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Summary .

Co-rich Fe-Mn crusts are a potential resource for Co, Ni, Pt, Mn,
Tl, Te, Ti, and other metals. They occur on topographic highs at
depths of 400-4000 m throughout the ocean basins where currents
have swept the rocks clean of sediment for millions of years.
Crusts precipitate from cold ambient seawater as pavements up to
25 em thick. Gravity processes, sedimentation, reefs, and currents
control crust distribution and thickness. Crust layers show
massive, botryoidal, laminated, columnar, or mottled textures.
Distinct layering sequences are regionally persistent. Most crusts
grow at rates of 1-6 mm/Ma and are composed of 8-MnO;, Fe

oxyhydroxide, and minor quartz and feldspar, with carbonate
fluorapatite (CFA) in thick (>6 cm) crusts. Elements associated
with 8-MnQ; include Co, Ni, Cd, Tl, Te, and Mo, and with Fe
oxyhydroxide, As. Co contents are as high as 2.3%, Ni to 1%, and
Pt to 3 ppm, with mean Fe/Mn ratios of 0.7-1.5. Co, Ni, Ti, and Pt
are greater in central-Pacific crusts, whereas Fe/Mn, Si, and Al are
greater in continental margin, Atlantic, and Indian crusts. Total
REEs vary from 0.1 to 0.3% and are derived from seawater, as are
Co, Mn, Ni, Tl, and most Pt-group elements. Co, Ce, Tl, and
possibly also Ti, Pb, Te, and Pt are more concentrated in crusts
than other metals because of oxidation reactions. Other controls
on element abundances in crusts include the concentration of
metals in seawater, colloid surface charge, complexing agents,
surface area, growth rates, and bacterially mediated reactions.

Introduction

Fe-Mn oxyhydroxide crusts are ubiquitous on hard-rock substrates
throughout the ocean basins. They form on the flanks and
summits of seamounts, ridges, plateaus, and abyssal hills where
the rocks have been swept clean of sediments at least
intermittently for millions of years. Crusts form pavements up to
25 cm thick on rock outcrops, or coat talus debris. Crusts form by
hydrogenetic precipitation from cold ambient bottom waters, or by
a combination of hydrogenetic and hydrothermal precipitation in
areas of hydrothermal venting.

Distribution

Fe-Mn crusts occur on Pacific seamounts as far north as the
Aleutian Trench and as far south as the Circum-Antarctic Ridge.
Compared to the estimated 50,000 or so seamounts in the Pacific,
the Atlantic and Indian oceans contain fewer seamounts and most
crusts are associated with spreading ridges. Those crusts usually
have a hydrothermal component that may be large near active
venting, but which is regionally generally a small (<30%)
component of the crusts formed along most of the ridges (Bury,
1989). Fe-Mn crusts occur at water depths of about 400-4000 m,
but most commonly occur at depths from about 1000-3000 m.
The most Co-rich crusts occur at water depths from 800-2200 m,
which mostly encompasses the OMZ. The thickest crusts occur at
depths of 1500-2500 m, which corresponds to depths of the outer
summit area and upper flanks of most Cretaceous seamounts.

Textures and Physical Properties

Crust surfaces exposed directly to the seafloor are botryoidal, with
botryoids varying in size from a mm to several ecm. Under
conditions of high current flow, botryoids are modified, either by
smoothing or by accentuation of the relief by erosion around

botryoid margins, in places producing mushroom-shaped forms.
Strong uni-directional flow polishes and flutes botryoids. Crust
profiles vary according to crust thickness and oceanographic
conditions. The thickest crusts (>80 mm) may have up to 8
distinct macroscopic layers, the lower layers of which may be
phosphatized. Thick crusts typically have 4-5 macroscopic layers
that are consistent regionally.

An important consideration for the exploration and exploitation of
potential crust resources is their contrast in physical properties
with substrate rocks. Those comparisons are complicated by the
fact that crusts grow on a variety of substrate types including
breccia, basalt, phosphorite, limestone, hyaloclastite, and
mudstone. Fresh basalt and phosphorite contrast significantly
with crusts, whereas the other rock types and altered basalt may
not contrast in physical properties with crusts. Crusts are
generally much more porous (mean 60%) than substrate rocks and
have extreme specific surface areas, averaging 300 m2/g. The P-
wave velocity of crusts may be less or more than that of
sedimentary substrate rocks, but is generally less than that of
basalt. This variable contrast makes it difficult to develop sonic
devices for measuring in situ crust thicknesses. The most
distinctive property of crusts is their gamma radiation, which
averages 475 net counts/min, in contrast to sedimentary rock (101)
and basalt (146) substrates (Svininnikov, 1994). Gamma radiation
may be useful for crust exploration under thin sediment cover and
for measuring crust thicknesses in situ.

Mineralogy, Growth Rates, and Ages

The dominant crystalline phase is Fe-rich MnO3, (ferruginous
vernadite), which generally makes up more than 95% of the
crystalline phases, the remainder being detrital minerals. The
older parts of thick crusts are phosphatized and may contain up to
30% CFA in that part of the crust, but CFA is generally less than
10% of thick bulk crusts. Another major phase in crusts is X-ray
amorphous Fe oxyhydroxide (8-FeOOH, feroxyhyte), which is
epitaxially intergrown with -MnO7. Todorokite, common in
diagenetic Fe-Mn nodules and hydrothermal Mn deposits, is rare
in hydrogenetic crusts--only 5% of 640 crust analyzes showed the
presence of todorokite.

Hydrogenetic Fe-Mn crusts grow at incredibly slow rates of <1 to
about 10 mm/Ma, with the most common rates being from 1-6
mm/Ma. These slow growth rates allow for the adsorption of
large quantities of trace metals by the oxyhydroxides at the crust
surface. The initiation of growth of the thickest crusts began
about 60 Ma ago.

Chemical Composition

USGS chemical data presented here (Table 1, columns 1-5, 8-10,
13-14) are normalized to 0% HpO" because hygroscopic water
varies markedly up to 30 wt.%, thereby affecting the contents of
all the elements. Unfortunately, water contents are not provided
in many papers, so we were unable to correct compiled data listed
in Table 1 (columns 6, 7, 11, 12, 15, 1--sources are listed in Hein
et al. (1999)). Mean chemical compositions are provided for
crusts that occur in the areas marked on Fig. 1 as well as for



Atlantic and Indian crusts, all of which correspond to columns in
Table 1. Hydrogenetic crusts generally have Fe/Mn ratios
between 0.4 and 1.2, most commonly 0.740.2, whereas mixed
hydrogenetic and hydrothermal crusts and continental margin
crusts have ratios between 1 and 3, mostly 1.3-1.8 (Table 1). Co,
the metal of greatest economic potential, ranges from about 0.1-
2.3% in bulk crusts and averages from 0.2% to 0.7% for various
regions of the global ocean (Table 1). Co is also considered the
element most characteristic of hydrogenetic precipitation in crusts
and is considered to maintain a constant flux in the oceans,
regardless of water depth (Halbach et al., 1983). Based on
sequential leaching experiments, Koschinsky and Halbach (1995)
provided the following list of elements with decreasing degrees of
hydrogenesis: Co=Mn>Ni>Zn=Pb=Cu>Fe>Ti. Ni and Pt are also
considered of economic importance and range up to 1.0% and 1
ppm respectively for bulk crusts. Pt ranges up to 3 ppm for
individual crust layers. Elements most strongly enriched over
abyssal Fe-Mn nodules include Co, Pt, Pb, V, P, Ca, Ti, Sr, Te,
and REEs, whereas nodules are more enriched in Cu, Ni, Zn, Al,
K, and Cd. Crusts are enriched over lithospheric contents about
30,000 times for Te and 100 to 500 times for Mo, TI, Sb, Co, Mn,
Bi, As, Se, and Pb.

Elements in crusts have different origins and are associated with
different crust mineral phases. Mn, Co, Ni, Cd, and Mo are
invariably associated with the 8-MnO3 phase and Pb, V, Zn, Na,
Ca, Sr, Mg, and Ti are associated with that phase in some regions.
Fe and As are usually the only elements associated with the Fe
oxyhydroxide phase, although V, Cu, Pb, Y, P, Cr, Be, Sr, Ti, and
Ce are also associated with that phase in some regions. The
detrital phase always includes Si, Al, and K, and commonly also
Ti, Cr, Mg, Fe, Na, and Cu. The CFA phase invariably includes
Ca, P, and COj, and also commonly Sr and Y. The residual
biogenic phase usually includes Ba, Sr, Ce, Cu, V, Ca, and Mg.
CFA associated elements and Pt, Rh, and Ir generally increase
with increasing crust thickness, whereas Co and detrital phase
associated elements usually decrease with increasing crust
thickness.

Fe-Mn Crust Formation

Even though Fe-Mn crusts form by hydrogenetic precipitation, the
exact mechanisms of metal enrichments in the water column and
at the crust surface are poorly understood. Elements in seawater
may occur in their elemental form or as inorganic and organic
complexes. Those complexes may in turn form colloids that
interact with each other and with other dissolved metals.
- Thermodynamic, surface-chemical, and colloidal-chemical models
show that most hydrogenetic elements in crusts occur as inorganic
complexes in seawater. Hydrated cations (Co, Ni, Zn, Pb, Cd, Tl,
etc.) are attracted to the negatively charged surface of Mn
oxyhydroxide, whereas anions and elements that form large
complexes with low charge-density (V, As, P, Zr, Hf, etc.) are
attracted to the slightly positive charge of Fe oxyhydroxide
surfaces (Koschinsky and Halbach, 1995).

Mixed Fe and Mn colloids with adsorbed metals precipitate onto
hard-rock surfaces as poorly crystalline or amorphous
oxyhydroxides, probably through bacterially mediated catalytic
processes. Continued crust accretion after precipitation of that
first molecular layer is autocatalytic, but is probably enhanced to
some degree by bacterial processes. Additional metals are
incorporated into the deposits either by co-precipitation, or by

diffusion of adsorbed ions into the Mn and Fe oxyhydroxide
crystal lattices. Co is highly enriched in crusts because it is
oxidized from Co?* to the less soluble Co3™ at the crust surface,
possibly through a disproportionation reaction. Pb, Ti, Ce, and TI,
are also highly enriched in hydrogenetic deposits, probably by a
similar oxidation mechanism. Concentrations of elements in
seawater are generally reflected in their concentrations in crusts,
although many mitigating factors exist. For example, Cu, Ni, and
Zn occur in comparable concentrations in seawater, yet Ni is much
more enriched in crusts than either Cu or Zn. However,
comparable proportions of Mn:Fe:Co exist in deep seawater (0.5-
1.0:1:0.02-0.05) as exist in erusts (0.6-1.6:1:0.02-0.05; Table 1).

The dominant controls on the concentration of elements in crusts
are the concentration of each element in secawater; element-
particle reactivity--residence times in seawater; the absolute and
relative amounts of Fe and Mn in the crusts, which in turn are
related to their abundance and ratio in colloidal flocs in seawater
(Aplin and Cronan, 1985); the colloid surface charge and types of
complexing agents, which will determine the amount of
scavenging within the water column; the degree of oxidation of
MnOj (O/Mn)--the greater the oxidation the greater the adsorption
capacity (Gramm-Osipov et al., 1994); the amount of surface area
available for accretion, which at the surface of growing crusts is
extremely large, but which decreases with maturation of the
crusts; the amount of dilution by detrital minerals and diagenetic
phases, and growth rates. Accretion of oxyhydroxides will be
slower where the OMZ intersects the seafloor than it will be above
and below that zone, because Mn is more soluble in low-oxygen
seawater. Crusts exposed at the seafloor may not necessarily be
actively accreting oxyhydroxides because of mechanical erosion
or, less commonly in the contemporary oceans, because of
seawater oxygen contents that are insufficient to permit oxidation
of the major metals.
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