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Abstract: Ferromanganese crusts are highly enriched in a wide variety of critical metals including Co, Cu, Mn, Ni, Ti, V, REE, Y, and Zn.
Study of their enrichment in the crusts and the geological constraints is important for future development and utilization of them at seafloor.
Recently, ferromanganese crust samples were acquired from 13°20 'N seamount of the southern Kyushu-Palau Ridge, and analyzed in
mineralogy and element geochemistry, as well as for electron probe microanalysis. Results show that the mineralogical and chemical
composition of the samples are relatively uniform, and the crusts have not suffered from obvious phosphatization, which indicates that the crusts
are characterized by one hydrogenetic crustal layer. Critical metals with high content such as Co and Ni are mainly enriched in vernadite. Co
mainly exists in the lattice of vernadite due mainly to surface oxidation of vernadite. Ni is enriched in the crusts by replacing and occupying
lattice vacancies of Mn as Co does, and a large amount of Ni exists in the form of adsorption. Ti, V, and REY are enriched in the iron
oxyhydroxide components dominated by feroxyhyte by surface complexation, crystal lattice entry, and co-precipitation. Cu and Zn are lack of
crystal lattice entry ability; the Cu content in seawater is very low and the adsorption of Zn is weak, thus resulting in their dispersed distribution

and low content in the samples. This study reveals that the crusts started growing in the late Miocene and show no obvious growth break; the

BN E 7 8 R 5 R AR A 5286 1 RS T I 45 7% (2021QNLMO020003-2) 5 [ 5 [ AR BF4 3L 4 1w 301  JE R 5 3 23 iS J2 K AR
Jo Sk HR S A A A AL ) i R HIL D (41976192) 5 Hh [ 3tb SR A S i ST R A 4% 300 H (DD20221720, DD20191010)

TEE B mR(1981—), T3, B TARIW, WF5E 7 1n) A i JRE ™V F 5 %) B 76 38, E-mail: huangw@mail. cgs.gov.cn

W #S B #8: 2022-05-24; 2[5 HHA: 2022-06-28.  J&l 7 H g i



138 T b 5T 5 56 DU 40 b

2022 4 10 H

accumulated enrichment degree of critical metals in these samples is lower than that in the highest potential areas of the global ocean due to

insufficient continuous growth time. However, the ideal water depth conditions, low deposition rate, stable tectonic environment, suitable water

depth distribution of the oxygen minimum zone, and long distance from macroscale input of the non-metallogenic material into the study area

are favorable for continuous growth and enrichment of critical metals in these crusts in the future.
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Fig.1 Location of the ferromanganese crusts in the study area
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Fig.3 Pattern of X-ray diffraction of the ferromanganese crusts

Cal: calcite, Fel: feldspar, Fer: feroxyhyte, Q: quartz, Ver: vernadite.



WL R

B, 55 JUIN IR 55 W T AT 13°207N ¥ LU BR R 45 70 OB 4 I e SR AL Rl 29 TR R 141

®1 GREBTESERE

Table 1 Chemical composition of the ferromanganese crusts

TEH bz Hh ] 2 Wz H i
Al/% 1.58 1.69 1.98 797
Ca/% 2.31 2.36 2.41 4.26
Fe/% 17.70 18.78 18.52 11.20
Mn/% 20.68 19.44 18.67 1.35
P/% 0.23 0.23 0.22 0.09
Si/% 5.92 6.47 7.01 21.29
Ti/% 0.94 1.08 1.03 0.76
Ce/10°° 692 764 717 94
Co/10°° 3400 3220 3090 156
Cu/107° 1120 853 927 373
Ni/10™° 3400 2620 2720 291
V/107° 547 515 491 261
Zn/107° 512 463 491 276
LREY/10° 1230 1322 1202 173
HREY/10™° 274 258 229 60
REY/10°° 1503 1579 1431 233

A (853~1120) x10°, (491~547) x10°° F1 (463~
512)x10°, REE Fl Y(& % REY) B9 & & M (1431~
1579) =107, HAE )2 e, WIZ &AL, HER -
JG% (LREY: La-Eu) % & % i 8 7 10 & (HREY:
Gd-Lu M1 Y) o #f &% 3 26 8 41 4 o0 K Si. Ca il
Al —Z0MEH R AN 2 B )2 38 20 T e 1 43 A
FRAE, &0 91K 5.92%~7.01%, 2.31%~2.41% F
1.58%~1.98%. ILAb, #Ea N AM S JZ i P& i
JEH ¥ —, 4 0.22%~0.23%.
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Table 2 Element contents in the ferromanganese oxides layers from different parts of the sample revealed in electron probe microanalysis

JLE Al Ca Ce Co Cu Fe Mn Ni P Si Ti A% Zn

FKAE/% 1.62 304 016 073 018 2437 2861 110 045 3.70 132 013 0.10

H/ME Y% 0.43 1.62 0.05 0.24 0.09 1684 2298  0.42 0.30 2.07 0.64 0.07 0.05
HMZE (n=13) )

SEIME/ % 064 247 0.3 059 014 1925 2681 065 036  2.62 116 009  0.08

BEARBU% 4598  16.64 2187  23.60 19.89  10.58 6.06 2458 1297 1790 1480 1729 1738

FKAE/% 122 28 016 074 022 2481 3227 082 047 493 138 012 0.1

H/ME Y% 0.34 2.05 0.09 0.26 0.07 17.01 2272 0.40 0.30 1.59 1.00 0.07 0.01
H A JZ (n=20) A

SPEE % 067 254 0.3 050 0.4 2106 2650 058 038 292 121 0.10  0.07

BEBAB% 2934 7.88 1457 2534 2459 11.22 9.67 23.00 1448  26.75 8.97 13.66  33.77

FORAE% 1.77 2.61 0.19 0.75 0.20 3547  30.66 0.75 0.48 6.40 3.14 0.14 0.14

H/ME Y% 0.49 1.05 0.10 0.20 0.08 1636 11.02  0.15 0.28 1.88 1.13 0.07 0.06

M2 (n=20)
SEIE % 085 224 015 042 013 2371 2383 043 039 362 144 0.1 0.09
BHAREU% 4140 1722 1612 27.84 2263 1534 1592 2960 1375 2583 2981 1591 2582
2 A AR5y . Co 7845 )2 AR S AT IX 4%
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To facilitate the display in the diagram, the REY contents of the seawater ?E —Iﬁ Co. Ni ;FH }i , /ﬂ\: /ﬁ\i Bﬁ}g_)%' E"J j: j][] m?]‘ 3‘.'. l%-‘ , ﬁﬁ
are expanded by 10° times; PAAS data are from the reference *”. The REY E éﬁﬁ o} ':F' o e 5’]‘ I 'fEE . ':F' EIE lj‘] I '—%"— ]
data of the seawater is from the reference 1*'", the sampling area with the ERAE L Ti '—ﬁ Fe. Mn. Si (940 3@@_ [ RETE T /H: { e

water depth of 2000 m is in the western Pacific Ocean close the study area,
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of the seawater is from the reference . The sampling area was in the east {M' ’ él Si i1 7 & }I‘ = @J % Ju JZHY 3 /fl‘l HT » T 7 4k
=1

Caroline Basin of the southwest Pacific Ocean, in water depth of 1980 m. }iﬁﬁ Bé%ﬂi& T é"\] 26%’ Fe EI/‘J & Hj*ﬁ@? II% T Q/J 39%

(1), U Al A SCEESEAE L N Y Ti 32 2w R 78

which is similar to the distribution depth of the samples in this paper. Y data



WL R

B, 55 JUIN IR 55 W T AT 13°207N ¥ LU BR R 45 70 OB 4 I e SR AL Rl 29 TR R 143

(Zr+Ce+Y)x100

AR
R X
A

FARE R X

B Jm RBUR R X

(CutNi)x15

(Mn+Fe)/4

5 45 SR R 28 A ) )
i E& B [ Sk 2315

Fig.5 Ternary discriminative diagram for genetic classification of ferromanganese crusts

Discrimination plots are modified from the reference [23].

*3 WEXHKEEUVYIEAESTEENBEXREHEE (1=53)

Table 3 Pearson correlation coefficient matrix for major and valuable metal elements contained in the ferromanganese oxide layers (n=53)

Al Ca Ce Co Cu Mn Ni P Si Ti \%

Ca -0.78

Ce 0.12 -0.07

Co -0.67 0.57 -0.21

Cu -0.01 0.18 -0.13 —0.04

Fe 0.49 -0.43 0.60 —0.69 -0.06
Mn -0.72 0.67 —-0.41 0.75 0.06 -0.90

Ni -0.48 0.45 —-0.45 0.65 0.13 -0.82 0.77

P 0.09 0.08 0.35 —0.47 -0.01 0.68 -0.52 -0.64

Si 0.78 —0.64 0.38 —0.72 -0.04 0.87 -0.94 -0.76 0.52

Ti 0.53 -0.55 0.53 —0.37 -0.04 0.76 -0.76 -0.55 0.18 0.72

v -0.03 0.06 0.41 —0.30 0.11 0.68 -0.49 -0.50 0.63 0.46 0.40

Zn 0.17 —0.10 0.12 —0.45 0.15 0.44 —-0.39 —0.47 0.50 0.40 0.12 0.45
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Fig.6 Mean contents of the critical metals in the ferromanganese crusts from the research area and the highest potential areas

of the global ocean

The contents of the critical metals in the ferromanganese crusts of the PCZ, NPCZ, South Pacific, Indian, and Atlantic Ocean are from the reference[6].
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