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Abstract: Using the testing methods of XRD, ICP-OES and ICP-MS, the mineral composition, major and minor elements contents of cobalt-
rich crusts collecting from the Caiwei Guyot and Xufu Guyot in the West Pacific Ocean have been determined. Based on the data, we discussed
in this paper the geochemical characteristics and material sources of the REE. It is observed that the cobalt-rich crust is dominated by the
crystalline mineral of vernadites, accompanied by the auxiliary minerals of quartz, plagioclase, potassium feldspar and carbon fluoride apatite.
Amorphous ferric minerals also occur in certain amounts in the crusts. In terms of chemical composition, Mn contents change within
16.20%~26.62%, and Fe contents 8.56%~18.19%, which are the highest among the others. Phosphatization is observed in the old crust layers.
REE are enriched in the cobalt-rich crusts. LREE are higher than HREE. REE contents are as high as 1 842~2 854 ug/g, in which Ce accounted
for nearly 50%. Moreover, it is found that REE contents in the old layers are higher than that in the new layers, and it is believed that
phosphatization in the old layers might play an active role in the REE distribution pattern. And REE diagrams show that there are positive Ce
anomalies but no Eu anomalies, so Ce is relatively enriched. Meanwhile, REE show positive correlation with Ce, Y, CaO, P,Os, Ba and Sr,

negative correlation with Fe, Al,03, Na,O, K,0, MgO, TiO,, Pb and V, but no correlation with Mn, Co, Cu, Ni and Zn. By the way, the
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elements of the cobalt-rich crusts may be classified into four groups by clustering analysis. (DPhosphate group including REE, Ce, Y, CaO,
P,0s, Ba and Sr. @ Mn group including Mn, Co, Cu, Ni and Zn. @ Fe group including Fe, TiO,, Pb and V. @ Detritus group including Al,O;,

Na,0, K,0 and MgO. In conclusion, cobalt-rich crusts from the Caiwei Guyot and Xufu Guyot of the West Pacific Ocean are hydrogenetic in

origin, and REE are precipitated together with phosphate group in the seawater, that caused the enrichment of REE in the cobalt-rich crusts.

Key words: cobalt-rich crusts; REE; geochemical; source; West Pacific Ocean
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Fig.2 The photos showing the stratification of cobalt-rich crust samples of CD16 and XD3
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Table I Description of different structural layer in cobalt-rich crust samples CD16 and XD3
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Fig.3 X-ray diffraction analysis of the cobalt-rich crust samples of CD16 and XD3

V-vernadite, Q-quartz, Pl-plagioclase, Or-orthoclase, CFA-carbonate fluorapatite, Ca-calcite, Ph-phillipsite, Ka-kaolinite, Ba-barite.
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Table 2 Major elements contents of the cobalt-rich crust samples of CD16 and XD3

LE CDI6M)  CDI6(I)  CDIGI)  CDIGAV)  CDI6(V)  XD3(I)  XD3(I)  XD3(III)  XD3(IV)  XD3(V)
Mn 16.20 22.78 18.85 18.52 20.26 20.23 24.20 26.62 17.72 21.12
Fe 17.10 16.26 16.62 10.78 8.56 18.19 15.62 11.28 9.71 9.80
CaO 2.65 3.16 3.46 17.12 17.32 2.86 3.37 4.75 17.95 12.39
P,05 0.80 0.82 1.20 9.45 9.59 0.88 0.78 1.43 10.18 6.49
AlLO; 1.67 1.49 2.81 1.04 0.66 1.52 1.54 1.98 1.23 0.44
Na,O 2.46 2.57 2.61 2.15 1.97 2.20 2.16 2.28 1.92 1.73
MgO 1.70 1.90 1.97 1.64 1.51 1.73 1.80 221 1.55 1.34
TiO, 1.89 1.84 1.89 1.38 1.22 1.96 1.75 1.51 1.41 1.62
K,0 0.79 0.60 0.83 0.49 0.47 0.59 0.50 0.72 0.59 0.43
Co 0.43 0.63 0.46 0.40 0.55 0.55 0.62 0.73 0.30 0.58
Ni 0.29 0.44 0.36 0.44 0.42 0.31 0.46 0.78 0.40 0.27
Cu 0.09 0.13 0.12 0.12 0.15 0.15 0.17 0.18 0.13 0.09
Pb 0.18 0.16 0.16 0.12 0.11 0.19 0.17 0.14 0.11 0.15
Ba 0.10 0.14 0.15 0.17 0.19 0.12 0.14 0.17 0.16 0.26
Sr 0.11 0.14 0.13 0.16 0.16 0.14 0.15 0.14 0.14 0.18
v 629 621 561 504 512 621 592 582 452 569
Zn 460 564 597 626 617 502 586 837 545 585
Mn/Fe 0.95 1.40 1.13 1.72 2.37 1.11 1.55 2.36 1.82 2.16
CaO/P,05 3.31 3.85 2.88 1.81 1.81 3.25 432 3.32 1.76 1.91

W R ITLEREM-SHALNY%, V-ZnHA Apg/g.

(Cu+Co+Ni)x10
0 100

10/, MEAER
Fe o 25 50 75
Bl 4 & gl A U A ) = A R e

Fig.4 Ternary discrimination diagram for cobalt-rich crusts®®
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1.67, 8Ce>1, I N IA B Ce IE 7 H HH1E; SEu AL
il 0.95~1.02, -3 {EH K 0.99, SEu #2307 1, Eu £ 3
AN SR BE TSR . BLAh, VR OT R AR
. PR e LS S R Sy BRI L KRVE
ERE v . ob [ R 1 R 45 5 1 A oo R B0 4y ih 26
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Table 3 REE contents of the cobalt-rich crust sample of CD16 and XD3

TE CDI6(I)  CDI6(I)  CDI6(Ill)  CDI6(IV)  CDI6G(V)  XD3(I)  XD3(II)  XD3(Il)  XD3(IV)  XD3(V)
La 179 220 213 304 323 277 297 286 309 375
Ce 600 752 737 1078 1101 820 924 886 1114 1459
Pr 335 44.2 41.0 478 47.9 58.8 65.3 59.7 65.7 76.4
Nd 138 174 162 195 186 235 256 234 261 302
Sm 27.8 357 333 36.4 35.0 46.8 492 47.0 49.6 58.9
Eu 7.18 8.90 8.41 9.48 9.14 115 12.1 113 12.2 14.6
Gd 343 41.8 40.5 50.9 50.8 58.0 582 53.1 60.3 68.5
Tb 5.27 6.19 5.89 7.03 6.78 9.31 9.31 8.19 8.71 10.0
Dy 313 38.9 37.0 473 45.6 54.0 53.5 492 50.7 59.3
Ho 6.61 778 7.50 10.8 10.2 10.3 113 9.6 10.3 11.7
Er 19.4 23.6 21.7 326 314 32.0 316 30.0 29.6 337
Tm 2.90 3.53 3.20 4.67 4.73 4.57 4.54 422 4.16 4.90
Yb 19.4 234 21.0 30.8 31.6 29.7 28.8 26.8 27.1 319
Lu 3.02 3.56 321 5.00 5.04 4.48 435 4.02 4.04 4.76
Y 115 147 131 364 383 191 202 175 306 344

REE 1223 1531 1 466 2223 2271 1842 2007 1885 2313 2854

LREE 986 1235 1195 1670 1702 1449 1 604 1525 1812 2286
HREE 237 296 271 553 569 393 404 360 501 569
LREE/HREE 4.15 4.18 441 3.02 2.99 3.68 3.97 423 3.62 4.02
Y/Ho 17.4 18.9 17.5 336 37.6 18.5 17.8 18.2 29.6 29.4
Lay/Yby 0.90 0.91 0.98 0.96 0.99 0.90 1.00 1.04 1.10 1.14
3Ce 1.67 1.65 1.70 1.90 1.87 1.40 1.44 1.47 1.70 1.87
SEu 1.02 1.01 1.01 0.97 0.95 0.97 0.99 0.99 0.98 1.01

VE: R ICELa-HREEHA Apg/g, ¥t t% (LREE) =Lat+Ce+Pr+Nd+Sm+Eu, EHi+J 6% (HREE) =Gd+Tb+Dy+Ho+Er+Tm+Yb+Lu+Y,
5Ce=2Cey\/(Lay+Pry), 8Eu=2Euy/(Smy+Gdy), Lays Cens Prys Smys Euns Gy 9636 TUEARAEAL IS B8 626 005500 51 E SClik[27].

(A 5) ML, Y5 B 8 Ce 1E 5% FR4E, P60 & 4
SiFHA Ce W E BHHE . I, BAREH 457
it AS [ K 15 2 RO ) 0 X 22 (B 7 o0 R & i 22
SR, AR £ o0 R BC 4 i 2 Bk b 2T,
Bie A B I AR — B, R GRG0 R 1 Rk 2
TN AR —B . T3 Ah, SiKEH £t R
fic 43 #h 28 (& 5) A L, WKk S B0 2 Ce fi 53 4%
fiE, & & 25 72 100 R A9 o5 2RI /K S BB AR
KR, Ui & B 455 R o0 R n] BESR IR TR K .

I Ah, & G 45 5 CD16 Fl XD3 AE i 8Ce 5
Nd AH M 8Ce 5 Yy/Hoy AHEMEINE 6 TR . 1E
Kl 6a, & & 45 5 Nd> 100 pg/g, & & 8 &,
8Ce>1, B Ce IE 57 # HR1E . 7EIE 6b 1, & 4l 45
FEH 8Ce>1, 8Y<I1, 2Pl Ce IESH . Y 1 54 45
fiE o B, 8Ce 5 Nd Ay AH OC 55 Fil 8Ce 5 Yn/Hoy

FH G S5 B 75 8 /K DT ARG IR X, 378 5 VA G A I 1R
DX ARG VR X0, atE — 28 e B, V8 ROF- 1 1A
L A 5 5T SR K BT R IR, A B 32 16 IS I TR
1% B A A AR T 15200

25 TR, V8 RV SR A IR 1L R AR A I 1L
455K b Mn Ml Fe & it & i, HIR& CaO. P,0s.
ALO;. MgO, Na,0. TiO, fl K,0, ifi V il Zn &
ik X PHHE B 4552 RE i 25T 2 (IV A V) B R A4
TR AEN . BHSSEREMNE Lo RK R
BE, EREVA V)R o E S B RS T
FE2, X BE S B R R A BMREBIERA X, &
Fi £ U R B T EMR 0K, i oo Ffid ok
EM CelERH . ButRH, BAH L Ce & £ 4
fE o VYRR 1L B0 45 7 2 K TR L I, AR
VA 52 1 IS IR S R SCE R I R2 i . Ah,
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Fig.5 REE distribution curves of the cobalt-rich crust samples of CD16 and XD3

The data of seawater were from reference [27], and the data of La-Lu in seawater were multiplied by 10°. The data of Marshall Islands, Hawaiian Islands,

Atlantic, Indian and the South China Sea were from reference [29] .
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L . [ b
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I Pt JRHER | AR e UBE
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a. 8Ce 5 Nd #1561, b. 8Ce 5 Yy/Hoy H 1

Fig.6 Correlation diagram of cobalt-rich crusts

[30]

a. Correlation of 8Ce and Nd, b. Correlation of §Ce and Yy/Hoy .

SR IX PR B 25 7 R [ M 3 2 2 A T R
ZE 5B, B AR A AN R A DXCSRRITK T, (H S 7
itk B b AT A, B B U AR — 2, R
Pl L on E R AT O P RO — B
23 AATEFBLEHERZHNBRLITRMNEET
FZEBEXEXER

TRV VRP LS B A e e BT R
IR BT AR Z ] A AH G SC R, X HAR SCPEEAT T
M, A M SC R WA 7. M KAl I, REE 5

CaO. P,0s5. Ba. Sr, Mn 5 MgO. Co. Cu. Ni, Ba,
Sr. V. Zn, Fe 5 ALO;. Na,0. K,0. MgO. TiO,.
Pb. V, {7 7£ 1E # & % ; REE 5 Fe. ALO;. Na,O.
K,0. MgO. TiO,. Pb. V, Mn 5 CaO. P,Os, Fe 5
CaO. P,0s. Ni. Ba, Sr. Zn, f£7E i #H e 4; REE 5
Mn, Co. Cu. Ni, Zn, Mn 5 Fe, AL,0;. Na,0. K,0,
TiO,. Pb, Fe 55 Co., Cu, MHCH A& . H e a] I,
BRI T E 5 CaO. P,0s. Ba Fl Sr Z [H]ff
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+IC R A BT R Z MM S PESE &R, R SPSS
AT T 7 e R E 5o R 2Z A OC R AL
HA KRB R 4 R . R, REE 5
Ce. Y. CaO, P,0s., Ba Fll Sr Al 5 £ ¥4 il & 0.988.
0.872. 0.734. 0.717. 0.857 A1 0.908, F. A 1EAH &M %
%, REE 5 Fe. AlL,O;. Na,0., K,0. MgO. TiO,. Pb
IV AR50 9 2-0.790, —0.767. —0.941, —0.822.
—0.652, —0.643, —0.558 F1—0.573, B i #5156
%, REE 5 Mn, Co. Cu, Ni fl Zn A 3¢ Z %43 5] &
0.127. —0.022, —0.015., —0.050 F1 0.213, A F AN B
. Mn 5 MgO, Co. Cu. Ni, Ba, Sr. V., Zn 15 &
B0 B & 0535, 0.901, 0.727, 0.735, 0.211, 0.288,
0.301 i1 0.720, H- A7 IEAH X PE & &, Mn 5 CaO Fil
P,05 #H 5 25043 2 —0.322, —0.365, ELA 17 kH X
X% %, i Mn 5 Fe. ALO;. Na,0O. K,0O. TiO,, Pb,
REE, Ce f1 Y # X AN B . . Fe 5 ALO;. Na,O.
K,0. MgO. TiO,. Pb fil V [ 3 F %43 5l J& 0.634,

0.746. 0.545, 0.442. 0.941, 0.902 1 0.775, HA7 1F- 4
* M & &, Fe5 CaO. P,05. Ba, Sr. Zn. REE,
Ce Fl Y M ¢ & %253 ) /& —0.879. —0.859., —0.761,
—0.659, —0.461, —0.790, —0.804 F1-0.852, H. A7 i 4
K5 %, i Fe 5 Mn, Co. Cu Al Ni A 3¢ ¥ A B
. ALO; 5 Fe, Na,0., K,0. MgO. TiO,. Cu. Ni,
Pb il VAH 3¢ & % 4 4 J& 0.634. 0.815. 0.876.
0.815. 0.565, 0.209, 0.258, 0.422 i1 0.324, H47 1 #
XMk &, AlLOy 55 CaO. P,0s. Ba, Sr. REE, Ce fll
Y HH 5 B0 ) —0.674, —0.668, —0.590, —0.724
-0.767. —0.762 F1-0.813, E A i AH XM & &, 1M
AlLO; 5 Mn, Co Fl Zn AHIPEARBA &

ZE LTk, VH KOV VR 1L B 4555 1) REE 5
CaO. P,0s. Ba fll St EAIEAHXHEX R, 5 Fe. ALOs.
Na,O. K,0, MgO. TiO,. Pb Fll V E. A7 fi A 5 #: %
£, M5 Mn, Co. Cu, Ni fl Zn HiEPEARIA B .
BE T U, Al 25 52 i R 1 o0 B T RERAE TR RR AR 2

R4 EHHERTRZEBEXRBIER

Table 4 Element Correlation matrix of the cobalt-rich crusts

Co Cu Ni Ba Sr Pb A% Zn Y Ce REE

JtE Mn Fe CaO P,0s ALO; Na,0O K, 0 MgO TiO,
Mn 1
Fe —0.061 1

Ca0 —0.322-0.879" 1
P,05 —0.365-0.859" 0.999™ 1

ALO3 0.077 0.634" —0.674" —0.668" 1

1

0.141 0.705 —-0.355 0.526 0.742° 1

—0.591 —0.478 —0.544 0.168 —0.177 0.007 1

Na,O 0.003 0.746" —0.719" -0.710" 0.815™ 1

K,0 -0.169 0.545 —0.592 —0.577 0.876™ 0.776" 1

MgO 0.535 0.442 —0.655" —0.673" 0.815" 0.742" 0.665" 1

TiO, —0.038 0.941™ —0.8827"—0.862" 0.565 0.621 0.514 0.340 1

Co 0.901" 0.113 -0.493 -0.529 0.051 0.115 -0.093 0471 0.155

Cu 0.727° —0.028 —0.155 —0.184 0.209 0.032 -0.075 0.552 —0.192 0.536 1
Ni 0.735" -0.263 —0.065 —0.105 0.258 0.139

Ba 0211 -0.761° 0.575 0.554 —0.590 —0.711"

Sr 0.2838 —0.659° 0.583 0.560

Pb 0.076 0.902” —0.895"—0.882" 0.422 0.491

—0.724" -0.756" —0.875" —0.534 —-0.539 0.214 0.029 —0.0220.869" 1

0.376 0.289 0.945 0.311 —0.087-0.307-0.509-0.442 1

V0301 0.775" —-0.8997-0.899" 0.324 0.541 0.332 0.401 0.808 0.590 —0.003-0.073—0.406—0.369 0.903" 1

Zn 0.720" 0461 0.091 0.049 0.137 -0.053 0.014 0.532 —0.462 0.551 0.582 0.897" 0.381 0.278 —0.409 —0.174 1

Y —0.141-0.852" 0.930" 0.921" —0.813"—0.838"'—0.806™~0.721"~0.833""—0.255-0.074-0.099 0.704° 0.806™ —-0.758"~0.73870.121 1

Ce 0.075 —0.804™ 0.740" 0.725" —0.762" —0.912"~0.782"~0.679" —0.630 —0.048—0.137-0.1010.91170.906™ —0.569 —0.569 0.1950.863" 1

REE 0.127 —0.790" 0.734" 0.717° —0.767"—0.941"~0.822""~0.652" —0.643" —0.022—0.015-0.0500.857"°0.908"" —0.558 —0.573 0.2130.87270.988"" 1

W KRB pearson i AR, n=10; **FRBEEPNIY%; *FRBEEPHNIS%.
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IES A, R 22 BTk A 2] 90.79%, X ik A
WS A D T AR R B AR i AR, R
Z W Z VA e 10

EWMAR A (GRS R, B 1THENT FI BA
IEf —H 4k, REE, Ce. Y. Ba fil Sr f 1EAH K AE, 1M
AlL,O5. Na,O. K,0 Fll MgO E.A5 A ek, X R A=
Yy AR S 2 2 1R BAR SRR . 5 2 N
F F2 HA IEfit ZH ¥, Fe, TiO,, Pb I V HAT IEAH
KA, T CaO F1 P,Os BA TAHKAE, X ERWIRITR

*5 BEMGRRAERTOMERFERHR
Table 5 Element factor analysis and variance contribution of the
cobalt-rich crusts

By

TR
Fl F2 F3
Sr 0.93 -0.17 0.16
K,0 -0.90 0.13 0.02
REE 0.90 -0.36 0.04
Ce 0.90 -0.37 -0.01
ALO; -0.85 0.22 0.22
Na,O —0.85 0.35 0.09
Ba 0.81 -0.26 0.15
Y 0.75 -0.62 -0.10
MgO —0.69 0.22 0.68
A -0.21 0.93 0.09
Pb -0.27 0.93 -0.15
TiO, —-0.42 0.84 -0.24
CaO 0.50 -0.84 -0.19
P,0s 0.48 -0.84 -0.23
Fe -0.58 0.76 -0.20
Ni -0.19 -0.24 0.93
Mn 0.22 0.31 0.91
Zn 0.06 -0.28 0.91
Cu -0.08 -0.02 0.80
Co 0.22 0.56 0.76
FHEAE 7.67 597 452
J7 Z TR % 38.34 29.84 22.62
R ZE TR Y% 38.34 68.17 90.79

HE B Z BA BEAHPIHIVERH . 55 34 =K
F F3 B A IEA K, Mn, Co, Cu, Ni fll Zn HA IE
Ak, Co. Cu, Ni fll Zn FE 0 & B TR M.

R T A W A A A I T R ORTR, Xt
HIuTRMATRES, BRIEER LK 8, RHMZE
R, R 4 RIEPL, HEEE Sy 8 I, AT LA
¥ oe K41 4 41: OREE, Ce. Y. CaO, P,0s. Ba fll
Sr; @Mn, Co. Cu. Ni fil Zn; @Fe. TiO,. Pb il V;
@AIL,05. Na,O., K,0 F1 MgO. I Itt, & 44 5¢ H oo
FHATURUT 425 r e R SR oT R
2| WEIRERA . MEE TR 4.

A g s, SR T R A EE A HE Mn., Co,
Cu. Ni #l Zn, BT3RS E AL A . R 45 %
) Mn LUK B2 4687 JE X AF7E, Co. Ni. Cu. Zn 55T
AT DL AR B 5 =X e AR TR A AR A e ok
Bkt & H F B ALHE Fe, TiO,, Pb Al V, B A1 [ 41
BUERSEAL YA . B AR SS e ) Fe LR A/ A AT
K AFEFE, Tiu P A1V 4503 AT LI AAR W B 7 =X 4
TR ALY A P B, R JE o0 A R EALHE ALO;.
Na,O. K,0 Fll MgO %, EA1/2 kE 47 2 45 19 3 22 hl
g3, F B R T B U AR S P 5T B R L
20 FEALHG REE, Ce, Y. CaO, P,Os. Ba £l Sr, iR
R H B, R B AR S TR R T B R LA
FH o R P8 KOV 2 SR 08 LU R AR AR I 1L R 4 o
JEIK B UTRU N, AR 0 R Bk T ok ARk AN, B
5 K BERR Eh 41 53 A B B R0, R, w A
G55 H T FR B R VR HE I S K T T K
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Fig.8 Element clustering spectrum of the cobalt-rich crusts



98 YRR M J5 5 56 D0 20 b TR

2022 4F 6 H

PR A A oy L [R] TUE M0 BE A5 Al 452, AT 20 £
LR M EE.

(1) VG - SR A 18 L A3 4 18 L 45 e B
i B BLEE ST R KRR, BT AL A
RHC A L B A R SR K A, TRl 5 R st AR A
BYRE /S A . Hroe 24K A2 2 T B U5 AR
BY RN, SAREZAEKNKAERET Y,
oKW B TR R AR e, A
B2 W B KA )
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