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Abstract

To explore the occurrence phases and enrichment mechanism of rare earth elements (REEs) in cobalt-rich crusts,
this study analyzes the mineral composition and REE contents of the samples from Marcus-Wake Seamounts by
XRD, ICP-OES and ICP-MS. The results show that, (1) the cobalt-rich crusts contain the major crystalline mineral
(vernadite), the secondary minerals (quartz, plagioclase and carbonate fluorapatite), and a large amount of
amorphous ferric oxyhydroxides (FeOOH). (2) The cobalt-rich crusts contains higher Mn (10.83% to 28.76%) and
Fe (6.14% to 18.86%) relative to other elements, and are enriched in REEs, with total REE contents of 1 563−
3 238 µg/g and Ce contents of 790−1 722 µg/g. Rare earth element contents of the old crusts are higher than those
of the new crusts. Moreover, the non-phosphatized crusts have positive Ce and negative Y anomalies, and yet the
phosphatized crusts have positive Ce and positive Y anomalies, indicating that cobalt-rich crusts is hydrogenetic
and REEs mainly come from seawater. (3) Analytical data also show that the occurrence phases of elements in
cobalt-rich crusts are closely related to their mineral phases. In the non-phosphatized crusts, REEs are adsorbed
by colloidal particles into the crusts (about 67% of REEs in the Fe oxide phase, and about 17% of REEs in the Mn
oxide phase). In contrast, in the phosphatized crusts (affected by the phosphatization), REEs may combine with
phosphate to form rare earth phosphate minerals, and about 64% of REEs are enriched in the residual phase
containing carbonate fluorapatite, but correspondingly the influence of Fe and Mn oxide phases on REEs
enrichment is greatly reduced. In addition, the oxidizing environment of seawater, high marine productivity,
phosphatization, and slow growth rate can promote the REE enrichment. This study provides a reference for the
metallogenesis of cobalt-rich crusts in the Pacific.
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1  Introduction
Cobalt-rich crusts are one of important mineral resources on

the ocean floor, which are mainly distributed on the seamounts,
ridges and plateaus with water depths of 1 500−4 000 m (Hein
et al., 2000, 2013; Halbach et al., 2017; Lusty et al., 2018; Fukami
et al., 2022). Cobalt-rich crusts are composed of manganese ox-
ides and iron oxyhydroxides, which have great economic value
for some strategic elements such as Co, Ni, Cu, Mo, Te and rare
earth elements (REEs) (Hein et al., 2016; Marino et al., 2017; Azami
et al., 2018; Josso et al., 2021; Zhou et al., 2022). Meanwhile, co-
balt-rich crusts grow at very slow rates of 1−10 mm/Ma, and their
growth process spans the entire Cenozoic period (Goto et al.,
2017; Nishi et al., 2017; Josso et al., 2020; Konstantinova et al.,
2022). Therefore, cobalt-rich crusts have been regarded as the
concentrated sedimentary strata, which are the recorders of
oceanic and climatic history over the past 60 Ma (Gueguen et al.,
2016, 2021; Josso et al., 2019; Charles et al., 2020; Konstantinova
et al., 2020).

The major minerals of cobalt-rich crusts are vernadite (δ-

MnO2) and amorphous ferric oxyhydroxide (FeOOH) (Hein and
Koschinsky, 2014; Conrad et al., 2017; Zhong et al., 2017; Jiang
et al., 2020), and the secondary minerals include quartz, feldspar
and carbonate fluorapatite (CFA). Koschinsky et al. (Koschinsky
and Halbach, 1995; Koschinsky and Hein, 2003; Koschinsky et al.,
2020) divide the mineral phases of cobalt-rich crusts into the fol-
lowing four occurrence phases: L1, adsorbed cations (easily
leachable) and carbonate phase; L2, Mn oxide phase (easily re-
ducible); L3, Fe oxyhydroxide phase (moderately reducible); L4,
residual phase (hardly soluble) with silicates, crystalline oxides,
and CFA. Previous studies suggested that a small quantity of al-
kali metals and alkaline earth metals are mainly enriched in the
adsorbed and carbonate phases, while most other elements are
mainly enriched in Fe-Mn oxide phases by means of surface ad-
sorption and coprecipitation (Khanchuk et al., 2015; Mikhailik
et al., 2017; Surya et al., 2020). Nath et al. (1994) proposed that
the REE enrichment in cobalt-rich crusts is influenced by ferric
oxide/hydroxide (FeOOH) and Mn oxide (δ-MnO2), REEs are first
adsorbated by FeOOH and then oxidized by δ-MnO2. The leach-  
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ing experiment of cobalt-rich crusts on REEs showed that (Bai
et al., 2004), amorphous ferric oxyhydroxide has a strong adsorp-
tion capacity for REEs, and is the main occurrence phase of REEs.
Xu et al. (2008) reported that about 66.4% of REEs are mainly en-
riched in the Mn oxide phase, which perhaps is associated with
the higher Mn content in its Mn oxide phase. Bau and Koschin-
sky (2009) found through experiments that in non-phosphatized
crusts, about 61.73%−81.63% of REEs are enriched in the Fe ox-
ide phase, only about 14.07%−34.05% of REEs are enriched in the
Mn oxide phase. Ren et al. (2011a) proposed that in the new non-
phosphatized crusts, REE and Y are mainly enriched in the Mn
oxide phase, and yet in the old phosphatized crusts, REE and Y
mainly exist as separate mineral phases (independent of carbon-
ate fluorapatite), which may be rare earth phosphate minerals.
Mohwinkel et al. (2014) found through selective leaching experi-
ments that the REEs enrichment is mainly influenced by the ad-
sorption of the Fe oxide phase, but the contribution of the Mn ox-
ide phase is relatively small. Recently, Huang et al. (2022) presen-
ted some different mechanisms to explain this strong enrich-
ment in the Fe-Mn oxide phases, and the experiment showed
that the metal elements enter the crusts by surface complexation,
redox reactions, and lattice substitution. Among them, Ce3+ in
seawater is oxidized to Ce4+ and enters the Fe oxide phase as
CeO2 precipitation, but other REEs first form anionic complexes
and then enter the Fe oxide phase through adsorption.

As above mentioned, these results reflect the complexity of
the enrichment mechanism in cobalt-rich crusts, and the enrich-
ment mechanism of REEs is still unclear, so the cobalt-rich crust
samples from Marcus-Wake Seamounts in the Pacific are chosen
as the research object. In this study, we analyze the mineral com-
position and REE contents of the samples, and discuss the
source, occurrence phases and enrichment mechanism of REEs.
This study provides a reference for the metallogenesis of cobalt-
rich crusts in the Pacific.

2  Materials and methods

2.1  Sample descriptions
The cobalt-rich crusts samples (No. XD3) are collected from

Marcus-Wake Seamounts in the Pacific using the dredge during
the DY115-18 expedition of R/V Dayang Yihao in 2006. The loca-

tion of the sample XD3 is 19.794 55°N and 157.315 95°E (Fig. 1),
with a water depth of 2 450 m.

The sample XD3 is a tabular crust with obvious three-layer
structure, which can be sub-divided into dense layer, loose layer
and denser layer from top to bottom, and the bedrock is pyro-
clastic rock (Fig. 2). Of them, the upper dense layer and the
middle loose layer are the new crust, and the lower dense layer is
the old crust (Fig. 2). Along the growth profile of the crust, five
structural layers are divided from top to bottom, followed by up-
per dense layer, lower dense layer, loose layer, upper denser lay-
er and lower denser layer, marked as XD3(Ⅰ), XD3(Ⅱ), XD3(Ⅲ),
XD3(Ⅳ) and XD3(Ⅴ), respectively. Then, 30 micro layers are fur-
ther obtained by stratification, with sampling spacing of about
4−6 mm, marked as XD3(1) to XD3(30). The sample descriptions
of the structural layers and micro layers are shown in Table 1.
After drying the sample, grind it to 200 mesh by an agate mortar
and place it in a clean sample bag for later use.

2.2  Major and trace element analytical methods
Weigh the sample (50.00 ± 0.50) mg for each sample into the

dissolved sample liner, then add 1 mL nitric acid, 1 mL hydro-
chloric acid and 1 mL hydrofluoric acid into the samples respect-
ively, and then put them in a sealed steel sleeve and heat them in
an oven at 190℃ for 48 h. After cooling, put it on an electric heat-
ing plate at 150℃and steam it dry, then add 3 mL of 30% (V/V)
hydrochloric acid solution and 0.5 mL of 1 µg/g rhodium internal
standard solution, and cover it and put it in a sealed steel sleeve,
and heat it in an oven at 150℃ for 8 h. After cooling, use 2% (V/V)
nitric acid solution to fix the volume to 50 g, to be measured. Ma-
jor elements are determined by ICP-OES (Thermo Fisher, USA,
iCAP 7400), and trace elements and REEs are determined by ICP-
MS (iCAP RQ, Thermo Fisher, USA) at the Key Laboratory of Mar-
ine Geology and Metallogeny, First Institute of Oceanography,
Ministry of Natural Resources (MNR). The standard materials
GBW07337, GBW07338 and GBW07339 are used to monitor data
quality in the analysis process. The relative errors of elements are
less than 5%, and the recoveries are between 90% and 105%.

2.3  Chemical leaching method
According to the chemical leaching method (Koschinsky and
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Fig. 1.   Location of the cobalt-rich crust XD3.
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Halbach, 1995; Koschinsky and Hein, 2003), four phases of co-
balt-rich crusts are extracted at the Key Laboratory of Marine
Geology and Metallogeny, First Institute of Oceanography, MNR,
and the experimental steps are as follows.

(1) Exchangeable ions and carbonate phase (referred to as
carbonate phase): weigh 1 g of sample, put it in a reaction bottle,
add 30 mL of 1 mol/L acetic acid solution (pH = 2.5), and shake at
25℃ for 5 h, after centrifugation of the extract, to be measured.

(2) Mn oxide phase: after washing the residue in step (1), add
175 mL of 0.1 mol/L hydroxylamine hydrochloride solution (pH =
3.7) and shake at 25℃ for 24 h, after centrifugation of the extract,
to be measured.

(3) Fe oxide phase: after washing the residue in step (2), add
175 mL of 0.2 mol/L ammonium oxalate solution (pH = 3.5) and

shake at 25℃ for 24 h, after centrifugation of the extract, to be
measured.

(4) Residual phase: after washing the residue in step (3),
transfer to the dissolved sample liner, major elements and trace
elements are analyzed according to the Section 2.2. During the
experiment, the elements recoveries are between 90% and 105%,
and the relative errors are less than 5%. The acetic acid, hy-
droxylamine hydrochloride, oxalic acid and ammonium oxalate
used in the experiment are all superior purity, and the nitric acid,
hydrofluoric acid are all obtained by secondary azeotropic distil-
lation, and the water is secondary deionized water.

2.4  Mineral identification method
The cobalt-rich crust samples are placed into a special sample

carrier cup and pressed into thin slices. X-ray diffractometer
(XRD, Nippon Science Corporation, Japan, D/MAX2500HB+/PC)
is used for scanning analysis. Studies on mineral identification of
samples were performed at the Key Laboratory of Marine Geo-
logy and Metallogeny, First Institute of Oceanography, MNR.

3  Results

3.1  Mineralogical characteristics
The XRD analytical results of cobalt-rich crusts from Marcus-

Wake Seamounts are shown in Fig. 3. The major crystalline min-
eral is vernadite (δ-MnO2), which is found in all cobalt-rich crust
samples, and many amorphous ferric oxyhydroxides (FeOOH)
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Fig. 2.   Photograph of the cobalt-rich crust XD3.

 

Table 1.   Description of the cobalt-rich crust XD3
Structural layers number Micro layers number Structural layers Depth/mm Sample description

XD3(Ⅰ) XD3(1) dense layer 0−4 surface oolitic, black brown, dendritic structure
XD3(2) dense layer 4−8 black brown, dendritic structure

XD3(3) dense layer 8−12 black brown, dendritic structure

XD3(4) dense layer 12−14 black brown, dendritic structure

XD3(Ⅱ) XD3(5) dense layer 14−19 black brown, columnar structure
XD3(6) dense layer 19−24 black brown, columnar structure

XD3(Ⅲ) XD3(7) loose layer 24−27 black brown, columnar structure, many clays
XD3(8) loose layer 27−30 black brown, columnar structure, many clays

XD3(9) loose layer 30−34 black brown, columnar structure, many clays

XD3(10) loose layer 34−38 black brown, columnar structure, many clays

XD3(11) loose layer 38−42 black brown, columnar structure, many clays

XD3(12) loose layer 42−46 black brown, columnar structure, many clays

XD3(13) loose layer 46−50 black brown, columnar structure, many clays

XD3(14) loose layer 50−54 black brown, columnar structure, many clays

XD3(15) loose layer 54−56 black brown, columnar structure, many clays

XD3(Ⅳ) XD3(16) denser layer 56−58 Black, columnar structure, some phosphate veins
XD3(17) denser layer 58−63 Black, columnar structure, many phosphate veins

XD3(18) denser layer 63−67 Black, columnar structure, many phosphate veins

XD3(19) denser layer 67−73 Black, columnar structure, some phosphate veins

XD3(20) denser layer 73−79 Black, columnar structure, some phosphate veins

XD3(21) denser layer 79−83 Black, columnar structure, some phosphate veins

XD3(Ⅴ) XD3(22) denser layer 83−89 Bright black, lamellar structure, some phosphate veins
XD3(23) denser layer 89−93 Bright black, lamellar structure, some phosphate veins

XD3(24) denser layer 93−97 Bright black, lamellar structure, some phosphate veins

XD3(25) denser layer 97−101 Bright black, lamellar structure, some phosphate veins

XD3(26) denser layer 101−105 Bright black, lamellar structure, some phosphate veins

XD3(27) denser layer 105−109 Bright black, lamellar structure, some phosphate veins

XD3(28) denser layer 109−113 Bright black, lamellar structure, many phosphate veins

XD3(29) denser layer 113−117 Bright black, lamellar structure, many phosphate veins

XD3(30) denser layer 117−120 Bright black, lamellar structure, many phosphate veins
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are contained in cobalt-rich crusts, as Hein et al. (2000, 2013)

suggested. The main detrital minerals of cobalt-rich crusts in-

clude quartz and plagioclase. The new crusts XD3(3), XD3(6),

and XD3(13) contain more detrital minerals than the old crusts

XD3(18) and XD3(26), indicating that cobalt-rich crusts receive

more terrigenous detrital materials during forming new crusts

(Hein et al., 2000; Conrad et al., 2017). The old crusts XD3(18)

and XD3(26) contain more CFA, while the new crusts are almost
absent, indicating that cobalt-rich crusts are affected by phos-
phatization during forming old crusts (Koschinsky et al., 1997;
Hein et al., 2016). Therefore, the main mineral phases of cobalt-
rich crusts can be sub-divided into Mn mineral phase, Fe miner-
al phase, detrital mineral phase, and phosphate phase.

3.2  Major oxides and trace element characteristics
The major oxides and trace element contents of cobalt-rich

crusts from Marcus-Wake Seamounts are shown in Table 2. Of
the major elements, Mn and Fe contents are the highest, with Mn
ranging from 10.83% to 28.76% and Fe ranging from 6.14% to
18.86%. Next are CaO and P2O5, with CaO ranging from 2.87% to
27.74% and P2O5 ranging from 0.58% to 16.75%. Then there are
Al2O3, Na2O, MgO, TiO2 and K2O, with their contents ranging
from 0.29% to 2.55%. Again, there are Co, Ni, Ba, Sr, Pb and Cu,
with their contents ranging from 0.04% to 0.98%. Finally, there
are V, Zn, Mo and Zr, with their contents ranging from 202 µg/g
to 1 024 µg/g.

The REE contents of cobalt-rich crusts from Marcus-Wake
Seamounts are shown in Table 3. Cobalt-rich crusts are enriched
in REE, with REE ranging from 1 563 µg/g to 3 238 µg/g. Among
all REEs, Ce content is higher than other elements, with Ce ran-
ging from 790 µg/g to 1 722 µg/g, accounting for about 50% of the
total REEs. LREE contents range from 1 271 µg/g to 2 639 µg/g,
and HREE contents range from 236 µg/g to 599 µg/g, thus the
LREE/HREE ratio is 2.95−5.80, indicating that LREE are higher
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Fig. 3.   X-ray diffraction pattern of the cobalt-rich crusts. V-ver-
nadite, Q-quartz, Pl-plagioclase, CFA-carbonate fluorapatite.

 

Table 2.   Major and trace element contents in cobalt-rich crusts

Sample number
Mn/

%
Fe/
%

CaO/
%

P2O5/
%

Al2O3/
%

Na2O/
%

K2O/
%

MgO/
%

TiO2/
%

Co/
%

Cu/
%

Ni/
%

Ba/
%

Sr/
%

Pb/
%

V/
(µg·g−1)

Zn/
(µg·g−1)

Zr/
(µg·g−1)

Mo/
(µg·g−1)

XD3(1) 19.78 18.62 2.96 0.90 1.99 2.34 0.62 1.76 1.55 0.53 0.04 0.28 0.11 0.14 0.17 618 502 577 443

XD3(2) 19.12 18.86 2.87 0.85 1.71 2.31 0.62 1.70 1.61 0.52 0.04 0.28 0.12 0.14 0.16 617 500 620 487

XD3(3) 20.62 18.22 2.92 0.82 1.38 2.23 0.56 1.69 1.63 0.54 0.05 0.32 0.13 0.14 0.17 635 528 597 540

XD3(4) 21.26 17.73 3.07 0.82 1.01 2.29 0.51 1.71 1.62 0.56 0.05 0.35 0.13 0.15 0.18 676 558 530 607

XD3(5) 24.20 15.38 3.34 0.74 0.69 2.30 0.49 1.76 1.86 0.63 0.07 0.43 0.13 0.15 0.18 683 580 412 709

XD3(6) 25.87 13.96 3.50 0.67 0.62 2.27 0.53 1.83 2.09 0.64 0.09 0.53 0.14 0.15 0.18 672 648 412 702

XD3(7) 26.67 13.12 3.48 0.58 0.73 2.32 0.57 1.88 2.12 0.61 0.11 0.61 0.15 0.15 0.17 605 692 493 659

XD3(8) 25.06 13.59 3.42 0.62 0.76 2.24 0.59 1.82 2.12 0.62 0.12 0.55 0.15 0.15 0.16 586 667 534 597

XD3(9) 24.99 13.28 3.39 0.59 0.87 2.24 0.59 1.84 2.00 0.67 0.13 0.54 0.15 0.14 0.15 587 676 550 610

XD3(10) 25.45 12.31 3.69 0.79 1.38 2.32 0.69 2.01 2.05 0.77 0.15 0.62 0.16 0.14 0.13 576 747 548 627

XD3(11) 23.85 11.90 4.28 1.31 1.35 2.19 0.76 2.00 2.17 0.75 0.15 0.60 0.17 0.13 0.13 553 771 577 571

XD3(12) 26.70 11.03 4.43 1.26 1.22 2.28 0.79 2.24 1.92 0.73 0.18 0.80 0.18 0.13 0.12 587 920 559 721

XD3(13) 26.70 10.64 4.59 1.33 1.23 2.38 0.78 2.24 1.77 0.67 0.19 0.83 0.18 0.13 0.12 584 926 540 758

XD3(14) 28.76 11.29 4.52 1.11 0.95 2.55 0.76 2.37 1.63 0.63 0.21 0.98 0.19 0.13 0.13 591 1 024 503 833

XD3(15) 27.29 10.68 5.62 1.84 0.75 2.38 0.70 2.24 1.51 0.58 0.20 0.94 0.18 0.13 0.13 548 974 464 805

XD3(16) 23.46 9.31 10.80 5.20 0.87 2.37 0.65 2.00 1.28 0.42 0.17 0.80 0.16 0.13 0.11 488 830 449 676

XD3(17) 13.97 6.14 26.12 15.49 1.27 1.86 0.56 1.35 0.91 0.20 0.10 0.40 0.10 0.13 0.06 282 456 376 320

XD3(18) 10.83 7.08 27.74 16.75 1.23 1.79 0.56 1.18 0.95 0.15 0.08 0.23 0.10 0.13 0.07 283 364 386 202

XD3(19) 20.92 11.96 12.38 6.08 1.33 2.06 0.62 1.62 1.88 0.39 0.15 0.36 0.21 0.15 0.13 590 615 664 482

XD3(20) 20.96 14.42 10.42 4.93 0.97 2.12 0.48 1.48 2.05 0.38 0.15 0.31 0.25 0.17 0.16 708 640 807 505

XD3(21) 21.26 14.51 15.14 8.20 0.69 1.95 0.56 1.48 1.11 0.35 0.16 0.40 0.19 0.16 0.14 666 598 508 770

XD3(22) 22.73 14.59 9.01 3.95 0.58 1.91 0.46 1.42 1.59 0.34 0.13 0.29 0.25 0.18 0.22 874 671 566 792

XD3(23) 20.79 13.27 12.30 5.85 0.55 1.90 0.45 1.33 1.44 0.30 0.11 0.26 0.24 0.18 0.20 780 609 502 701

XD3(24) 21.62 11.74 13.23 6.47 0.42 1.89 0.46 1.32 1.37 0.29 0.10 0.28 0.22 0.18 0.18 752 569 417 683

XD3(25) 20.42 11.89 13.66 7.24 0.57 1.93 0.43 1.28 1.47 0.26 0.09 0.26 0.23 0.18 0.18 732 560 408 666

XD3(26) 19.84 11.83 15.63 8.12 0.40 1.80 0.41 1.22 1.50 0.22 0.07 0.23 0.23 0.18 0.18 719 556 383 600

XD3(27) 21.22 12.61 11.24 5.40 0.34 1.87 0.43 1.29 1.68 0.26 0.06 0.25 0.26 0.18 0.20 798 618 376 693

XD3(28) 20.92 12.74 11.09 5.24 0.31 1.80 0.43 1.28 1.78 0.26 0.05 0.24 0.28 0.19 0.20 818 639 366 736

XD3(29) 21.50 13.40 11.62 5.55 0.29 1.79 0.42 1.27 1.65 0.27 0.05 0.22 0.30 0.19 0.20 818 642 336 778

XD3(30) 20.62 13.98 12.90 6.65 0.51 1.67 0.38 1.23 1.55 0.26 0.05 0.22 0.31 0.19 0.22 728 606 392 652
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than HREE. The δCe ranges from 1.24 to 2.22, and δCe >1, indic-
ating that the cobalt-rich crusts have positive Ce anomaly. The
δEu ranges from 0.89 to 1.04, and δEu ≈ 1, indicating that the co-
balt-rich crusts have no obvious Eu anomaly. In addition, the av-
erage content of REEs in the upper crust is 2 032 µg/g, and that in
the middle crust is 1 722 µg/g, and that in the lower crust is 2 405 µg/g,
so REE contents of the old crusts are higher than those of the new
crusts.

4  Discussion

4.1  Origin of cobalt-rich crusts
Marine ferromanganese deposits can be generally sub-di-

vided into three origins: hydrogenetic, diagenetic and hydro-
thermal (Halbach, 1986; Liu and Wang, 2021). The metal ions of
hydrogenetic ferromanganese deposits come from seawater, and
the main components are the Fe-Mn oxides precipitated by col-
loidal particles in seawater. They are usually formed under strong
oxidation condition, and the growth rate is very slow, generally
ranging from 1 mm/Ma to 10 mm/Ma. REE contents are above
1 500 µg/g, and REE distribution patterns normalized by North
American shale (NASC) show positive Ce and negative Y anom-
alies (Hein et al., 2013, Bau et al., 2014). The metal ions of diagen-
etic ferromanganese deposits come from the pore water in the
sediment or sediment-water interface under suboxidation condi-
tion (Marino et al., 2019). They are usually formed under weak
oxidation condition, and REE contents are generally lower than
those of diagenetic Fe-Mn deposits, about 1 000 µg/g, and REE
distribution patterns normalized by NASC show negative Ce and
Y anomalies (Marino et al., 2019). The metal ions of hydrotherm-
al ferromanganese deposits come from the hydrothermal fluids
that erupt from the seafloor at medium-low temperature, with
the fastest growth rate, and REE contents generally are lower than
100 µg/g. REE distribution patterns normalized by NASC show
negative Ce and positive Y anomalies (Pelleter et al., 2017). In this
study, REE contents of cobalt-rich crusts are 1 563−3 238 µg/g,
δCe > 1 and δY < 1 in the non-phosphatized crusts, indicating
positive Ce anomaly and negative Y anomaly, all of which are
consistent with hydrogenetic Fe-Mn crusts.

According to the Fe-(Co + Cu + Ni) × 10-Mn ternary diagram
(Bonatti et al., 1972) and the (Cu + Ni) × 15- (Zr + Y + Ce) × 100-(Fe +

Mn)/4 ternary diagram (Josso et al., 2017), the origin of ferro-
manganese deposits can be distinguished. The results show that
(Fig. 4), the sample points are all plotted within the hydrogenetic
area, which indicate that the cobalt-rich crusts are hydrogenetic
and are not affected by submarine hydrothermal activity and dia-
genesis. Meanwhile, according to δCe-Nd and δCe-YN/HoN cor-
relation diagram (Bau et al., 2014), the origin of ferromanganese
deposits can also be distinguished. The results show that (Fig. 5),
Nd > 100 µg/g, δCe > 1 and YN/HoN < 1.5, the sample points are
all plotted within the hydrogenetic area, which indicate that the
cobalt-rich crusts are hydrogenetic and are not affected by sub-
marine hydrothermal activity and diagenesis.

NASC-normalized REE distribution patterns show that
(Fig. 6), the non-phosphatized crusts have positive Ce and negat-
ive Y anomalies, while the phosphatized crusts have positive Ce
and Y anomalies. The increase of Y content in the phosphatized
crusts is caused by the phosphate mixing (Koschinsky et al., 1997;
Koschinsky and Hein, 2003; Ren et al., 2016). Seawater shows
negative Ce and positive Y anomalies, and REE pattern of the
non-phosphatized crusts mirrors that of seawater, indicating that
REEs in seawater are consumed during forming cobalt-rich
crusts. Therefore, REEs of cobalt-rich crusts mainly come from
seawater. In addition, Fe-Mn oxides and marine phosphates are
two typical marine authigenic components (Pan et al., 2002,
2005), and their REEs come from seawater. The phosphate rock
on seamount has a REE pattern similar to seawater, showing neg-
ative Ce and positive Y anomalies, indicating that marine phos-
phates inherit the REE pattern of seawater. So the unique REE
pattern of seawater is the result of the balance between supply
and consumption (Ren et al., 2017).

4.2  Enrichment mechanism of REEs
In order to reveal the occurrence phases and enrichment

mechanism of REEs in cobalt-rich crusts from Marcus-Wake
Seamounts, scientists have separated the following four phases
(Koschinsky and Halbach, 1995; Koschinsky and Hein, 2003; Gao
et al., 2015, 2023): carbonate phase, Mn oxide phase, Fe oxide
phase and residual phase. The phase distribution of its elements
in structural layers is shown in Fig. 7. In the non-phosphatized
crusts XD3(Ⅰ), XD3(Ⅱ), and XD3(Ⅲ), Na, K, Ca, Mg, and Sr are
mainly enriched in the carbonate phase, and Mn, Ba, Sr, Co and
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Ni are mainly enriched in the Mn oxide phase, and Fe, P, Ti, Cu,
Pb, V, Zn, Zr, Mo and REEs are mainly enriched in the Fe oxide
phase, and Al and K are mainly enriched in the residual phase.
Thus, about 67% of REEs are enriched in the Fe oxide phase, and
about 17% in the Mn oxide phase, and only about 13% in the re-
sidual phase, and yet the contents of these elements in carbonate
phase is relatively small. In contrast, in the phosphatized crusts
XD3(Ⅳ) and XD3(Ⅴ), the distribution ratios of Ca, P and REEs in
the residual phase increase, and the proportion ratios of REEs in-
crease from 13% to 64%, Ca from 0.54% to 55%, and P from 11% to
40%. Therefore, in the phosphatized crusts, about 64% of REEs
are enriched in the residual phase containing carbonate
fluorapatite, but the influence of Fe and Mn oxide phases is
greatly reduced, which is consistent with the results of Koschin-
sky et al. (Koschinsky and Hein, 2003; Koschinsky et al., 2020).

The cobalt-rich crusts are hydrogenetic, and the elements
mainly come from seawater (Hein et al., 2016; Halbach et al.,

2017). According to the results of mineral identification, the car-
bonate phase is mainly composed of calcite and other minerals,
and Na, K, Ca, Mg and Sr in seawater mainly exist in the form of
free cations and then enter the carbonate phase (together with
carbonate minerals) through ion exchange or adsorption (Kosch-
insky and Hein, 2003; Bai et al., 2004). The Mn oxide phase is
mainly composed of vernadite (δ-MnO2), and Ba, Sr, Co and Ni in
seawater are enriched in the Mn oxide phase by adsorption dur-
ing the formation of Mn colloidal particles (He et al., 2005, 2011).
The Fe oxide phase is mainly composed of amorphous ferric oxy-
hydroxide (FeOOH), and P, Ti, Cu, Pb, V, Zn, Zr and REEs in sea-
water are enriched in the Fe oxide phase by adsorption during
the formation of Fe colloidal particles (Koschinsky and Hein,
2003; Koschinsky et al., 2020). The residual phase is mainly com-
posed of quartz, feldspar and other minerals, containing silicon
aluminate such as Si, Al and K, which are mainly derived from
terrigenous detrital materials and enriched in cobalt-rich crusts
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by seawater exchange (Hein et al., 2016).
Multiple phosphatization events occur during the early

growth of cobalt-rich crusts (Koschinsky et al., 1997; Hein et al.,
2000). Due to the effect of phosphatization, Ca and P contents in
the old crusts are generally high, and there are CFA minerals
(Ren et al., 2017). During the growth of carbonate fluorapatite,
some elements have undergone secondary enrichment, and
REEs are transferred and enriched in the phosphate phase. Due
to the similar radius of REE3+ and Ca2+, REE3+ can effectively
combine with PO4

3− instead of Ca2+ and form rare earth phos-
phate minerals (Koschinsky et al., 2020). In contrast, REE con-
tents of phosphate selected from the crusts are much lower than
those of the crusts, indicating that REE contents of phosphate in
the crusts are not uniform, the rich rare earth phosphate is diffi-
cult to separate from the crusts. Consequently, the simulation
results of the mixture of crusts and phosphates showed that (Ren

et al., 2017), there should be rich rare earth phosphate in the
phosphatized crusts, which may be disseminated in the crusts,
representing a relatively slow phosphate precipitation process.
The results of the cobalt-rich crusts from Magellan Seamounts
showed that (Ren et al., 2011a), up to 42%−88% of REEs in the
phosphatized crusts are contributed from phosphate, and it is in-
ferred that there may be independent rare earth phosphate min-
erals. Therefore, further research is needed on the combination
of rare earth elements with phosphate to form rare earth phos-
phate minerals.

4.3  Influencing factors of REE enrichment
The variation curves of element contents with depth in the

growth profile of cobalt-rich crust sample XD3 are shown in
Fig. 8. The results show that, REE contents increase from the new
crusts to the old crusts, and there is a highest value in the old
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Fig. 7.   The occurrence phase of elements in structural layers of cobalt-rich crusts.
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crusts. When CaO/P2O5 ratio is less than 2, it indicates that the
cobalt-rich crusts have a phosphatization event (Koschinsky
et al., 1997; Ren et al., 2016). In the study, CaO/P2O5 ratio of the
old crusts ranges from 1.66 to 2.28, indicating that the phosphat-
ization occurs in the old crusts. The P2O5/CaO ratio does not
change much in the new crusts, but increases in the old crusts,
and REE contents also increase, which indicates that phosphatiz-
ation can promote the REE enrichment. When Mn/Fe ratio is less
than 2.5, it indicates that the cobalt-rich crusts are hydrogenetic
(Halbach et al., 1983; Hou et al., 2020). In the study, Mn/Fe ratio
ranges from 1.01 to 2.56, indicating that the cobalt-rich crusts are
hydrogenetic and REEs mainly come from seawater. Moreover,
the δCe can indicate the redox environment of seawater during
forming cobalt-rich crusts (Hein et al., 2000). During the growth
period of the old crusts, δCe is higher, seawater is an oxidizing
environment, and REE contents are higher relative to the new
crusts, which indicates that the oxidizing environment of seawa-
ter can promote the REE enrichment. The variations of Sr con-
tents can be used to indicate the degree of marine productivity
(Li et al., 2011). During the growth period of the old crusts, Sr
content is higher, marine productivity is higher, and REE con-
tents are higher relative to the new crusts, which indicates that
high marine productivity can promote the REE enrichment.
Meanwhile, the variations of Co contents can indicate the growth
rate of cobalt-rich crusts (Ren et al., 2011b). During the growth
period of the old crusts, Co content is lower, the growth rate is
slower, and REE contents are higher relative to the new crusts,
which indicates that the slow growth rate can promote the REE
enrichment. The variations of Al2O3 can indicate the sedimenta-
tion of terrigenous detrital materials (Cui et al., 2012). During the
growth period of the new crusts, Al content is higher, terrigenous
detrital materials are more, and REE contents are lower relative
to the old crusts, which indicates that terrigenous detrital materi-
als can dilute REE when they enter cobalt-rich crusts. As above
mentioned, the variation of REEs is similar to that of P2O5/CaO,
Mn/Fe, δCe and Sr, indicating that the oxidizing environment of
seawater, high marine productivity, phosphatization, and slow
growth rate can promote the REE enrichment.

5  Conclusions
This study analyzes the mineral composition and REE con-

tents of cobalt-rich crusts from Marcus-Wake Seamounts in the
Pacific, and discuss the source, occurrence phases and enrich-
ment mechanism of REEs.

(1) The major crystalline mineral of cobalt-rich crusts from
Marcus-Wake Seamounts is vernadite, and the secondary miner-
als include quartz, plagioclase and carbonate fluorapatite. Also
many amorphous ferric oxyhydroxides are contained in cobalt-
rich crusts.

(2) Mn and Fe contents are higher relative to other elements,
and REE are enriched in the cobalt-rich crusts. REE contents of
the old crusts are higher than those of the new crusts. The non-
phosphatized crusts have positive Ce and negative Y anomalies,
and yet the phosphatized crusts have positive Ce and positive Y
anomalies, indicating that cobalt-rich crusts are hydrogenetic,
and REE mainly come from seawater.

(3) The occurrence phases of elements are closely related to
their mineral phases. In the non-phosphatized crusts, REEs are
adsorbed by colloidal particles into the crusts, about 67% of REEs
are enriched in the Fe oxide phase. In contrast, the phosphatized
crusts are affected by the phosphatization, REEs may combine
with phosphate to form rare earth phosphate minerals, and
about 64% of REEs are enriched in the residual phase containing
carbonate fluorapatite.

(4) The variation of REEs is similar to that of P2O5/CaO,
Mn/Fe, δCe and Sr, indicating that the oxidizing environment of
seawater, high marine productivity, phosphatization, and slow
growth rate can promote the REE enrichment.
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