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Abstract: Co-rich crusts are a kind of marine mineral resources rich in Mn, Co, Ni and rare earth elements (lanthanide and yttrium, abbreviated
as REY). The Co-rich crust sample studied in this paper was collected on the mountaintop edge of Caiwei Guyot in the Northwest Pacific Ocean
onboard research vessel “Kexue” (Science) with a TV grab during the HOBABS cruise expedition in 2018. The microstructure, mineralogy, and
geochemistry of the Co-rich crust were analyzed by scanning electron microscope, X-ray diffraction (XRD), inductively coupled plasma atomic
emission spectrometer (ICP-OES), and inductively coupled plasma mass spectrometry (ICP-MS), and its genetic type and formation mechanism
were discussed. The textures of the Co-rich crust could be divided into yellowish loose layer (C8-5), black dense ferromanganese layers (C8-2,
C8-3 and C8-4), and rough surface in black botryoidal shape (C8-1) from inside to outside. The yellowish loose layer is composed of Fe-
vernadite, quartz, albite, anorthite, todorokite, and phillipsite. It has high porosity with a high content of Al and low content of Mn. The black
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dense ferromanganese layers have low porosity and are mainly columnar in structure, and the main component minerals are Fe-vernadite, quartz,

albite, and anorthite. Compared with C8-5, the content of Al decreases but the content of Mn increases, indicating that the supply of terrigenous

materials gradually decreased. In the later growth process of the Co-rich crust, its microstructure changed mostly from columnar structure to

mottled structure, and the transition area is in layered structure and composed of ferromanganese oxides and Si-rich clastic materials. The Mn/Fe

ratios of layers of the Co-rich crust range from 1.16 to 1.85, and each layer shows positive Ce anomaly and negative Y anomaly. The above

characteristics indicate that the Co-rich crust in the study area shows its hydrogenetic origin and is not affected by hydrothermal activities,

whose metal elements are derived from oxidizing seawater. According to the chronological data, we conclude that the growth process of the Co-

rich crust was controlled by Pacific Deep Water from the late Oligocene to the middle Pliocene. The continuous increases of Co/(Fe+Mn) and

Co/(Ni+Cu) indicate that the Co-rich crust has been growing in a highly oxidizing marine environment. Compared with other oceans and seas,

the Co-rich crust on Caiwei Guyot is enriched in Co, Ni and REY, and shall has very high economic value and mining prosperity.
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Location of the study area and modern ocean circulation systems

a: geographic location of Caiwei Seamounts (Data are quoted from http://www.gebco.net); b: Pacific circulation system (modified after [22-23]), and the yellow

star represents the position of Caiwei Seamounts; c: topographic map of Caiwei Guyot (Data are quoted from http://www.gebco.net.) and the location map of

the Co-rich crust, and the yellow star represents the sample position.
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Fig.2 Hand specimens of the Co-rich crust on Caiwei Guyot

a: Photographs of growth profile of the sample, and the layers from inside to outside are: yellowish loose layer (C8-5), black dense layers (C8-2, C8-3 and C8-

4), and rough surface (C8-1); b: photographs of the sample surface.
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Fig.3 Microstructure of the Co-rich crust on Caiwei Guyot

a-b: Columnar structures derived from dense layers (C8-3 and C8-2), and the gaps between columns are filled with clastic materials; c: layered structures and

mottled structures derived from the dense layer (C8-2); d: mottled structures derived from the dense layer (C8-2), and the gaps between circular patches are

filled with clastic materials.
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Fig4 The XRD patterns of each layer of the Co-rich crust on

Caiwei Guyot

The layer division is shown in Fig. 2a. Ver: Fe-vernadite, Tod: todorokite,

Qz: Quartz, Ab: albite,An: anorthite, Phi: phillipsite.

x1 XABLEHES

Bk F B

Table 1 Geochemical data of the layers of the Co-rich crust on

Caiwei Guyot

C8-1 (€82 (83 (84 (85
Mn 135 133 185 168 150
Fe 116 924 100 11.1 126
Al 210  1.67 064 160 268
MnFe 1.16 144 185 152  1.19
Na 162 146 188 171 173
HHITCHR/%

K 061 041 036 048  0.60
Ca 176 161 200 197 190
Mg 121 094 111 119 143
Ti 111 076 096 1.16 120
P 072 062 063 063 080
As 204 171 189 169 152
B 189 158 178 163 191
Ba 1093 1096 1360 1312 1307
Be 476 415 475 477 561
Bi 181 193 222 194 152
cd 6.12 551 658 563 431

R ITHR/107
Co 4805 4396 5311 3858 2534
Cr 102 955 119 124 137
Cs 047 032 039 050 1.04
Cu 479 615 828 844 1080
Ga 603 551 671 649 735
Hf 674 689 782 893 125

gR1

C8-1 C8-2 C8-3 (84 (C8-5

Li 632 291 3.07 408 102
Mo 554 559 583 449 389
Nb 439 449 558 558 585
Ni 3012 3411 4224 3740 3454

Pb 1997 1747 1712 1560 1321
Rb 7.08 6.05 694 7.52 107
Sc 7.61 6.06 6.55 7.01 109
Sr 1362 1215 1411 1284 1159

Ta 050 0.50 0.57 0.58 0.58
Th 162 108 9.46 9.07 8.74
Tl 714 663 656 539 599

U 133 119 123 108 9.04

\% 620 537 592 528 487
84.6 83.6 93.6 76 603

Zn 466 514 587 559 597
Zr 537 501 615 633 761
La 233 197 210 203 200
Ce 605 590 740 757 580
Pr 415 337 369 359 34.6
Nd 183 148 159 155 149
Sm 379 303 322 320 306
Eu 953 7.68 8.00 7.98 7.63
Gd 469 389 403 40.1 379
Tb 7.14 584 592 580 5.56
Dy 405 337 33.6 319 309

Y 179 147 155 139 158
Ho 100 847 833 7.88 7.64

it ouz/107

Er 260 223 220 206 199
Tm 412 3.62 359 332 323
Yb 255 22.1 222 203 199
Lu 418 3.63 3.64 333 334
SLREE 1110 1007 1186 1191 1001
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LREE/HREE 6.76 727 851 894 7.80
SREY 1454 1293 1480 1463 1288
Co/(Fet+Mn) 191 195 186 138 91.8
Co/(Cu+Ni) 138 1.09 1.05 084 0.56

AKHEZE (mm/Ma) 146 210 1.76 137 0.65
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Fig.5 Profiles of element contents and ratios of the Co-rich crust growth on Caiwei Guyot
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Fig.6. PAAS-normalized rare earth elements patterns of the Co-
rich crust on Caiwei Guyot
PAAS data are from [39], seawater data are from [44], data of hydrothermal
ferromanganese crusts are from [45], and data of diagenetic ferromanganese

crusts are from [46].
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Table 2 Element Correlation matrix of the Co-rich crust

Mn Fe Al Mn/Fe K Ca Mg Ti Li Be Co Ni Zr Ba Gr
Mn 1
Fe —-0.093 1
Al —0.678  0.741 1
Mn/Fe 0.808 —0.659 —0.950* 1
K —0.535  0.876 0.892* —0.923* 1
Ca 0.894*  0.356 -0.310 0.460  —0.105 1
Mg 0.090 0.970*%*  0.637 —0.498  0.744  0.504 1
Ti 0.194  0.922% 0.493 -0.410 0.710 0.611 0.908* 1
Li -0.278  0.921* 0.849 —0.738  0.847 0.124 0.912% 0.709 1
Be 0.197  0.898* 0.547 -0.368 0.610 0.559  0.977** 0.825 0.887* 1
Co 0219 —0.674 —0.795 0.568  —0.567 —0.086 —0.699  —0.534 —0.775 —0.699 1
Ni 0.928* -0373 -0.774 0.925* —0.773 0.691 —0.163 -0.139 —0.444  —0.008 0.258 1
Cu 0.506 0.442 0.177 0.128 0.029  0.644 0.626 0.461 0.484 0.744 —0.694 0.487
Zn 0.709 0.172 —0.154 0.444  —0.285 0.710 0.396 0.249 0.207 0.556 —0.428 0.742
Zr 0.398 0.725 0.378 —0.120 0.344  0.672 0.862 0.717 0.720 0.931*  -0.744 0.265 1
Ba 0.900%  0.226 -0.317 0.547  —0.269 0.932%* 0.427 0.429 0.105 0.543 —0.220 0.813  0.749 1
Gr  —0.044 -0.956* —0.696 0.528  —0.738 —0.456 —0.987** —0.884* —0.920* -0.965** 0.804 0.180 -0.886* -0.419 1
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Table 3 Element factor analysis of the Co-rich crust

Tl T2 73
Mn —0.180 —0.231 0.956
Fe 0.159 0.959 0.166
Al —0.049 0.849 —0.513
Na 0.056 0.148 0.974
K 0.345 0.868 —0.284
Ca —0.086 0.194 0.967
Mg 0.024 0.944 0.328
Ti 0.164 0.791 0.428
P 0.106 0.959 —0.091
Li 0.007 0.990 —0.050
Be —0.093 0.901 0.406
B 0.500 0.745 0.226
Sc —0.149 0.972 0.072
\Y 0.887 —0.440 0.103
Cr —0.411 0.643 0.646
Co 0.569 —0.798 0.142
Ni —0.393 —0.430 0.792
Cu —0.675 0.504 0.524
Zn —0.674 0.216 0.666
Ga —0.242 0.681 0.673
As 0.904 —0.422 0.060
Rb —0.293 0.922 0.222
Sr 0.697 —0.501 0.513
Zr —0.408 0.747 0.520
Nb —0.531 0.372 0.761
Mo 0.505 —-0.797 —0.096
Cd 0.589 —0.744 0.316
Cs —0.296 0.940 0.113
Ba —0.405 0.151 0.901
Hf —-0.529 0.799 0.275
Ta —0.492 0.321 0.806
A 0.472 —0.853 0.147
Tl 0.706 —-0.216 —0.383
Pb 0.803 —0.521 —0.290
Bi 0.134 —0.898 0.417
Th 0.895 —0.003 —0.442

&k3

71 T2 T3

u 0.761 —0.635 -0.121

La 0.995 0.066 0.018

Ce —0.064 —0.458 0.787

Pr 0.980 0.085 0.104

Nd 0.989 0.056 ~0.009
Sm 0.975 0.085 —0.040
Eu 0.970 0.072 -0.122
Gd 0.971 -0.016 —0.125

Tb 0.963 —0.029 —0.238
Dy 0.945 —0.114 -0.307

Y 0.844 0.387 -0.173

Ho 0.923 —0.149 —0.355

Er 0.913 -0.212 —0.347
Tm 0.902 —0.260 —0.332
Yb 0.917 -0.231 —0.302

Lu 0.921 —0.165 —0.314

J5 ZE TR 41.1% 34.8% 20.7%

Cs. Hf, W, Pb, Bi f1 U; Al 3 f{ 3% & 4 A 1k 9 fil
HE MY, & 20.7%, EEICEA Mn, Al Na,
Ca. Cr. Ni. Cu. Zn. Ga. Zr., Nb, Ba. Ta fl1 Ce,
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Fig.9 Comparison of elements of economic value between the

Co-rich crust in this study and those in other areas

The data of Co-rich crusts sources: the Atlantic Ocean [28], previous data of
Caiwei Guyot [37], Gagua Ridge [53], the Arctic Ocean [54], Shatsky
Rise [55], California Continental Margin [69], the Indian Ocean [61], and
the Pacific Ocean [70].
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