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Introduction: Cobalt is the most important critical element in ferromanganese

crusts. Co concentration in the Fe-Mn crusts is one of the key parameters for

determination of the Co resource. Thus, it is essential to clarify the controls on

the variations of Co concentration of ferromanganese crusts.

Methods: To clarify the controls on Co concentration of hydrogenetic

nonphosphatized ferromanganese crusts, an equation was deduced based on

Fick’s First Law: Co( % ) = Mn02(% ) · Dsw · cswd · z
GR · Ssp, and eight potential

controls were gleaned from this equation, including dilution, diffusivity of Co

ions in seawater (Dsw), temperature which controls theDsw, Co ion concentration

in seawater (Csw), the diffusion distance of Co ions near the interface of seawater

and Fe-Mn crusts (d), thickness of one molecular layer (z), growth rate (GR), and

specific surface area of Fe-Mn crusts (Ssp). To constrain the value of Co ion

diffusion gradients (Csw=d ) and consequently verify the proposed equation, we

determined the Co concentrations, growth rates, and specific surface area of the

outermost layer of Fe-Mn crusts, and calculated diffusivity of Co2+.

Results: The Csw=d for the Fe-Mn crusts from Caiwei seamount (Magellan

seamounts) was determined to be 295-496 pM/mm, which are reasonable for

the Co ion concentrations and seawater mixing in the deep ocean.

Discussion: According to the equation established in this study, the trend of

decreasing Co concentrations in Fe-Mn crusts with increasing water depth is

controlled mainly by dilution and to a lesser extent by seawater Co ion

concentration, temperature of seawater, and consequently the diffusivity of Co

ions in seawater.
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1 Introduction

Cobalt (Co) is the most important critical element in

ferromanganese crusts (Fe-Mn crusts) due to the high

concentrations, economic value, and application in the

manufacture of hybrid and electric car batteries, storage of solar

energy, magnetic recording media, high-T super-alloys,

supermagnets, and smart phones (Hein et al., 2013). Relative to

2020, it’s estimated by the International Energy Agency that a 21-fold

Co supply will be needed by 2040 to achieve the clean energy

transition (IEA, 2021). Compared to the land-based reserve of Co,

11 million tons (U. S. Geological Survey, 2024), the tonnage of in

place Co in Fe-Mn crusts from the Pacific Prime Crust Zone (PPCZ)

is as high as 50 million tons (Hein and Koschinsky, 2014). Land-

based Co ores mainly occur in the West African copper belt (D.R.

Congo), with a reserve of 6 million tons, which is 55% of the land-

based Co reserves (U. S. Geological Survey, 2024). The average grade

of the Co ores in the West African copper belt is 0.12% (Milesi et al.,

2006). In contrast, the average Co concentration in Fe-Mn crusts in

PPCZ is 0.67% (Hein et al., 2013). Although the mining of Fe-Mn

crusts is not currently feasible for technological and economic

reasons, Fe-Mn crusts are promising future Co ores.

For determination of the Co resource both before and during

mining, Co concentration (grade) in the Fe-Mn crusts is one of the

key parameters. However, the Co concentrations in Fe-Mn crusts

show regional, local, and stratigraphic (depth in the crusts)

variations. The average Co concentrations of Fe-Mn crusts from

the seamounts in the Pacific range from 0.3% to 0.8% (Hein et al.,

2000). Cobalt concentrations of Fe-Mn crusts show a negative

correlation with water depth (Cronan, 1977; Halbach et al., 1983;

Manheim, 1986; Andreev and Gramberg, 2002; Benites et al., 2023),

and the data show a wide range of variations (Andreev and

Gramberg, 2002). The average Co concentrations of the

stratigraphic sections of the Fe-Mn crusts from the Magellan

seamounts range from 0.32% to 0.65% (Melnikov and Pletnev,

2013). Thus, it is essential to clarify the controls on the variations of

Co concentration of Fe-Mn crusts to develop criteria for exploration

and extraction.

Halbach et al. (1983) suggested that Co-flux is constant over one

order of magnitude of Fe-Mn crust growth rates, and consequently

concluded that extremely slow growth rates and high Mn

concentrations result in high Co concentrations. Based on the

growth rate and chemical compositions of Fe-Mn crusts from the

mid-Pacific, Manheim (1986) proposed that Co fluxes were roughly

constant regardless of the water depth, which indicates that slow

growth rates will result in high Co concentration in Fe-Mn crusts.

Ren et al.(2022, 2024) proposed that oxidizing deep-water,

oligotrophic bottom currents, and low sedimentation rates are

optimal for west Pacific Co-rich Fe-Mn nodule formations

(similar to Fe-Mn crusts in chemistry and mineralogy) to enrich

multiple elements from seawater, including Co. Hein et al. (2000)

suggested that the dominant controls on the concentration of

elements (including Co) in Fe-Mn crusts include the

concentration of the elements in seawater, element-particle

reactivity, element residence time in seawater, the absolute and

relative amounts of Fe and Mn in Fe-Mn crusts, dilution from
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detrital and diagenetic minerals, the colloid surface charge and

types of complexing agents, the value of x in MnO2-x, dissolved O2

and pH of seawater, specific surface area, and growth rate.

In this work, we analyze the potential controls for Co

concentrations in Fe-Mn crusts from the Magellan seamounts,

and propose an equation that unites all the factors.
2 Samples and methods

2.1 Sample description

Fe-Mn crusts from two sites are used here. Fe-Mn crust DY31-

III-JL-Dive70C (hereafter Fe-Mn crust DY31) was collected by the

Chinese submersible Jiaolong in 2013 on Caiwei seamount

(Magellan seamounts) (155.5492° E, 15.9246° N) at a water depth

of 2270 m. Fe-Mn crust MAD23 was collected by dredge on the R.

V. Dayang Yihao in 2006 from Caiwei seamount (155.5284° E,

15.9124° N) at a water depth between 1904 m and 1885 m

(Figure 1). Fe-Mn crust DY31 is about 6 cm thick, and the

stratigraphic section can be divided into three distinct layers

called II-1, II-2 and III (Figure 2). Layer II-1 is the lowermost

layer, 1 cm thick, and shows a dendritic texture with dendrite

orientation indicating that layer II-1 is an older crust that was

turned over before layers II-2 and III were accreted on to it. The

overlying layer II-2 is about 2 cm thick, black, and dense, with a

dendritic texture composed of short dendrites oriented in the

opposite direction to those in layer II-1. Layer III is about 3 cm

thick, composed of long, black dendrites. The substrate rock was not

recovered. Fe-Mn crust MAD23 is 6.6 cm thick, and the

stratigraphic section is divided into three distinct layers from the

bottom to the surface: I-1, II and III. Layer I-1 is 1.2 cm thick, dense,

and black, with a laminated texture; layer II is 3.2 cm thick,

dendritic, and varies from the compact to friable; layer III is 2.2

cm thick, black, and compact, with a dendritic texture (Figure 2).
2.2 Analytical methods for major elements,
230Th isotope, and specific surface area of
Fe-Mn crusts

In order to characterize the chemical composition, 20 samples

were taken along the stratigraphic section of Fe-Mn crust DY31 (13

for layer III, 6 for layer II-2, and 1 for layer II-1); 21 samples were

taken for Fe-Mn crust MAD23 (11 for layer III, 7 for layer II, and 3

for layer I-1) (Table 1). The outermost layers (youngest), 2.5 mm for

Fe-Mn crust DY31 and 3.6 mm for Fe-Mn crust MAD23, are used

in this study to investigate the controls on Co concentrations in Fe-

Mn crusts. The samples were ground to a <74 mm powder in an

agate mortar and pestle. The samples were then digested following

the procedure described by Ren et al. (2010), and analyzed by

Inductively Coupled Plasma Optical Emission Spectrometer (ICP-

OES, Thermal iCAP6300 instrument) for Al2O3, CaO, TFe, K2O,

MgO, MnO2, Na2O, P2O5, TiO2, Co, Cu, Ni, Ba, Sr, and Pb.

Standards GSMC-1and GSMC-2 were analyzed together with Fe-

Mn crust samples to monitor accuracy.
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For determination of 230Thex growth rates of the outermost

layers of the Fe-Mn crusts, ten (DY31) and eight (MAD23) samples

were scraped layer by layer with surgical blades from the outermost

approximately 2 mm of crust (based on decay of 230Th in Fe-Mn

crusts and the detection limit). The sampling intervals d (mm) were
Frontiers in Marine Science 03
calculated with the formula: d(mm) = 10�w(g)
r(g=cm3)�A(cm2), where w is the

weight of each sample; r is the density of Fe-Mn crusts (1.6 g/cm3,

Halbach et al., 1983), and A is the sampling area. The error of d is

estimated to be ±20% (Ku et al., 1979). The samples were ground in

an agate mortar and pestle and then dried at 110 ° C. Then the
FIGURE 2

Variation of specific surface area in the stratigraphic sections of Fe-Mn crusts from Caiwei seamount; note the scale bars in cm divisions.
FIGURE 1

Left map, location of World Ocean Circulation Experiment (WOCE) P10 transect (red line); right top map, location of Caiwei seamount; and right
bottom map, sampling sites of Fe-Mn crusts (red circles).
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TABLE 1 Major element concentrations through stratigraphic sections of Fe-Mn crusts from Caiwei seamount of the Magellan seamounts.

Sample
No.

Interval Al2O3
CaO TFe K2O MgO MnO2 Na2O P2O5 TiO2 Co Cu Ni Ba Sr Pb

mm %

DY31-III-JL-Dive70C: Layer III

Dive70C-(1) 0.0 2.5 2.4 2.9 15.9 0.77 1.95 34.5 2.23 0.84 2.2 0.67 0.24 0.49 0.20 0.14 0.17

Dive70C-(2) 2.5 4.7 1.5 3.4 17.5 0.56 1.68 32.2 2.13 0.86 1.6 0.68 0.06 0.33 0.13 0.14 0.16

Dive70C-(3) 4.7 7.1 1.5 3.0 17.8 0.56 1.69 31.5 2.16 0.81 1.6 0.63 0.07 0.33 0.14 0.15 0.16

Dive70C-(4) 7.1 9.1 1.5 2.9 17.5 0.55 1.63 32.0 2.15 0.79 1.6 0.62 0.08 0.34 0.14 0.14 0.15

Dive70C-(5) 9.1 11.6 1.4 2.8 17.2 0.55 1.61 32.9 2.17 0.80 1.6 0.64 0.09 0.36 0.14 0.14 0.15

Dive70C-(6) 11.6 14.1 1.5 3.0 16.7 0.59 1.69 32.9 2.17 0.76 1.8 0.61 0.11 0.37 0.14 0.15 0.15

Dive70C-(7) 14.1 15.6 1.5 3.0 16.3 0.57 1.64 33.2 2.15 0.76 1.8 0.59 0.13 0.39 0.15 0.14 0.15

Dive70C-(8) 15.6 18.2 1.7 3.0 17.8 0.62 1.75 36.3 2.38 0.85 2.1 0.62 0.16 0.44 0.16 0.15 0.16

Dive70C-(9) 18.2 20.8 1.6 2.9 15.7 0.59 1.63 31.8 2.00 0.71 1.9 0.47 0.14 0.37 0.15 0.14 0.18

Dive70C-(10) 20.8 22.5 1.8 3.0 17.0 0.63 1.67 32.2 2.12 0.73 2.0 0.45 0.16 0.37 0.16 0.15 0.14

Dive70C-(11) 22.5 25.1 2.1 2.9 18.7 0.63 1.64 30.3 2.10 0.78 2.0 0.43 0.16 0.33 0.17 0.15 0.15

Dive70C-(12) 25.1 27.2 2.3 2.8 18.6 0.64 1.61 29.6 2.08 0.77 1.8 0.44 0.17 0.32 0.17 0.14 0.14

Dive70C-(13) 27.2 30.8 2.4 2.9 17.3 0.71 1.76 31.0 2.12 0.73 1.9 0.52 0.18 0.36 0.17 0.14 0.13

DY31-III-JL-Dive70C: Layer II-2

Dive70C-(14) 30.8 33.8 2.7 3.0 15.0 0.83 1.98 34.0 2.15 0.70 2.1 0.64 0.22 0.47 0.17 0.14 0.11

DiIve70C-(15) 33.8 37.2 2.4 3.2 15.3 0.80 1.97 33.8 2.08 0.75 2.3 0.59 0.22 0.45 0.19 0.14 0.12

Dive70C-(16) 37.2 40.8 2.3 3.1 15.9 0.73 1.92 34.3 2.06 0.82 1.9 0.53 0.23 0.49 0.19 0.14 0.11

Dive70C-(17) 40.8 44.6 2.4 3.2 15.5 0.77 2.03 35.3 2.12 0.79 1.8 0.52 0.24 0.54 0.19 0.14 0.10

Dive70C-(18) 44.6 48.6 1.8 3.4 14.3 0.74 2.07 38.3 2.18 0.69 1.8 0.51 0.25 0.63 0.20 0.14 0.12

Dive70C-(19) 48.6 51.6 1.8 3.3 13.6 0.73 2.08 38.7 2.27 0.75 1.6 0.52 0.25 0.74 0.20 0.14 0.12

DY31-III-JL-Dive70C: Layer II-1

Dive70C-(20) 51.6 60.8 2.3 3.2 16.5 0.68 1.96 35.2 2.28 0.84 1.6 0.65 0.12 0.51 0.14 0.14 0.14

MAD23: Layer III

MAD23-(1) 0.0 3.6 5.5 3.5 18.8 0.63 1.92 29.7 2.62 1.03 1.4 0.53 0.04 0.32 0.12 0.14 0.15

MAD23-(2) 3.6 4.4 1.9 3.0 18.7 0.60 1.80 30.5 2.54 0.94 1.5 0.56 0.04 0.31 0.12 0.14 0.16

MAD23-(3) 4.4 5.2 1.8 2.9 18.7 0.61 1.78 30.4 2.46 0.95 1.5 0.59 0.05 0.31 0.12 0.14 0.16

MAD23-(4) 5.2 6.6 1.7 2.9 18.8 0.61 1.78 31.6 2.46 0.92 1.5 0.62 0.05 0.34 0.13 0.14 0.16

MAD23-(5) 6.6 9.0 1.6 3.0 17.9 0.62 1.83 32.3 2.47 0.83 1.6 0.68 0.06 0.38 0.14 0.15 0.15

MAD23-(6) 9.0 10.9 1.8 2.8 17.8 0.62 1.73 31.8 2.49 0.81 1.6 0.69 0.07 0.38 0.14 0.14 0.15

MAD23-(7) 10.9 13.5 2.0 2.8 17.2 0.64 1.70 31.7 2.54 0.79 1.6 0.71 0.07 0.39 0.14 0.13 0.15

MAD23-(8) 13.5 14.8 2.1 2.8 16.8 0.68 1.66 31.5 2.55 0.77 1.6 0.66 0.08 0.37 0.14 0.13 0.14

MAD23-(9) 14.8 17.6 1.9 3.0 16.9 0.68 1.74 32.3 2.49 0.76 1.8 0.63 0.09 0.37 0.14 0.14 0.14

MAD23-(10) 17.6 19.6 1.5 3.1 16.8 0.58 1.72 34.8 2.42 0.81 2.0 0.65 0.11 0.42 0.16 0.15 0.15

MAD23-(11) 19.6 22.6 1.3 3.2 16.8 0.58 1.77 36.1 2.42 0.77 2.1 0.62 0.13 0.44 0.17 0.16 0.16

(Continued)
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samples were digested following the procedure described by Hu

et al. (2002). The digested samples were separated and purified

using the procedure of Luo et al. (1986). U and Th isotopes were

determined by alpha spectrometry (Octete ™ PC).

To determine variations in specific surface area, eight samples

were taken along the stratigraphic section of the Fe-Mn crusts in

this study: five samples from Fe-Mn crust DY31 (two for layer III,

two for layer II-2, and one for layer II-1) and three samples from

layer III, II, and I-1 of Fe-Mn crust MAD23 (Figure 2). The samples

were crashed to grains of about 1 mm in diameter, and then dried at

110 ° C. The specific surface areas were determined by N2

adsorption using the BET method using a Belsorp-max

instrument, in September 2014.
3 Results

3.1 Fe-Mn crusts cobalt and
transition metals

The concentrations of Mn, Fe, Co, Ni, and Cu of Fe-Mn crusts

DY31 and MAD23 show the same variations as those of other

hydrogenetic Fe-Mn deposits (Table 1; Figure 3, right panel). The

Co concentration of the outermost layer (2.5 mm) of DY31 is

0.67%, and MnO2 concentration is 34.5%. The Co concentrations of

layer III (0-30.8 mm) of this Fe-Mn crust range from 0.43% to

0.68% with a mean value of 0.57%. The Co concentrations of layer

II-2 (30.8-51.6 mm) range from 0.51% to 0.64% with a mean value

of 0.55%, and the Co concentration of layer II-1 (51.6-60.8 mm) is

0.65%. The Co concentration of the outermost layer (3.6 mm) of

MAD23 is 0.53%, and MnO2 concentration is 29.7%. The Co

concentrations through the stratigraphic section of Fe-Mn crust

MAD23 vary between 0.71% and 0.34%. The ranges of Co

concentrations in MAD23 crust layer III (0-22.6 mm), II (22.6-
Frontiers in Marine Science 05
53.8 mm), and I-1 (53.8-66.2 mm) are 0.53-0.71%, 0.37-0.61%, and

0.34-0.40% respectively. The average Co concentrations for crust

MAD23 decreases from 0.63% in layer III, to 0.53% of layer II, to

0.38% of layer I-1 (Figure 3, left panel).
3.2 Growth rates of outermost layers of the
Fe-Mn crusts

The 230Thex and ratios of 230Thex/
232Th of the Fe-Mn crusts

show exponential decreases with depth (age) (Table 2). The growth

rates (GR) were estimated by fitting the depth distributions of
230Thex and

230Thex/
232Th with the isotope decay equations 230Thex)

d = 230Thex)0· e −
l230
GR d and 230Thex/

232Th)d = 230Thex/
232Th)0· e −

l230
GR d, where d is sampling depth in the stratigraphic sections and

l230 is the decay constant of 230Th (9.19×10-6 a-1) (Figure 4).

The decay curve of 230Thex of Fe-Mn crust DY31 shows a

deflection at 0.74 mm (around 420 ka). The GR of this Fe-Mn crust

derived from 230Thex are 1.75 ± 0.13 mm/Myr between 0.00 mm

and 0.74 mm, and 5.90 ± 0.83 mm/Myr between 0.74 mm and 1.99

mm in the stratigraphic section, whereas the GR of this Fe-Mn crust

derived from 230Thex/
232Th are slightly higher between 0 mm and

0.74 mm, 2.03 ± 0.17 mm/Myr, and the same within error between

0.74 mm and 1.99 mm, 5.22 ± 0.45 mm/Myr. In contrast, the

growth rates of Fe-Mn crust MAD23 are constant between 0 mm to

1.9 mm, 2.82 ± 0.13 mm/Myr by 230Thex and 2.77 ± 0.23 mm/Myr

by 230Thex/
232Th.
3.3 Specific surface area of Fe-Mn crusts
from Caiwei seamount

The specific surface area decreases with depth (age) through the

stratigraphic sections of the two Fe-Mn crusts (Table 3; Figure 2).
TABLE 1 Continued

Sample
No.

Interval Al2O3
CaO TFe K2O MgO MnO2 Na2O P2O5 TiO2 Co Cu Ni Ba Sr Pb

mm %

MAD23: Layer II

MAD23-(12) 22.6 23.0 1.6 3.1 17.5 0.63 1.82 33.8 2.36 0.77 2.1 0.56 0.14 0.42 0.18 0.15 0.16

MAD23-(13) 23.0 33.0 2.4 3.0 17.8 0.81 1.89 31.8 2.33 0.74 2.0 0.56 0.16 0.39 0.18 0.14 0.14

MAD23-(14) 33.0 39.0 2.5 3.2 16.6 0.85 2.01 34.1 2.27 0.84 2.3 0.61 0.18 0.44 0.21 0.14 0.12

MAD23-(15) 39.0 43.0 2.4 3.2 16.8 0.80 2.00 33.6 2.25 0.84 2.0 0.53 0.19 0.47 0.21 0.14 0.12

MAD23-(16) 43.0 45.5 1.6 3.4 15.6 0.68 1.98 37.9 2.36 0.76 2.0 0.56 0.21 0.57 0.21 0.15 0.13

MAD23-(17) 45.5 49.0 1.5 3.7 14.7 0.72 2.07 39.5 2.48 0.90 1.8 0.51 0.23 0.68 0.22 0.15 0.12

MAD23-(18) 49.0 53.8 1.9 4.2 15.9 0.71 1.92 36.5 2.44 1.41 1.6 0.37 0.20 0.55 0.23 0.15 0.14

MAD23: Layer I-1

MAD23-(19) 53.8 56.7 1.6 6.0 16.4 0.65 1.79 34.4 2.32 2.54 1.8 0.34 0.18 0.44 0.26 0.16 0.15

MAD23-(20) 56.7 59.4 1.3 10.3 13.8 0.60 1.70 33.7 2.27 5.19 1.8 0.39 0.18 0.46 0.26 0.17 0.14

MAD23-(21) 59.4 66.2 0.9 15.0 12.5 0.46 1.44 30.7 2.15 8.46 1.8 0.40 0.16 0.38 0.25 0.17 0.14
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FIGURE 3

Left panel, Co concentrations of Fe-Mn crusts DY31 and MAD23 through the stratigraphic sections; right panel, ternary diagram of Mn, Fe, and (Cu
+Co+Ni)×10 following Bonatti et al. (1972) for samples analyzed in this study.
TABLE 2 238U, 234U, 230Th, 232Th, and 230Thex specific activity, and the ratios 230Thex/
232Th of Fe-Mn crusts from Caiwei seamount.

Sample No.
interval Average depth 238U 234U 230Th 232Th 230Thex 230Thex/

232Th
(mm) (mm) 10-2 Bq/g

DY31-III-JL-Dive70C

Dive 70C-1 0-0.16 0.08 16.92 ± 1.48 18.55 ± 1.56 1207.20 ± 43.05 13.28 ± 0.87 1188.64 ± 43.08 89.50 ± 6.70

Dive 70C-2 0.16-0.34 0.25 15.71 ± 1.31 17.93 ± 1.42 468.43 ± 18.80 12.56 ± 0.89 450.50 ± 18.85 35.86 ± 2.96

Dive 70C-3 0.34-0.53 0.44 15.01 ± 1.10 15.74 ± 1.14 182.62 ± 7.80 9.77 ± 0.76 166.88 ± 7.89 17.08 ± 1.55

Dive 70C-4 0.53-0.74 0.63 14.54 ± 1.22 15.74 ± 1.29 105.83 ± 7.91 9.88 ± 1.21 90.09 ± 8.02 9.11 ± 1.38

Dive 70C-5 0.74-0.96 0.85 15.39 ± 1.24 15.79 ± 1.27 88.05 ± 6.79 11.04 ± 1.32 72.26 ± 6.91 6.54 ± 1.00

Dive 70C-6 0.96-1.15 1.05 15.82 ± 1.20 17.89 ± 1.31 95.63 ± 4.91 13.36 ± 1.01 77.74 ± 5.09 5.82 ± 0.58

Dive 70C-7 1.15-1.35 1.25 13.37 ± 1.25 16.67 ± 1.45 54.97 ± 3.20 12.66 ± 1.03 38.30 ± 3.52 3.02 ± 0.37

Dive 70C-8 1.35-1.56 1.45 17.56 ± 1.54 17.51 ± 1.54 39.77 ± 2.24 11.54 ± 0.89 22.26 ± 2.73 1.93 ± 0.28

Dive 70C-9 1.56-1.78 1.67 15.86 ± 1.30 14.01 ± 1.20 31.85 ± 1.95 13.25 ± 1.01 17.84 ± 2.29 1.35 ± 0.20

Dive 70C-10 1.78-1.99 1.89 13.26 ± 1.15 14.71 ± 1.22 28.83 ± 1.90 10.97 ± 0.93 14.12 ± 2.26 1.29 ± 0.23

MAD23

MAD23-2-1 0-0.18 0.09 13.79 ± 0.99 21.85 ± 1.33 748.61 ± 21.60 10.21 ± 0.59 726.76 ± 21.65 71.21 ± 4.62

MAD23-2-2 0.18-0.42 0.3 16.58 ± 1.11 20.27 ± 1.27 376.73 ± 12.21 12.75 ± 0.73 356.47 ± 12.28 27.97 ± 1.87

MAD23-2-3 0.42-0.78 0.6 12.60 ± 0.97 17.22 ± 1.19 155.74 ± 5.06 9.98 ± 0.52 138.52 ± 5.20 13.88 ± 0.90

MAD23-2-4 0.78-1.04 0.91 13.13 ± 0.79 16.80 ± 0.92 55.34 ± 2.03 10.32 ± 0.57 38.53 ± 2.24 3.73 ± 0.30

MAD23-2-5 1.04-1.29 1.16 12.03 ± 0.69 12.21 ± 0.70 47.46 ± 2.48 10.90 ± 0.72 35.25 ± 2.57 3.23 ± 0.32

MAD23-2-6 1.29-1.56 1.42 12.19 ± 0.79 14.08 ± 0.88 25.07 ± 1.34 9.39 ± 0.61 11.00 ± 1.66 1.17 ± 0.19

MAD23-2-7 1.56-1.71 1.64 18.17 ± 1.35 18.90 ± 1.39 – – – –

MAD23-2-8 1.71-1.90 1.81 15.04 ± 1.01 16.60 ± 1.08 – – – –
F
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“-” means below detection limit.
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The specific surface areas of DY31 decrease from 401 m2/g and 414

m2/g in the upper and lower parts of layer III respectively, to 266

m2/g and 185 m2/g in the upper and lower parts of layer II-2, to 132

m2/g in layer II-1 (Figure 2, top panel). The specific surface areas of

MAD23 decrease from 321 m2/g in layer III, to 165 m2/g in layer II,

and about the same in layer I-1, 185 m2/g (Figure 2, bottom panel).

Fe-Mn crust DY31 was kept moist after recovery from Caiwei

seamount, and determined one year after recovery, while Fe-Mn

crust MAD23 was stored dry and analyzed 8 years after recovery.

The Fe-Mn crust analyzed soon after collection has higher specific

surface areas relative to those analyzed later.
4 Discussion

4.1 Theoretical model for the controls of
cobalt in Fe-Mn crusts

Almost all of the Co in seawater from the western North Pacific

is dissolved rather than particulate (Nakatsuka et al., 2009). The two
Frontiers in Marine Science 07
main species of dissolved Co in seawater are Co2+ (65%) and CoCl+

(14%) (Byrne, 2002). Those Co ions are transported with bottom

currents and diffuse onto the surface of Fe-Mn crusts, where Co2+

ions are adsorbed by d-MnO2 (98-99%; Koschinsky and Hein, 2003)

and oxidized to Co3+, initially proposed by Murray and Dillard

(1979). In this Co enrichment process, diffusion is the critical step

because of the low diffusion flux relative to its oxidation rate by d-
MnO2. Halbach et al. (1983) estimated that the fluxes of Co into Fe-

Mn crusts from the Line Islands are 2.4-4.0 mg cm-2 kyr-1; in their

calculation, the high specific surface area of Fe-Mn crusts (average

300 m2/g; Hein et al., 2000) was not incorporated, which can

decrease the Co flux. Kanungo et al. (2004) carried out

adsorption experiments of Co on hydrous manganese dioxide

from complex electrolyte solutions resembling seawater in major

ion concentrations, and the results show that d-MnO2 adsorbed 2.4

mmole/g Co in 72 hours at pH 7.25 and temperature of 300 K. The

specific surface areas of d-MnO2 used in that study range from 2.64

m2/g to 94.22 m2/g (Parida et al., 1981). Consequently, we

calculated the maximum adsorption flux of Co on the surface of

d-MnO2 to be about 1.62×106 mg cm-2 kyr-1, which is much higher
FIGURE 4

Fe-Mn crusts DY31 (top panel) and MAD23 (bottom panel) from Caiwei seamount, decay profiles of 230Thex activities (upper curves, red dots in each
panel) and 230Thex/

232Th activities (lower curve, blue dots in each panel), error bars are shown for each datum.
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than the Co fluxes on Fe-Mn crusts in the natural seawater system.

This difference in Co flux may result mainly from the different Co

concentrations in the laboratory solution and in seawater.

Nevertheless, the adsorption experiment shows the great potential

of Fe-Mn crusts to adsorb Co. Therefore, based on flux data and

adsorption capacity, it is reasonable to conclude that the diffusion of

Co in seawater is the critical step in the Co enrichment process from

seawater to Fe-Mn crusts.

Assuming that all the Co ions that diffused to the surface of the

Fe-Mn crusts were adsorbed and eventually captured through

surface oxidation by the Fe-Mn crusts, the concentrations of Co

in the Fe-Mn crusts (Ccr, assuming that the concentration of d-
MnO2 in Fe-Mn crusts is equal to the percentage of MnO2; Co

concentration in Fe-Mn crusts normalized to MnO2 = 100% to

eliminate dilution mainly from detrital minerals and FeOOH) can

be given by

Ccr = J · Ssp ·
Z t
0
dt (1)

Where J = diffusion flux of Co, Ssp = specific surface area of the

Fe-Mn crusts, and
Z t

0
dt = duration for the growth of one

molecular layer.

When J is the function of time t, Equation 1 should be rewritten as

Ccr =
Z t
0
J · Sspdt (2)

For a semi-infinite medium with constant surface

concentration, the concentration can be derived from Albarede

(1995) as

C = (C0 − Cint)erf
x

2
ffiffiffiffiffiffi
Dt

p + Cint (3)

Where C = concentration in a semi-infinite medium, Cint = C at

x = 0, C0 = C at x = ∞, D = diffusivity. Based on Equation 3, the

response time and gradient of concentration C to the surface

concentration Cint can be estimated for Co diffusion in deep-sea

water in a diffusion layer of 5 mm as shown in Figure 5, where Cint =

34.1 pM, C0 = 0, D = 3.626×10-6 cm2/s for this research (shown in
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section 4.2.2 and 4.2.3). Figure 5 shows that the gradient of the

concentration of Co in the diffusion layer is nearly constant when

time t = 1000 s, which indicates that the response time of Co

concentration in the diffusion layer is rather short. In this case with

a constant gradient of concentration Co, the diffusion can be

described by Fick’s First Law. Since deep seawater is a dissipative

system, it is reasonable to assume that the Co concentration in

ambient seawater of seamounts vary slowly relative to the short

response time of the diffusion layer. Hence, we can use Fick’s First

Law to describe Co diffusion near the ferromanganese crusts on

seamounts concisely.

Based on Fick’s First Law, the diffusion flux of Co (J) from

seawater to the Fe-Mn crusts can be given by

J = −Dsw ·
dCsw

dx
(4)

Where Dsw = diffusivity of Co ion in seawater, Csw = Co ion

concentration in seawater at time t, dCsw
dx = diffusion gradient of Co

ions. Dsw can be estimated by Dsw = (m0 + m1T)×10
-6 cm2/s, where

m0 = 3.31, m1 = 0.158, and T is temperature in Celsius (Boudreau,

1997). Assuming that the Co concentration in seawater near the

interface of seawater and Fe-Mn crusts is 0 and the diffusion

distance of Co ions near the interface is d, then the dCsw
dx = − Csw

d .

The duration for the growth of one molecular layer of Fe-Mn

crust t can be given by

t =
z
GR

(5)

Where z = the thickness of one molecular layer of Fe-Mn crust

(4.7Å, Manheim, 1986), GR = growth rate.

When the Equations 2, 4, and 5 are combined, the

concentration of Co in Fe-Mn crusts (Ccr) can be given by

Ccr =
Z z

GR

0
Dsw ·

Csw

d
· Ssp · dt (6)

Where Csw is not constant in the duration for the growth of one

molecular layer and varies with time t.
TABLE 3 Specific surface area of stratigraphic sections of Fe-Mn crusts from Caiwei seamount.

Aliquot No. Stratigraphic layer Sampling interval Specific surface area Total volume

mm m2/g cm3/g

DY31-III-JL-Dive70C (155.5492°E, 15.9246°N; water depth 2270 m; sampling date: September 4, 2013)

DY31-III-JL-DIve70C-5 III 1.2 401.08 0.1966

DY31-III-JL-DIve70C-4 III 1.3 414.94 0.2041

DY31-III-JL-DIve70C-3 II-2 1.2 266.26 0.1415

DY31-III-JL-DIve70C-2 II-2 1.3 184.75 0.0917

DY31-III-JL-DIve70C-1 II-1 0.6 131.81 0.0710

MAD23 (155.5294°E, 15.9102°N; water depth 1895 m;, sampling date: June 6, 2006)

MAD23-3 III 3.0 321.15 0.1579

MAD23-2 II 1.3 165.15 0.0816

MAD23-1 I-1 2.7 185.49 0.0915
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When Csw is constant in the duration for the growth of one

molecular layer, Equation 4 can be rewritten as

Ccr = Dsw ·
Csw

d
· Ssp ·

z
GR

(7)

When Csw is not constant in the duration for the growth of one

molecular layer, Equation 4 can be rewritten as

Ccr = Dsw ·
Csw

d
· Ssp ·

z
GR

(8)

Where Csw is the averaged Csw weighted by time t, and Ccr is the

averaged Co concentration derived from Csw.

Equations 5, 6 indicate that the controls on the Co

concentrations in Fe-Mn crusts include diffusivity of Co ions in

seawater (Dsw), temperature which controls the Dsw, Co ion

concentration in seawater (Csw or Csw), the diffusion distance of

Co ions near the interface of seawater and Fe-Mn crusts (d), growth
rate (GR), and specific surface area of Fe-Mn crusts (Ssp).
4.2 Estimation of parameters

In Equations 7, 8, the diffusion distance of Co ions near the

interface of seawater and Fe-Mn crusts (d) cannot be measured

directly. Therefore, we calculated d for the Fe-Mn crusts from

Caiwei seamount based on Co concentrations, growth rates, and

specific surface area of the outermost layer of the Fe-Mn crusts,

diffusivity of Co2+, and Co concentration in the seawater.
4.2.1 Major elements
The sequential leaching experiments (Koschinsky and Halbach,

1995; Koschinsky and Hein, 2003) and X-ray absorption near-edge

structure data (Takahashi et al., 2007) show that the Co in Fe-Mn

crusts resides in vernadite (d-MnO2). Consequently, the other

minerals in Fe-Mn crusts, such as aluminosilicates, phosphates,

and FeOOH dilute the Co concentration of Fe-Mn crusts. In order
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to eliminate the dilution parameter, we normalized the Co

concentration to 100%MnO2. The normalized Co concentrations

of the outermost layers of DY31 (2.5 mm) and MAD23 (3.6 mm)

are 2.14% and 1.79% respectively.

4.2.2 Diffusivity of Co ions in seawater (Dsw)
The modern seawater temperature is 2°C at 2000 m water depth

around Caiwei seamount (Figure 6). The diffusivity of Co ions in

seawater is estimated to be 3.626×10-6 cm2/s by Dsw = (m0 +

m1T)×10
-6 cm2/s, where m0 = 3.31, m1 = 0.158, and T is in

Celsius (Boudreau, 1997).

4.2.3 Specific surface area
In Equations 7, 8, the specific surface area of d-MnO2 should be

used to calculate d. However, the specific surface area of d-MnO2 is

difficult to determine separately from FeOOH, which is epitaxially

intergrown. The vernadite (d-MnO2) in Fe-Mn crusts from the

western Pacific are sheets as thin as 1 nm determined by

Aberration-corrected FEG-STEM, and ferrihydrite (FeOOH) is

typically 10 nm or less in diameter (Hochella, 2008), both of

which coexist at a less than 1 micron scale as shown by EPMA

with a spot diameter of 1 mm, which can detect the X-ray signals

from Mn and Fe simultaneously (e.g. Ren et al., 2011).

The specific surface areas (Ssp) in this study were determined for

Fe-Mn crusts, which predominantly reflect d-MnO2 and FeOOH.

The specific surface areas of surface samples (≤ 1 mm sampling

depth) and volume samples (≤ 5-6 mm sampling depth) of Fe-Mn

crusts from Karin Ridge of the Mid-Pacific Mountains vary from 250

m2/g to 381 m2/g, and decreased up to 20% and 40% during the first

four weeks and the eight weeks respectively after collection (Hein

et al., 1994). The specific surface area along the section of a Fe-Mn

crust from Marshall Islands range from 373 m2/g to 530 m2/g for the

younger generation, and from 84 m2/g to 178 m2/g for the older

generation (Xue, 2007). The specific surface areas for Fe-Mn crusts

DY31 and MAD23 in this study show the same variations as those

obtained by Hein et al. (1994) and Xue (2007). The specific surface
FIGURE 5

Response time and gradient of Co concentrations in the diffusion layer to the surface concentration.
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areas of the younger generations are greater than those of the older

generation; the specific surface areas of MAD23 8-years after

collection are lower than those measured 1 year after collection

(Figure 7). The variation of specific surface areas reflects differences

in stratigraphy and preservation. From these data, we infer that only

the well-preserved outermost layers of Fe-Mn crusts can be used to

obtain specific surface areas that may closely reflect those existing

under in situ conditions. Specific surface area shows a nearly perfect

positive correlation (r = 0.997) with pore volume, with an intercept

close to zero (Figure 7), which indicates that the same characteristic

or process may control both, such as particle size. These

considerations indicate that it is most appropriate to use the Ssp of

the outermost layer of crust DY31 to estimate the d in Equations 7, 8.

4.2.4 Growth rate by 230Thex

The plots of 230Thex and 230Thex/
232Th versus depth show

constant exponential decay curves for Fe-Mn crusts DY31 (0-0.74
Frontiers in Marine Science 10
mm) and MAD23 (0-1.99 mm), indicating that the growth rates

were constant during the growth of these outermost layers for each

crust. Therefore, we assume that the growth rates for modern Fe-

Mn crusts are the same as those that define the growth rates of the

outermost layers approximately 0.74 mm and 2 mm for DY31 and

MAD23 respectively. Here we use 1.75 mm/Myr (230Thex) and 2.03

mm/Myr (230Thex/
232Th) for Fe-Mn crust DY31, and 2.82 mm/Myr

(230Thex) and 2.77 mm/Myr (230Thex/
232Th) for Fe-Mn crust

MAD23 to estimate d in Equations 7, 8.

4.2.5 Estimation of diffusion gradients of Co
ions (Csw=d )

Using the above parameters, the diffusion gradients of Co ions

(Csw=d ) can be estimated (Table 4). Based on the parameters for Fe-

Mn crust DY31, the diffusion gradient of Co ions ranges from 295

pM/mm to 342 pM/mm. The gradient calculated for Fe-Mn crust

MAD23 is greater than for DY31, ranging from 487 pM/mm to 496
FIGURE 6

Profile of seawater temperature, west Pacific (location is shown in left map of Figure 1; modified with permission after http://www.ewoce.org/
gallery/P10_TPOT.gif, Schlitzer, Reiner, Electronic Atlas of WOCE Hydrographic and Tracer Data Now Available, Eos Trans. AGU, 81(5), 45, 2000).
FIGURE 7

Regression of specific surface area versus total pore volume.
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pM/mm. Given the bottom currents and mixing generated by the

impact of water masses on seamounts (e.g., Lueck and Mudge,

1997), and the Co ion concentrations of seawater below 2000 m in

the Pacific ranging from approximately 30 pM to 40 pM, the

diffusion gradients of Co ions obtained in this study are reasonable.
4.3 Controls on the decreased Co
concentrations with water depth

The Co concentrations of Fe-Mn crusts decrease with water

depth. For example, the Co concentrations of Fe-Mn crusts from

Line Islands decrease by 69% with increasing water depth, from

2.0% at 1120 m to 0.62% at 3280 m (Halbach et al., 1983). Data from

Cronan (1977) also show that Co concentrations of Fe-Mn crusts

decrease by more than 50% from 1000 m to 3000 m. The average Co

concentrations of Fe-Mn crusts from the global ocean (Andreev and

Gramberg, 2002) decrease from around 0.75% at 1000 m to 0.25% at

4000 m, a 66% decrease.

According to Equation 8, the Co concentration in Fe-Mn crusts

can be given by

Co(% ) = MnO2(% ) · Dsw ·
Csw

d
·
z
GR

· Ssp (9)

The statistical data show that no significant correlation exists

between water depth and growth rates of surface samples of Fe-Mn

crusts (Hein et al., 2000). The specific surface areas of Fe-Mn crusts

from Karin Ridge of the central Pacific do not show a significant

correlation with water depth (Hein et al., 1994). Furthermore, z and

d are constant in Equation 9. So in this study we only consider the

Dsw, Csw and MnO2 concentration (dilution effects).

The seawater Co concentrations (Csw) decrease from around

38 pM at 2000 m to around 32 pM at 4000 m, a decrease of 16%

(Biller and Bruland, 2012); the Co diffusivity (Dsw) decreases from
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3.626×10-6 cm2/s (2000 m and 2°C) to 3.468×10-6 cm2/s (around

4500 m and 1°C), a decrease of 4.4%. So, integration of the decreases

of Dsw and Csw can decrease Co concentration of Fe-Mn crusts by

20% of the original value from shallow water to deep water, which is

not enough to account for the measured deceases of Co

concentrations of Fe-Mn crusts with increasing water depth.

Therefore, we infer that the decrease of MnO2 concentration

through dilution from aluminosilicates and FeOOH should be the

major control, which is consistent with the conclusions of other

studies. Halbach and Puteanus (1984) attributed the high Co

concentration in the Fe-Mn crusts from shallow water (1500-1000

m) to the lower carbonate dissolution rates and correspondingly

lower Fe supply to the crusts.

Equation 9 defines the controls on Co concentrations in the layers

of Fe-Mn crusts as they were accreted. However, in most cases, only

bulk Co concentrations in Fe-Mn crusts are available to quantify

resources. The bulk Co concentrations are mathematically equal to the

weighted average of those in various layers of Fe-Mn crusts, which can

be affected by absence of some layers that were eroded as noted before

by Hein et al. (2000). Bulk concentrations may also be influenced by

the subsidence and migration of seamounts, which can change the

ambient seawater chemical conditions around seamounts, even if the

seawater chemistry was constant (as in the present oceans) during the

growth of Fe-Mn crusts through the Cenozoic. Nevertheless, based on

Equation 9, it is possible to ascertain the sensitivity of Co

concentration to those potential influences for each stratigraphic

interval. The controls including dilution effect from incorporation of

detrital minerals (Kim et al., 2006) or dissolution of carbonate

(Halbach and Puteanus, 1984), seawater Co concentrations (Csw),

and diffusivity (Dsw) vary continuously in the region of a seamount.

When the Co concentrations in Fe-Mn crusts from a seamount are

sensitive to those controls, Equation 9 can constitute the theoretical

foundation for the application of Kriging to interpolate Co grade

values and estimate the resources for each stratigraphic generation.
TABLE 4 Parameters used for calculation of diffusion gradients of Co ions Csw=d
� �

.

DY31 MAD23

Water depth m 2270 1895 sampling water depth of Fe-Mn crusts

Thickness mm 2.5 3.6 thickness of outermost layers in this study

MnO2 % 35.48 29.69 MnO2 concentration of Fe-Mn crust

Co % 0.76 0.53 Co concentration of Fe-Mn crust

Ccr % 2.14 1.79 Co concentration, normalized to MnO2 = 100%

Ssp m2/g 401.08 321.15 layer III

GR1 mm/Myr 1.75 2.82 growth rate of outermost layer, determined by 230Thex

GR2 mm/Myr 2.03 2.77 growth rate of outermost layer, 230Thex/
232Th

z Å 4.7 4.7 thickness of one molecular layer

Dsw 10-6 cm2/s 3.626 3.626 diffusivity of Co ions in seawater

Csw=d
pM/mm 295 496 using GR1

pM/mm 342 487 using GR2
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5 Summary and conclusions

Eight controls on Co concentrations in nonphosphatized Fe-

Mn crusts are evaluated, including dilution effects, diffusivity of Co

ions in seawater (Dsw), temperature which controls the Dsw, Co ion

concentration in seawater (Csw), the diffusion distance of Co ions

near the interface of seawater and Fe-Mn crusts (d), the thickness of
one molecular layer of Fe-Mn crusts (z), growth rate (GR), and

specific surface area of Fe-Mn crusts (Ssp). Those controls are

integrated in the equation: Ccr = Dsw · Csw
d · z

GR · Ssp. Based on Co

concentrations, growth rates, and specific surface area of the

outermost layer of the Fe-Mn crusts, and diffusivity of Co2+, the

Co diffusion gradients (Csw=d ) for the Fe-Mn crusts from Caiwei

seamount is estimated to be 295-496 pM/mm. According to the

model developed here, the decrease of Co concentration in Fe-Mn

crusts with increasing water depth is controlled mainly by dilution

of MnO2, the main Co host-, and to a lesser extent seawater Co ion

concentration, temperature, and consequently the diffusivity of Co

ions in seawater.
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