-AES (VSEGEI), AAS (VNIIO), ICP-MS (VSEGEI), SEM-E
649 Bulk 0–50 AAS (VNIIO)
650/01 Layer 0–1 ICP-AES (VSEGEI), AAS (VNIIO), ICP-MS (VSEGEI)
650/02 Layer 1–24 ICP-AES (VSEGEI), AAS (VNIIO), ICP-MS (VSEGEI)
650/03 Layer 24–34 ICP-AES (VSEGEI), AAS (VNIIO), ICP-MS (VSEGEI)
651/01 Layer 0–3 AAS (VNIIO)
651/02 Layer 3–20 AAS (VNIIO)
651/03 Layer 20–38 AAS (VNIIO)
652 Bulk 0–50 AAS (VNIIO)
653 Bulk 0–50 AAS (VNIIO)
654 Bulk 0–50 AAS (VNIIO)
660 Bulk 0–50 AAS (VNIIO)
667 Bulk 0–50 AAS (VNIIO)
668 Bulk 0–50 AAS (VNIIO)
The dredge haul recovered rock fragments (total 500 kg) of different
sizes (2–25 cm) and compositions. Themajor rock types are, in decreas-
ing order: carbonate rocks (dolomite, limestone), terrigenous rocks
(sandstone, siltstone, argillite), ferromanganese crusts, igneous rocks
(granite, dolerite), and metamorphic rocks (quartzite, marble, schist)
IORAS), 230Thexcess dating method (SPSU), XRDA (SPSU), EPMA (Geomodel, SPSU)
IORAS), XRDA (SPSU), EPMA (Geomodel, SPSU)
IORAS), XRDA (SPSU), EPMA (Geomodel, SPSU)

IORAS), XRDA (SPSU), SEM-EDS (Hercules Lab)
IORAS), XRDA (SPSU), SEM-EDS (Hercules Lab)
IORAS), XRDA (SPSU), SEM-EDS (Hercules Lab)
IORAS), 230Thexcess dating method (SPSU), XRDA (SPSU), SEM-EDS (Hercules Lab),

IORAS), XRDA (SPSU), SEM-EDS (Hercules Lab), EPMA (Geomodel, SPSU)
IORAS), XRDA (SPSU), SEM-EDS (Hercules Lab), EPMA (Geomodel, SPSU)
IORAS)
IORAS)
IORAS)

IORAS)
DS (Hercules Lab)
DS (Hercules Lab)
DS (Hercules Lab)

Image of Fig. 1


Fig. 2. Morphology of crusts. A: 12/08 sample with smooth surface texture (left) and
three-layered structure (right); B: 12/03 sample with botryoidal surface structure (left)
and indistinct layering (right); C: 12/04 sample with oval holes at the bottom surface
(left) and void channels passing through all layers (right).
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(Morozov et al., 2013). Fe-Mn crusts occur as films b1 mm thick up to
50 mm thick and represent approximately 20% by volume of the
dredged material. The crusts that we analyzed range in thickness from
10 mm to 50 mm. The substrate rock for the thick (N10 mm) crusts
was not recovered; Fe-Mn films and occasional thin crusts were recov-
ered along with their substrate rock.

Twenty-three representative crusts were selected for study and
seven of those crusts were split into two or three layers defined by visu-
ally distinct textural and color differences, and analyzed separately
(Table 1), giving a total of 36 samples analyzed. Crust samples were
studied by using a wide set of methods in several laboratories
(Table 1). X-ray diffraction mineralogy was completed using a Rigaku
Mini Flex II diffractometerwith CoKα radiation and graphitemonochro-
mator. Mineral composition of Mn oxides and Fe hydroxides was deter-
mined using Electron microdiffraction (ED) JEM-100C microscope
equipped with a built-in goniometer.

Concentrations of the major metals (Mn, Fe, Co, Ni, Cu, Pb, Zn) were
determined by AAS calibrated by certified standards using a C-155 spec-
trometer with flame atomization. Li, Be, Sc, Cr, Zn, Ga, As, Se, Rb, Sr, Y,
Mo, Rh, Pd, Cd, Sn, Sb, Te, Cs, Ba, REE, W, Ir, Pt, Tl, Pb, U, Zr, Nb, Ag, Hf,
Ta, Re, and Au concentrations were measured by ICP-MS using Optima
4300 (Perkin Elmer); Na, Mg, Al, Si, P, K, Ca, and Ti by ICP-AES using
Elan 6100 (Perkin Elmer). The distributions of Al, Ca, Fe, Mn, Co, Ni,
Cu, Ba, Cl, K, Mg, Na, O, P, Pb, S, Si, Ti, and Zn on the surface of
polished-sections were studied by SEM-EDS (Hercules Laboratory,
Evora University). Electron probe microanalysis of grains was done
using a scanning electron microscope (SEM; Hitachi S-3400 N) and en-
ergy dispersive X-ray (EDX) spectrometer (Oxford X-Max 20;
Geomodel Center, St. Petersburg State University, operator Vladimir
Shilovskich); spectra were obtained at 20 kV accelerating voltage, and
2 and 10 nA beam current for the EDX. Standards included natural
minerals and pure oxides and metals. REY plots are normalized to
shale (PAAS, Post-Archean Australian Shale; McLennan, 1989). The Ce
anomaly was calculated as Ce* = 2Ce / (La + Pr) for PAAS-normalized
values. The Pearson correlation coefficients were used to calculate coef-
ficient matrices for the chemical data.

The 230Thexcess datingmethodwasused to determine the age and av-
erage growth rate of two crusts (Kuznetsov, 2008). This technique al-
lows for the estimation of average growth rate only for the uppermost
2 mm of the crusts. We could not determine growth rates directly of
the older layers due to the age limitation of the method that covers
about 400 kyr.

3. Results and discussion

Crusts are classified as hydrogenetic and hydrothermal depending
on the fluid source providing the metals. The parameters that help dis-
tinguish between hydrogenetic and hydrothermal deposits include tex-
tures, mineral and chemical compositions, and growth rates (e.g.
Anikeeva et al., 2002; Hein and Koschinsky, 2014; Melnikov, 2005;
Usui et al., 1989).

3.1. Textures

As a rule, the crusts have distinct layering and a smooth surface
(Fig. 2A). Crusts that show a botryoidal surface and indistinct layering
are less common (Fig. 2B). The top surface is easily identifiable on sam-
ples without a substrate rock by the orientation of botryoides and other
structures, sediment infiltration into pore space, and remnants of at-
tached sessile biota. The surface that was attached to the substrate
rock is irregular and can show patches of the substrate rock. The six
thicker crusts consistently show three layers (Fig. 2A right): a lower
reddish brown layer that averages 12 mm thick; a middle brown layer
that is 18 mm thick; and an upper layer that varies from dark brown
to black and is 2–3 mm thick.

SEM-EDS data show that the three Fe-Mn crust layers are character-
ized by different microtextures that reflect different depositional styles
(Fig. 3). The lower layer shows a mottled texture composed of laminat-
ed Fe-Mnoxide bodiesmixedwith abundant detrital grains, which form
a highly porous layer. The middle layer has a laminated texture
consisting of alternating Fe-Mn oxide laminae and clastic material-rich
laminae. The upper layer texture shows typical botryoidal, columnar,
and dendritic patterns ofmicrolayered Fe-Mnoxides (Fig. 3; also see de-
tails in Fig. 4). All these microtextures are typical of hydrogenetic depo-
sition of Fe-Mn phases in crusts (e.g., Hein et al., 2000).

Sample 12/04 shows void channels passing through all layers and
appearing at the base of crust as oval holes. Their origin is unknown,
but they could be interpreted as channels of fluid migration (Fig. 2C).

3.2. Mineral composition

The mineral compositions of Fe-Mn oxides and detrital minerals
were studied by different methods. Based on X-ray and ED methods,
oxide minerals consist of poorly crystalline Fe-oxyhydroxide and Mn-
oxide minerals (Table 2). The predominant Mn oxide is vernadite,
with less common birnessite and todorokite. Goethite and feroxyhyte
were identified as the Fe-oxyhydroxides. Based on the literature, the
major oxide minerals that compose crusts (Fe-bearing vernadite and
Mn-bearing feroxyhyte) are considered to be characteristic of
hydrogenetic precipitation (e.g. Chukhrov et al., 1990; Halbach et al.
(1982); Hein et al., 1988; Usui and Someya, 1997). On the other hand,
todorokite and goethite can also be produced by hydrothermal or diage-
netic processes (Anikeeva et al., 2002; Bogdanova and Gorshkov, 1992;
Chukhrov et al., 1990; Usui et al., 1989), but may also reflect redox con-
ditions (Conrad et al., accepted for publication). Thus, a few samples
from Mendeleev Ridge (12/10, 12/13, 12/04/02, 12/04/03) are

Image of Fig. 2


Fig. 3. SEM-EDS results: textures and chemical maps shown in the photos at the left; themean chemical content for the areas shown the left photos are shown as bar graphs to the right.
White square in top photo shows area in Fig. 4.
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composed of well-crystallized goethite and lesser amounts of
todorokite with 9.75 Å basal spacing, and a small amount of nonferrous
vernadite.

All layers contain nonmetalliferous detrital minerals that decrease in
abundance from the lower to upper layers (Fig. 3). The detrital compo-
nent consist of fine-grained particles and larger mineral grains differing
Fig. 4. SEM photomicrographs of botryoidal and dendritic patterns of laminated oxides showing
the upper layer.
in roundness, size, and composition that are genetically associated with
various rock types. Thus, grains of quartz, feldspar, apatite, barite, ilmen-
ite, zircon,monazite, rutile, baddeleyite and chromitewere identified by
SEM-EDS (Fig. 5). As a rule, the grains are characterized by angular
shapes (Fig. 5A, B, D, E), while well-rounded minerals are less common
(Fig. 5A,C). A considerable difference in roundness and genesis of the
typical growth columns and elongated pore spaces between branching columns; detail of

Image of Fig. 3
Image of Fig. 4


Table 2
Fe and Mnminerals in three crusts identified by ED.

12/11 12/04 12/08

Upper
layer

Iron-free vernadite, with a
poorly ordered spectrum

Fe-bearing vernadite,
feroxyhyte, goethite

Vernadite,
birnessite,
goethite

Middle
layer

Fe-bearing vernadite,
feroxyhyte, goethite

Goethite, todorokite Vernadite

Lower
layer

No lower layer Goethite, todorokite Fe-bearing
vernadite,
feroxyhyte

Table 3
Statistics for major elements (%), metals of economic potential (%), Mn/Fe and Si/Al ratios.

Statistics Fe Mn Cu Ni Co Fe/Mn Si Al Si/Al

All samples
(N = 36)

Average 17.6 6.7 0.06 0.18 0.14 3,1 10.4 2.8 3.8
Minimum 13.3 2.7 0.03 0.06 0.04 1,4 4.9 0.6 2.4
Maximum 41.0 10.7 0.11 0.44 0.42 14,1 17.0 3.8 8.8
SD 4.5 2.3 0.01 0.07 0.08 – 6.0 1.7 –

Upper
layer
(N = 7)

Average 17.4 7.8 0.06 0.25 0.26 2,4 9.0 2.3 3.9
Minimum 15.3 4.2 0.05 0.09 0.08 1,6 5.70 1.8 2.7
Maximum 20.2 10.0 0.08 0.44 0.42 3,6 12.6 3.6 4.9
SD 2.07 2.1 0.01 0.10 0.10 – 3.4 0.9 –

Middle
layer
(N = 7)

Average 18.5 7.4 0.07 0.16 0.14 2,6 7.9 2.8 3.9
Minimum 16.5 5.0 0.05 0.07 0.09 1,8 6.1 2.2 2.7
Maximum 20.3 10.4 0.11 0.21 0.17 3,6 10.7 3.2 4.9
SD 1.1 1.8 0.02 0.04 0.03 – 2.3 0.5 –

Lower
layer
(N = 6)

Average 16.7 3.8 0.05 0.09 0.07 3,5 13.4 3.3 4.1
Minimum 15.4 2.7 0.04 0.08 0.05 1,7 11.3 2.9 3.6
Maximum 17.6 4.6 0.07 0.11 0.08 5,6 16.5 3.7 4.5
SD 1.1 1.0 0.01 0.02 0.02 – 2.6 0.4 –

Dash means no data, unknown, or not applicable.
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mineral grainsmay reflect the influence of ice rafted debris in the study
area. In addition, some detrital grains were likely supplied from
weathering products of Mendeleev Ridge itself.

3.3. Chemical composition

The chemical composition of Fe-Mn crusts is described in the order
of major elements (Si, Al, Fe, Mn) and metals traditionally considered
of greatest economic potential (Co, Ni, Cu); trace elements; and REY.

3.3.1. Major elements and metals of economic potential
Fe-Mn crusts are a potential resource for a wide variety of metals

such as Mn, Ni, Co and Cu (e.g., Anikeeva et al., 2002; Halbach et al.,
1982; Hein et al., 2013). Mendeleev crusts show Ni and Co contents
up to 0.44% and 0.42%, respectively (Table 3, Fig. 6). Table 3 shows sta-
tistics for Si, Al, Mn, Fe, Co, Ni, and Cu contents, and Fe/Mn and Si/Al ra-
tios. Comparison with crusts from the Atlantic, Indian and Pacific
Oceans (Hein et al., 2013) shows that Fe-Mn deposits of Mendeleev
Ridge have the highest Fe/Mn ratios, are depleted in Mn, Co, Ni
(Fig. 6), and enriched in Si and Al. The upper crust layer shows Mn,
Co, and Ni contents comparable to crusts from the Atlantic and Indian
Oceans.

Generally, hydrogenetic crusts from the global ocean are strongly
enriched in Co and Ni, and to a lesser extent in Cu (e.g. Anikeeva et al.,
2002; Hein and Koschinsky, 2014). Thus, the contents in the crusts
from the Magellan Seamounts in the west Pacific average 0.54% Co,
0.41 Ni, and 0.11 Cu (Anikeeva et al., 2002), and more generally from
the central Pacific Prime Crust Zone (PCZ; Hein et al., 2009), 0.67%,
0.42%, and 0.10% respectively (Hein et al., 2013). The crusts from
Mendeleev Ridge are characterized by occasional high contents of Co
in the upper layer (up to 0.42%), which is typical of hydrogenetic
Fig. 5. SEM images of detritalminerals. Grains differ in roundness and are associatedwith variou
apatite.
processes and is the most variable element among the potentially eco-
nomic metals. High contents of Ni and low Cu in Mendeleev crusts do
not per se discriminate between hydrothermal and hydrogenetic
input to the crusts.

The concentrations of major elements, the Fe/Mn ratios, and Co and
Ni contents show a consistent pattern. Contents of Mn, Ni, Co, Cu in-
crease from the lower layer to the upper layer (Table 3; Figs. 3, 7). Si
and Al show the opposite pattern, with maximum concentrations of Si
and Al of 16.5% and 3.7% respectively. The mean Si (10.4%) and Al
(2.8%) contents of the crusts analyzed here are substantially higher in
comparisonwith crusts from other oceans (Fig. 6). The SEM-EDS results
corroborate the main element variation through the three crust layers.
The abundance of Mn increases with time, from the base of the section
to the surface, with the concomitant decrease of Si and Al. The Fe and
Mn distributions are similar even though Fe also occurs in the alumino-
silicate and other detrital minerals as well as the Fe oxyhydroxide; we
also infer that Fe occurs as an isomorphic phase in the manganese ox-
ides. This inference is supported by high Fe/Mn (3.1) and high Fe/
Fe+Mn (0.76) ratios. The Fe/Al+ Si ratios are variable, withmaximum
values in the upper and middle layers (1.6), and the lower layer shows
the minimum ratio (0.9); the average ratio for all layers is 1.3.
Mendeleev Ridge crusts have low Fe/Al + Si ratios compared with
crusts from the PCZ (3.33; Hein et al., 2013). Therefore, the Fe associated
s rock types.А: Fsp-feldspar, Ap-apatite, Qz-quartz. B:monazite; C: zircon; D: chromite; E:

Image of Fig. 5


Fig. 6. Comparison of chemical composition of Fe-Mn crusts fromMendeleev Ridge with crusts from other oceans (Hein et al., 2013).

Fig. 7. Layer by layer distribution of major metals in Fe-Mn crusts.
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with the detritus andwith the iron hydroxide do not have the same ver-
tical distributions through the crust stratigraphic sections.

Based on literature data, bulk samples of hydrogenetic crusts show
Fe/Mn ratios of approximately 1.0 ± 0.3 (e.g. Hein et al., 2000;
Dubinin, 2006; Hein and Koschinsky, 2014). This value changes dramat-
ically for hydrothermal deposits because of the fractionation of iron and
manganese: from Fe/Mn ~4600 for bulk samples of hydrothermal iron-
stone to Fe/Mn = 0.002 for bulk samples of hydrothermal manganese
(Glasby, 2000; Hein et al., 1994, 1997). Hydrothermal ironstone de-
posits exhibit low contents of most trace elements (Hein et al., 1994,
1997), whereas manganese hydrothermal deposits can be enriched in
one or more of Ni, Mo, Li, Cr, and Zn (Hein and Koschinsky, 2014). The
crusts from Mendeleev Ridge give a high average Fe/Mn ratio, 3.1, and
even a higher ratio for the lower crust layer, 3.5 (Table 3). This is due
to the fact that a large amount of iron is supplied by the terrigenous de-
tritus, confirming its significant effect on crust formation.
Table 4
Statistics for trace elements (ppm) of 26 crust samples from Mendeleev Ridge.

Li Be Sc Cr Zn Ga As

Average 102 6.0 50 39 355 14 57
Minimum 31 3.0 26 11 230 8.6 37
Maximum 310 8.0 66 66 480 21 77
SD 71 1.2 11 11 57 3.5 11

Sb Te Cs Ba W Tl P

Average 52 13 2.1 519 44 83 2
Minimum 27 0.9 0.9 330 9.1 33 1
Maximum 92 36 3.3 590 65 130 5
SD 17 9.8 0.6 55 13 30 1
3.3.2. Trace elements
Table 4 shows statistics for the trace elements. The Fe-Mn crusts

contain high concentrations of several trace elements, Li (up to
310 ppm), Th (up to 87 ppm), Cs (up to 3.3 ppm in the lower layer),
As (up to 770 ppm), Y (up to 290 ppm), V (up to 1060 ppm), and Sc
(up to 66 ppm). Comparison of Sc, Th, As, Li, and V concentrations in
the Mendeleev Ridge Fe-Mn deposits and Fe-Mn crusts from the Atlan-
tic, Indian and Pacific Oceans (Hein et al., 2013) are shown in Fig. 8. The
Mendeleev Ridge crusts are markedly enriched in Li, As, and Sc in com-
parison with the other trace elements, and the Th and V concentrations
are comparable to those of Atlantic and Indian Oceans crusts. The en-
richments of V, Y and Zr reflect in part the detrital component.
3.3.3. Rare earth elements plus yttrium
Table 5 shows REY statistics for bulk samples and for the different

layers. The mean total REY is 0.17% and the maximum total REY is
0.25%. By comparison, the REY content of hydrogenetic crusts from
PCZ is approximately 0.25% (Hein et al., 2013).

Changes in the REY content are important for reconstruction of the
Fe-Mn deposit evolution. REYSN (SN = shale normalized) patterns
may showanomalies for La, Ce, Eu, Gd andY. Except for these anomalies,
REYSN patterns are smooth functions of ionic radius (Bau et al., 2014).
All samples from Mendeleev Ridge have a similar REY distribution,
with Ce anomalies as high as 2.7 and weak negative Y anomalies
(Fig. 9A). As a rule, hydrogenetic crusts exhibit distinct positive Ce
anomalies (Fig. 9B). Ce is subject to oxidation on the Mn-oxide surface
subsequent to sorption from solution (e.g. Murray and Dillard, 1979;
Dubinin, 2006). For comparison, Fig. 9B shows the REY distributions
for Fe-Mn deposits formed by different processes: hydrogenetic, diage-
netic and hydrothermal (McLennan, 1989; Bau et al., 2014).
Se Rb Sr Y Mo V Sn

4 8.7 43 587 199 276 908 4.8
8 1.8 20 150 93 70 683 0.6
0 17 68 880 290 460 1060 7.4
2 3.9 13 170 55 101 148 1.6

b Bi Th U Zr Nb Hf Ta

69 3.2 51 10 487 46 8.6 0.7
5 0.1 1.9 3.6 49 3.0 1.0 0.1
60 9.4 87 13 770 100 13 1.3
41 2.7 20 1.8 183 20 3.3 0.2

Image of Fig. 6
Image of Fig. 7


Fig. 8. Comparison of Sc, Th, As, and Li average concentrations in the Fe-Mn crusts from the Mendeleev Ridge, and from the Atlantic, Indian, and Pacific Oceans (Hein et al., 2013).
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The СeSN/Ce*SN versus Nd and СeSN/Ce*SN vs YSN/HoSN diagrams
were developed to identify the genesis of marine ferromanganese de-
posits (Bau et al., 2014). In Fig. 10A, the hydrothermal Fe andMnprecip-
itates show negative to no Ce anomalies at low Nd concentrations (b12
mg kg−1), but CeSN/CeSN* ratios tend to increase with increasing Nd
concentration. Hydrogenetic Fe–Mn crusts typically show positive Ce
anomalies and high Nd concentrations (N100 mg kg−1) (Bau et al.,
2014). Samples of Mendeleev Ridge crusts plot within the hydrogenetic
field (Fig. 10A). In a bivariate diagram of CeSN/CeSN* versus YSN/HoSN
(Fig. 10B), a similar separation between the different groups can be ob-
served. Hydrothermal deposits clearly stand out and form a group with
positive Y anomalies (YSN/HoSN N1) and CeSN/CeSN* ratios tend to in-
crease with decreasing YSN/HoSN ratios. All hydrogenetic deposits are
characterized by negative Y anomalies (YSN/HoSN b1; Bau et al., 2014).
The crusts from Mendeleev Ridge plot in the area located between all
three typical genetic types of Fe-Mn marine deposits, but unlike hydro-
thermal and diagenetic deposits, the Mendeleev crusts show a positive
correlation between СeSN/Ce*SN and YSN/HoSN.

3.4. Interelement relationships

Fe-Mn crusts consist of threemain phases: (1)Mn-oxide and (2) Fe-
oxyhydroxide composing the metal-oxide framework, and (3) silica-
aluminosilicate. Some of the remaining elements have positive correla-
tion with the representative elements of each phase (Mn, Fe, Si and Al).
Table 6 shows the correlation coefficient matrix for 25 Fe–Mn crust
samples from Mendeleev Ridge. Bolded data reflects correlations at a
N99% confidence level. Mn has positive correlations coefficients with
Ni, Co, and Th (0.81, 0.81, 0.72 respectively); and Fe with W, Be, and
Sr. Both Mn and Fe have positive correlation coefficients with Cu, Se,
Table 5
The statistics for REY contents in crusts (ppm).

Statistics La Ce Pr Nd Sm Eu

All samples (N = 26) Average 150 913 41 162 41 10
Minimum 84 460 23 94 24 6
Maximum 210 1400 59 240 60 14
SD 46 306 12 47 12 3

Upper layer (N = 6) Average 180 1040 49 194 49 12
Minimum 110 640 29 120 30 8
Maximum 210 1400 59 240 59 14
SD 37 253 11 43 11 2

Middle layer (N = 6) Average 181 1171 50 193 50 12
Minimum 150 1000 42 160 41 11
Maximum 210 1400 57 225 60 14
SD 23 158 6 26 8 1

Lower layer (N = 5) Average 113 644 30 123 32 8
Minimum 86 500 23 94 24 6
Maximum 130 810 34 140 35 9
SD 19 130 4 20 5 1
Sn, REY, and each other. Copper correlateswith about equal significance
with both Mn and Fe, with coefficients of +0.59 and+0.55 respective-
ly. A different pattern is found for silica-aluminosilicate phases. Si and Al
show significant positive correlation coefficients with K, Li, Rb, Cs, and
each other.
3.5. Dating

The 230Thexcess method uses the radioactive decay of the excess ac-
tivity of 230Th over that of the parent uranium. Tables 7 and 8 show
that the 230Thexcess specific activity in samples from both crusts de-
creases gradually from the surface downward as expected from radioac-
tive decay and therefore the method can be applied for dating
(Ivanovich and Harmon, 1992; Kuznetsov, 2008).

On the basis of the relationship between the 230Thexcess specific ac-
tivity in the sublayers 0–0.4 mm and 0.9–1.4mm, we calculated the av-
erage growth rate of 3.03 ± 0.28 mm/Ma for crust 12/09. This allowed
us to estimate the age at the base of the 0–1.4 mm layer to be 380 ±
30 ka. The average growth rate is calculated to be 3.97 ± 0.62 mm/Ma
for crust 12/04 based on the relationship between the 230Thexcess specif-
ic activity in sublayers 0–0.5 mm and 1.5–2.0 mm. The estimated age is
440 ± 60 ka for the base of layer 0–2.0 mm.

We did not analyze deeper crust sublayers due to the closeness of
230Thexcess activity to the radioactive equilibriumwith the parent urani-
um in the lowermost analyzed sublayers. The calculated ages are close
to the age limit of the method, about 400 ka.

The growth rates of 3.03 ± 0.28 mm/Ma and 3.97 ± 0.62 mm/Ma
compare with those obtained by the Be isotope method for three crusts
from the adjacent Chukchi plateau, which for the youngest (upper
Gd Tb Dy Y Ho Er Tm Yb Lu ΣREY

48 7 42 203 8 22 3 21 3 1674
26 4 24 110 5 13 2 12 2 889
70 11 60 290 12 30 4 30 5 2495
13 2 11 52 2 6 1 6 1 –
56 9 50 229 10 26 4 25 4 1937
35 6 32 170 6 16 2 16 2 1222
69 10 60 290 12 30 4 28 4 2489
12 2 10 40 2 5 1 5 1 –
57 9 50 238 10 26 4 25 4 2080
48 8 43 190 8 23 3 21 3 1751
70 11 59 260 12 30 4 30 5 2447
8 1 6 24 2 3 0 3 1 –
37 6 31 110 6 17 2 16 2 1177
26 4 24 200 5 13 2 12 2 1021
41 7 36 160 7 19 3 18 3 1452
6 1 5 46 1 2 0.3 3 1 –

Image of Fig. 8


Fig. 9. Shale-normalized REY patterns (PAAS); A: Mendeleev Ridge samples; B: different marine Fe-Mn deposits (McLennan, 1989; Bau et al., 2014).
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5 mm) layer of each crust vary from 2.18 to 8.22 mm/Myr (Dausmann
et al., 2015).
4. Fe-Mn crust formation

Our results help constrain themetal sources and formation history of
the Fe-Mn crusts from Mendeleev Ridge. The most informative genetic
parameters for crust chemical and mineral compositions are Co, Ni,
Cu, and REY contents, Fe/Mn ratios, and Fe and Mn minerals
(Anikeeva et al., 2002; Dubinin, 2006; Hein and Koschinsky, 2014;
Kuhn et al., 1998; Manheim and Lane-Bostwick, 1988).

Hydrogenetic crusts commonly have botryoidal and dendritic tex-
tures and slow growth rates (e.g. Hein et al., 2000; Anikeeva et al.,
2002; Melnikov, 2005; Dubinin, 2006; Kuznetsov, 2008; Hein and
Koschinsky, 2014). These characteristics are typical for the upper layer
of Mendeleev crusts with growth rates of 3.03–3.97 mm/Myr
(Tables 7,8). The age for the base of the crusts uppermost 3 mm layer,
calculated from average growth rates and average thickness of 3 mm
are 0.91 to 1.19 Myr. These data indicate that the oxides were sourced
from seawater and therefore have a hydrogenetic origin. Unlike deep-
water open-ocean crusts, the Mendeleev crusts show the presence of
high amounts of nonmetalliferous detritus of terrigenous origin.

Data for each of the three layers analyzed separately indicate a tem-
poral change in the conditions of crust formation (Figs. 2A, 3). Textural
features between the terrigenous component and metal oxides
Fig. 10. Marine Fe–Mn oxyhydroxide deposits for (A) CeSN/CeSN* vs Nd concentration and (B
Australian Shale, PAAS (McLennan, 1989); Ce* = Ce anomaly (CeSN* = 0.5LaSN + 0.5 PrSN).
highlight the variability of input of terrigenous detritus with time. Be-
sides a general decrease in detrital input with time, the laminated struc-
ture described for the middle layer reflects a fluctuating input of
terrigenous debris against the background of slow precipitation of Fe
and Mn oxides (Fig. 3). Formation of the lower layer was associated
with the intense input of terrigenous material as evidenced by the mot-
tled texture and maximum Al and Si contents (Fig. 3, Table 3). These
changes in detrital input reflect predominantly changes in weathering
conditions on the adjacent continents and, based on variations in
rounding of grains, that transport was by rivers and sea ice. In addition,
we suggest that clastic minerals may also have been supplied to the
crusts by weathering of Mendeleev Ridge rocks (Rekant et al., 2013).
5. Conclusions

Study of crusts from Mendeleev Ridge revealed their morphology,
texture, mineral and chemical compositions, and processes of forma-
tion. The morphological and textural features of the samples show
that the crusts have a three-layered structure and each layer has its
own microtexture.

As a whole, the Mendeleev samples are depleted in elements of
greatest economic interest compared to the crusts from the Pacific
Prime Crust Zone, though the metal contents in the upper layer of the
Mendeleev crusts are often comparable. Generally, the Arctic Ocean
crusts have comparable metal contents with Fe-Mn crusts from the
) CeSN/CeSN* ratio vs YSN/HoSN (Bau et al., 2014); SN is shale normalized to Post-Archean

Image of Fig. 9
Image of Fig. 10


Table 6
Correlation coefficient matrix for 25 Fe–Mn crust samples.

Na Mg Al Si P K Ca Ti Fe Mn Cu Ni Co Li Be Sc Cr Zn Ga As Se Rb

Mg 0.0519
Al 0.5406 -0.4436
Si 0.3613 -0.4194 0.8244
P 0.4883 0.2923 0.4849 0.2029
K 0.4080 -0.4755 0.9297 0.9259 0.3527
Ca 0.3560 0.4264 -0.2812 -0.1476 0.1527 -0.2876
Ti 0.4251 0.3032 0.1439 0.0760 0.4274 0.1458 0.0913
Fe -0.4442 0.1173 -0.6798 -0.8081 -0.2392 -0.6717 -0.0298 -0.1106
Mn -0.5961 0.2691 -0.8757 -0.7926 -0.5524 -0.8822 0.1013 -0.3426 0.5355
Cu -0.3592 0.4482 -0.6891 -0.6441 -0.1818 -0.6720 -0.0888 0.0295 0.5469 0.5875
Ni -0.4101 0.3910 -0.8222 -0.6598 -0.4169 -0.7793 0.1463 -0.2173 0.4177 0.8077 0.6328
Co -0.3775 0.5044 -0.9238 -0.6867 -0.4193 -0.8808 0.4064 -0.0848 0.4160 0.8076 0.6287 0.8037
Li 0.2958 -0.4157 0.7170 0.6597 0.0922 0.6201 -0.3679 -0.1979 -0.6735 -0.4535 -0.3683 -0.4330 -0.6088
Be -0.2146 0.0082 -0.2730 -0.6635 0.1245 -0.4228 -0.0936 0.0008 0.7197 0.2877 0.1514 0.0126 0.0607 -0.4764
Sc 0.0651 0.0609 0.1053 -0.3623 0.4159 -0.0855 -0.3423 0.3739 0.3857 -0.0575 0.1862 -0.1965 -0.2379 -0.1391 0.7416
Cr -0.1030 0.0168 0.4438 0.4993 0.1186 0.5503 -0.4148 0.2167 -0.3761 -0.3798 -0.3504 -0.3543 -0.4999 0.2934 -0.2340 0.0622
Zn 0.0334 0.6079 -0.4430 -0.6863 0.2756 -0.6205 0.1986 0.3478 0.4687 0.3426 0.6118 0.3309 0.4539 -0.4430 0.4539 0.5926 -0.3556
Ga -0.5764 -0.5616 -0.0704 -0.0128 -0.5925 0.0330 -0.5811 -0.4622 0.1719 0.2930 -0.1351 0.1261 -0.1196 0.1139 0.1610 -0.0448 0.3010 -0.5157
As 0.2102 0.4292 -0.1556 -0.4681 0.5331 -0.3247 0.2008 0.3649 0.4615 -0.0308 0.3777 -0.0121 0.1380 -0.4199 0.5585 0.6728 -0.3532 0.8473 -0.6280
Se -0.4753 -0.0621 -0.7026 -0.6306 -0.6800 -0.6736 0.0238 -0.2762 0.5336 0.7617 0.3753 0.5979 0.5458 -0.4018 0.2778 -0.1013 -0.3399 0.0684 0.4999 -0.2560
Rb 0.3872 -0.4243 0.9111 0.8143 0.4845 0.9357 -0.3275 0.2953 -0.5654 -0.8740 -0.6512 -0.7974 -0.8731 0.4744 -0.2066 0.1760 0.5497 -0.4137 -0.0095 -0.0882 -0.7249
Sr -0.0042 0.6322 -0.6109 -0.8110 0.1821 -0.7705 0.4295 0.1791 0.5952 0.4683 0.5037 0.4048 0.6019 -0.6448 0.5784 0.4136 -0.5465 0.8858 -0.4921 0.8019 0.1935 -0.5880
Y -0.1566 0.6001 -0.7368 -0.9091 0.0477 -0.8801 0.3489 0.1447 0.6480 0.6436 0.5991 0.5357 0.7038 -0.6781 0.6149 0.4153 -0.5237 0.8517 -0.3173 0.6788 0.3913 -0.7094
Mo 0.3263 0.4555 -0.0716 -0.4689 0.5128 -0.3439 0.2573 0.2629 0.2732 0.0397 0.2239 -0.0450 0.1024 -0.2431 0.5184 0.5962 -0.4086 0.7963 -0.6564 0.8668 -0.1927 -0.1489
Cd 0.3297 0.4251 -0.1179 -0.4411 0.3149 -0.4368 0.3048 0.1492 0.0728 0.1768 0.1888 0.0892 0.2088 0.0055 0.3232 0.3920 -0.4370 0.6883 -0.5042 0.5798 0.0174 -0.3025
Sn -0.7139 0.1096 -0.8465 -0.6863 -0.6136 -0.7291 -0.0325 -0.2726 0.6538 0.8221 0.5263 0.6928 0.6836 -0.5447 0.3286 -0.0425 -0.1908 0.1263 0.5157 -0.1536 0.8151 -0.7431
Sb -0.0326 0.6851 -0.6181 -0.6232 0.1515 -0.6732 0.4039 0.2439 0.2989 0.5086 0.6212 0.5872 0.7236 -0.5172 0.1731 0.2006 -0.3890 0.7890 -0.4512 0.5410 0.1306 -0.5630
Te 0.2989 0.6811 -0.2641 -0.3016 0.4476 -0.3288 0.5378 0.4560 0.1872 -0.0050 0.4373 0.0887 0.3671 -0.3743 0.0709 0.2256 -0.3331 0.7628 -0.8631 0.7823 -0.2773 -0.2230
Cs 0.0931 -0.5973 0.6770 0.6061 0.2164 0.7774 -0.4679 0.0646 -0.2274 -0.6386 -0.5464 -0.4877 -0.7940 0.2833 -0.0674 0.1439 0.5041 -0.5255 0.3526 -0.2221 -0.3839 0.8190
Ba 0.0877 0.2924 -0.0905 -0.2818 0.4698 -0.1569 0.3029 0.0980 0.4213 -0.1078 0.0855 -0.1182 0.0084 -0.4557 0.4809 0.3619 -0.3380 0.5060 -0.4631 0.7508 -0.2365 0.0334
La -0.3680 0.4288 -0.8801 -0.9363 -0.2473 -0.9301 0.2944 -0.0928 0.8095 0.7558 0.6091 0.6398 0.7749 -0.7710 0.5945 0.1783 -0.5995 0.6315 -0.0869 0.4774 0.5900 -0.8269
Ce -0.1520 0.5342 -0.6890 -0.8679 0.0785 -0.8127 0.3400 0.1030 0.7075 0.5652 0.5803 0.4370 0.6307 -0.7180 0.6297 0.3735 -0.5728 0.7812 -0.3865 0.7224 0.3144 -0.6604
Pr -0.3285 0.4036 -0.8750 -0.9247 -0.2633 -0.9271 0.3411 -0.0974 0.7902 0.7589 0.5926 0.6277 0.7796 -0.7514 0.5574 0.1351 -0.6617 0.6079 -0.1174 0.4559 0.5993 -0.8406
Nd -0.3697 0.4095 -0.8848 -0.9443 -0.2600 -0.9366 0.2962 -0.1197 0.8090 0.7850 0.5978 0.6640 0.7802 -0.7643 0.5872 0.1709 -0.6014 0.6168 -0.0424 0.4386 0.6275 -0.8393
Sm -0.4389 0.3350 -0.9013 -0.9288 -0.3684 -0.9366 0.2537 -0.2054 0.7873 0.8459 0.5829 0.6928 0.7820 -0.7255 0.5499 0.0931 -0.5958 0.5128 0.0727 0.3061 0.7126 -0.8671
Eu -0.3110 0.4159 -0.8513 -0.9443 -0.2209 -0.9257 0.3111 -0.0968 0.7814 0.7690 0.5866 0.6422 0.7403 -0.7347 0.5807 0.1875 -0.6370 0.6229 -0.0873 0.4537 0.6171 -0.8270
Gd -0.4239 0.3528 -0.8996 -0.9482 -0.3453 -0.9457 0.2395 -0.1836 0.7856 0.8491 0.6009 0.7055 0.7765 -0.7117 0.5707 0.1357 -0.5808 0.5349 0.0809 0.3148 0.7245 -0.8726
Tb -0.4071 0.3959 -0.8958 -0.9508 -0.3013 -0.9490 0.2675 -0.1592 0.7789 0.8296 0.6114 0.6841 0.7841 -0.7307 0.5791 0.1516 -0.5898 0.5736 0.0132 0.3712 0.6755 -0.8662
Dy -0.3670 0.4274 -0.8925 -0.9545 -0.2742 -0.9490 0.2757 -0.1237 0.7618 0.8200 0.6257 0.7195 0.7820 -0.7226 0.5495 0.1528 -0.5773 0.5921 0.0053 0.3640 0.6934 -0.8692
Ho -0.4695 0.3388 -0.9182 -0.9310 -0.4087 -0.9476 0.2056 -0.2043 0.7450 0.8835 0.6197 0.7466 0.8035 -0.6901 0.5022 0.0813 -0.5308 0.4880 0.1502 0.2154 0.7877 -0.8974
Er -0.3914 0.4465 -0.9127 -0.9304 -0.3142 -0.9558 0.2746 -0.1156 0.7054 0.8525 0.6618 0.7215 0.8272 -0.7117 0.4750 0.1002 -0.5611 0.5707 0.0028 0.3035 0.7214 -0.8939
Tm -0.3668 0.4463 -0.9053 -0.9223 -0.3006 -0.9520 0.2933 -0.0778 0.6984 0.8308 0.6698 0.7083 0.8275 -0.7158 0.4749 0.1154 -0.5771 0.5938 -0.0313 0.3330 0.7096 -0.8808
Yb -0.3986 0.4064 -0.9027 -0.9392 -0.3142 -0.9485 0.2492 -0.0926 0.7433 0.8349 0.6582 0.6995 0.7934 -0.7081 0.5231 0.1449 -0.5378 0.5690 0.0458 0.3120 0.7428 -0.8775
Lu -0.4366 0.3694 -0.8938 -0.9355 -0.3425 -0.9338 0.1958 -0.1479 0.7353 0.8579 0.6511 0.7000 0.7736 -0.6845 0.5425 0.1529 -0.5148 0.5173 0.1241 0.2555 0.7699 -0.8720
W -0.0461 0.2118 -0.3265 -0.7117 0.1186 -0.5537 0.1283 -0.1627 0.6095 0.4018 0.2865 0.1486 0.1886 -0.3536 0.7351 0.4778 -0.5214 0.5827 -0.1790 0.6018 0.2628 -0.4231
Tl 0.3276 0.5883 -0.1249 -0.3567 0.4954 -0.3092 0.3519 0.4618 0.1439 0.0398 0.3367 0.0153 0.1853 -0.2449 0.2743 0.4905 -0.3192 0.8077 -0.7688 0.8055 -0.2269 -0.1352
Pb -0.1115 0.6606 -0.7932 -0.7202 -0.0356 -0.7900 0.4816 0.1794 0.5946 0.5091 0.6986 0.6159 0.8012 -0.7197 0.2211 0.0479 -0.5636 0.7288 -0.4972 0.6061 0.2704 -0.7112
Bi 0.2308 0.6512 -0.3571 -0.3576 0.3462 -0.3852 0.5455 0.4301 0.2977 0.0534 0.4789 0.1367 0.4211 -0.4727 0.1007 0.1864 -0.3859 0.7333 -0.8161 0.7710 -0.1957 -0.2829
Th -0.3493 0.4546 -0.9312 -0.7637 -0.3478 -0.8820 0.4117 -0.1142 0.6302 0.7251 0.7003 0.7442 0.9215 -0.6809 0.2149 -0.1450 -0.6153 0.5030 -0.1616 0.2991 0.5368 -0.8805
U 0.2370 0.5795 -0.1752 -0.4144 0.3625 -0.4310 0.3343 0.0887 -0.0842 0.2775 0.1590 0.2395 0.3204 -0.0764 0.1774 0.2011 -0.3486 0.5809 -0.4905 0.3922 0.0048 -0.3566
Zr 0.1111 -0.0095 0.2203 -0.1253 0.3999 0.0642 -0.3262 0.2548 0.1683 -0.1388 0.0613 -0.2104 -0.2812 -0.0816 0.4283 0.6711 0.1029 0.2852 0.0062 0.3704 -0.0701 0.2547
Nb 0.0511 0.7286 -0.5936 -0.5865 0.2127 -0.6365 0.4747 0.3643 0.4095 0.3543 0.6282 0.4468 0.6741 -0.6278 0.1705 0.2141 -0.4180 0.8382 -0.6299 0.7057 0.0614 -0.5008
Hf -0.3368 -0.4037 0.0486 -0.1345 -0.1086 0.0444 -0.5596 -0.1621 0.3184 0.1201 0.0369 -0.0592 -0.2386 -0.0813 0.3985 0.3729 0.1670 -0.1674 0.6061 -0.1473 0.3325 0.1062
Ta -0.0361 0.2910 -0.3035 -0.1924 0.0530 -0.2534 0.1004 0.2501 0.2000 0.1817 0.4518 0.2698 0.3542 -0.3218 -0.0788 0.0878 -0.0635 0.2976 -0.1458 0.1719 0.1477 -0.2099
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Sr Y Mo Cd Sn Sb Te Cs Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb

Y 0.9592
Mo 0.8020 0.6801
Cd 0.6860 0.6279 0.8081
Sn 0.2526 0.4654 -0.2770 -0.1779
Sb 0.7626 0.7863 0.4571 0.4318 0.3180
Te 0.7185 0.5937 0.6621 0.5148 -0.1548 0.7063
Cs -0.6469 -0.7030 -0.3661 -0.5654 -0.3944 -0.6511 -0.4987
Ba 0.6275 0.4561 0.6539 0.3386 -0.1685 0.2818 0.5661 -0.0404
La 0.8448 0.9011 0.4478 0.3726 0.6516 0.6180 0.3786 -0.6500 0.4191
Ce 0.9364 0.9429 0.7265 0.5357 0.3795 0.6670 0.5989 -0.6298 0.5446 0.9058
Pr 0.8357 0.8879 0.4519 0.3901 0.6340 0.6043 0.3885 -0.6740 0.4071 0.9910 0.9059
Nd 0.8265 0.8939 0.4152 0.3597 0.6815 0.6346 0.3449 -0.6464 0.3899 0.9914 0.8853 0.9869
Sm 0.7393 0.8340 0.3118 0.3010 0.7415 0.5617 0.2199 -0.6368 0.2997 0.9719 0.8247 0.9739 0.9857
Eu 0.8355 0.8986 0.4698 0.4301 0.6331 0.6122 0.3558 -0.6473 0.4100 0.9778 0.8987 0.9860 0.9842 0.9777
Gd 0.7467 0.8530 0.3177 0.3295 0.7569 0.5845 0.2225 -0.6443 0.2777 0.9685 0.8231 0.9661 0.9832 0.9954 0.9769
Tb 0.7877 0.8817 0.3728 0.3607 0.7225 0.6123 0.2830 -0.6683 0.3213 0.9815 0.8624 0.9781 0.9888 0.9928 0.9849 0.9961
Dy 0.7855 0.8833 0.3633 0.3819 0.7202 0.6411 0.2919 -0.6645 0.3036 0.9678 0.8418 0.9622 0.9812 0.9825 0.9795 0.9926 0.9923
Ho 0.6737 0.8096 0.2185 0.2719 0.8151 0.5745 0.1530 -0.6507 0.1566 0.9321 0.7603 0.9270 0.9548 0.9789 0.9422 0.9869 0.9764 0.9805
Er 0.7477 0.8668 0.3188 0.3577 0.7477 0.6526 0.2877 -0.7220 0.2243 0.9435 0.8231 0.9435 0.9600 0.9709 0.9602 0.9798 0.9802 0.9861 0.9845
Tm 0.7632 0.8786 0.3384 0.3808 0.7301 0.6668 0.3229 -0.7291 0.2480 0.9431 0.8311 0.9431 0.9566 0.9631 0.9580 0.9733 0.9760 0.9831 0.9749 0.9965
Yb 0.7356 0.8616 0.2986 0.3563 0.7652 0.6217 0.2664 -0.6879 0.2140 0.9402 0.8078 0.9349 0.9559 0.9659 0.9527 0.9796 0.9767 0.9862 0.9856 0.9915 0.9903
Lu 0.6880 0.8322 0.2547 0.3134 0.8009 0.5880 0.1882 -0.6631 0.1683 0.9204 0.7755 0.9129 0.9392 0.9599 0.9340 0.9767 0.9699 0.9767 0.9886 0.9859 0.9807 0.9926
W 0.7304 0.6948 0.7760 0.6176 0.1206 0.2749 0.2686 -0.3673 0.5751 0.6859 0.7842 0.6962 0.6756 0.6522 0.7290 0.6471 0.6696 0.6437 0.5630 0.5887 0.5832 0.5848
Tl 0.7433 0.6372 0.8777 0.7291 -0.2605 0.5849 0.8266 -0.4092 0.5868 0.3587 0.6409 0.3734 0.3206 0.2212 0.3857 0.2317 0.2892 0.2891 0.1388 0.2749 0.3084 0.2432
Pb 0.8380 0.8212 0.4693 0.3751 0.4134 0.7811 0.7497 -0.6748 0.4483 0.8229 0.8256 0.8267 0.8007 0.7311 0.7925 0.7264 0.7598 0.7673 0.6887 0.7609 0.7768 0.7407
Bi 0.7304 0.6106 0.6230 0.4523 -0.0677 0.6696 0.9801 -0.4906 0.5826 0.4574 0.6462 0.4746 0.4175 0.3029 0.4321 0.2975 0.3559 0.3568 0.2239 0.3501 0.3828 0.3316
Th 0.6740 0.7381 0.1794 0.1953 0.6761 0.6828 0.4420 -0.7225 0.1766 0.8630 0.7207 0.8649 0.8535 0.8370 0.8143 0.8316 0.8424 0.8389 0.8341 0.8486 0.8479 0.8379
U 0.6268 0.6054 0.6821 0.7906 -0.1061 0.6041 0.4410 -0.6035 0.2474 0.3598 0.5109 0.3695 0.3707 0.3286 0.4275 0.3546 0.3866 0.4110 0.3222 0.4168 0.4188 0.3634
Zr 0.1455 0.1603 0.3865 0.2092 -0.1283 0.0097 0.0068 0.2286 0.2196 -0.0127 0.1911 -0.0244 0.0346 -0.0066 0.0578 0.0082 0.0075 0.0243 0.0018 0.0278 0.0358 0.0388
Nb 0.8254 0.7870 0.5781 0.4540 0.2134 0.8690 0.8623 -0.6127 0.4711 0.6403 0.7559 0.6418 0.6403 0.5393 0.6295 0.5403 0.5801 0.5997 0.5108 0.6144 0.6361 0.5860
Hf -0.2221 -0.0861 -0.1701 -0.3006 0.3062 -0.2865 -0.5331 0.3690 -0.1180 -0.0063 -0.0330 -0.0190 0.0585 0.1111 0.0522 0.1169 0.0764 0.0748 0.1646 0.0947 0.0755 0.1191
Ta 0.1845 0.2512 0.0063 -0.0278 0.2691 0.4378 0.3266 -0.2160 -0.0129 0.1652 0.2274 0.1806 0.2349 0.1979 0.2036 0.2020 0.1943 0.2306 0.2519 0.3003 0.3136 0.2878

Lu W Tl Pb Bi Th U Zr Nb Hf

W 0.5772
Tl 0.1893 0.5410
Pb 0.6809 0.4030 0.5505
Bi 0.2529 0.2981 0.7908 0.8133
Th 0.8114 0.3270 0.2070 0.8857 0.5276
U 0.3451 0.5005 0.6482 0.3521 0.3397 0.2093
Zr 0.0519 0.3164 0.2384 -0.1134 -0.0382 -0.2955 0.1418
Nb 0.5218 0.3326 0.6869 0.9016 0.8678 0.6905 0.4578 0.1490
Hf 0.1815 0.1541 -0.3561 -0.3380 -0.5141 -0.2337 -0.2739 0.7221 -0.2634
Ta 0.2696 -0.1101 0.1294 0.3740 0.3234 0.2874 0.0100 0.5194 0.5805 0.3575

Bolded values reflect values above zero point of correlation for 25 at the 99% confidence level (0.505)
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Table 7
Results of radiochemical analysis of the crust sample 12/09.

Sub-layer,
mm

238U
dpm/g

234U
dpm/g

234U/238U 230Th
dpm/g

232Th
dpm/g

230Thexcess

dpm/g

0–0.4 9.30
± 0.85

11.32
± 0.93

1.22
± 0.14

141.93 ±
6.89

35.28 ±
2.18

130.61 ±
6.95

0.4–0.9 7.78
± 0.65

8.90
± 0.68

1.14
± 0.12

43.05 ±
1.57

28.26 ±
1.15

34.15 ±
1.71

0.9–1.4 9.88
± 0.81

11.36
± 0.87

1.15
± 0.12

18.63 ±
1.71

26.39 ±
2.17

7.26 ± 1.92

1.4–1.9 10.07
± 0.55

14.56
± 0.68

1.45
± 0.10

15.63 ±
1.54

27.77 ±
2.25

–

Dash means no data available; dpm/g = decays/min/g.

Table 8
Results of radiochemical analysis of the crust sample 12/04.

Sub-layer,
mm

238U
dpm/g

234U
dpm/g

234U/238U 230Th
dpm/g

232Th
dpm/g

230Thexcess

dpm/g

0–0.5 6.37
± 0.24

8.09
± 0.27

1.27
± 0.06

54.95 ±
2.15

24.44 ±
1.22

46.86 ±
2.16

0.5–1.0 7.30
± 0.42

7.88
± 0.43

1.08
± 0.08

20.35 ±
1.09

22.59 ±
1.17

12.47 ±
1.17

1.0–1.5 6.31
± 0.61

7.74
± 0.66

1.23
± 0.15

20.11
± 0.59

20.91
± 0.60

12.36
± 0.89

1.5–2.0 7.32
± 0.35

10.51
± 0.42

1.44
± 0.08

11.95
± 0.66

17.70
± 0.83

1.45 ± 0.78

dpm/g = decays/min/g.

Acronym Full name

AAS Atomic Absorption Spectroscopy
ED Electron microdiffraction
EPMA Electron Probe Microanalysis
EDX Energy dispersive X-ray
FMC Ferromanganese Crust
ICP-AES Inductively Coupled Plasma Atomic Emission Spectroscopy
ICP-MC Inductively Coupled Plasma Mass Spectrometry
IORAS P.P. Shirshov Institute of Oceanology of the Russian Academy of

Sciences
PAAS Post-Archean Australian Shale
SD Standard deviation
SEM-EDS Scanning Electron Microscopy – Energy Dispersive Spectroscopy
SPSU St. Petersburg State University
VIMS Institute of mineral resources
VNIIO Institute for Geology and Mineral Resources of the Ocean
VSEGEI A.P. Karpinsky Russian Geological Research Institute
XRD X-Ray Diffraction
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Indian and Atlantic Oceans, and in addition have remarkably high con-
tents of Sc, Th, Li, V, and As.

Mn has significant positive correlation coefficients with Ni, Co, and
Th whereas Si has significant positive coefficients with Al, K, Li, Rb,
and Cs.

The composition of the crusts shows high amounts of
nonmetalliferous detrital minerals, that vary from layer to layer and
have a terrigenous source. Transportation of the detrital minerals was
by both rivers and sea ice. We suggest that clastic minerals may also
have been supplied to the crust by weathering of Mendeleev Ridge
rocks. This diverse supply of clastic material is typical of the early stages
of crust formation and decreased markedly to the present.

Therefore, crust formation was dominated by three main factors:
precipitation of Fe-Mn oxides from ambient ocean water, sorption of
metals by those Fe and Mn phases, and fluctuating but large inputs of
terrigenous material.

Growth rates of the uppermost 2 mm of the two crusts dated using
excess 230Th vary from 3.03 mm/Myr to 3.97 mm/Myr. The base of the
upper layer (average thickness 3mm) ranges in age from 0.9 to 1.2Myr.

It is noteworthy that a considerable amount of Fe-Mn crusts discov-
ered during recent Russian andUSA expeditions in this part of the Arctic
have similar textures and compositions, especially high contents of Li,
Zr, V, Y and Sc, suggesting regional development of thesemetal deposits,
which differ significantly from crusts reported from other parts of the
global ocean.
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