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Abstract: In order to further explain the geochemical characteristics and genesis of polymetallic nodules (crusts) in different regions
of the South China Sea, X-ray diffraction, X-ray fluorescence spectroscopy, SEM-EDS analysis and X-Series analysis were
carried out on the newly obtained polymetallic nodules (crusts) from the Huangyan-Zhenbei seamount chain in the eastern

Subbasin. The mineral composition and geochemical characteristics of polymetallic nodules (crusts) were analyzed by ICP-MS.

EETHE M FER4S TR AELRE (M) AA G #E K %15 (Nos. GML2019ZD0201, GML2019ZD0106 ) ; H7 [ 1[5 i 5 J5) 150
H (Nos. DD20221712,DD20160138,GZH1212011220117,DD20191002,DD20190209).

VEE A B (1988 — ) & i+, T AR , 32 5 A e if 7 X S i # 55 F 5% . ORCID :0000-0002-7591-5200. E-mail : 464946523@qq. com

*BHAEE N, E-mail: gmgs_yang@foxmail. com

SIS EE A REMS , AR R AL DY SRR SR A IS A K, 2022, 1 1R AR B U 410 L B 2 4 2 () M BR AR A REAE B
Xl BRF 2, 47(7) 12586 — 2601.

Citation: Zhou Jiao,Cai Pengjie, Yang Chupeng, Li Xuejie, Gao Hongfang, Cai Guanqiang,Zhou Jianhou, Yang Tianbang,2022.Geochemical Charac-
teristics and Genesis of Polymetallic Nodules (Crusts) in Seamount Chain of Eastern Subbasin, South China Sea.Earth Science,47(7):2586—2601.



w7 IR AR VI A 0L 4 R 4 0% (5 ) MO BR AL HEAE B 9547

The results show that the mineral compositions of polymetallic nodules (crusts) are hydroxidite, quartz and plagioclase, and the
main rock forming elements are Si and Al. It is rich in Mn, Fe, Co, Ti, Ni, Pb, Sr, Cu and other metal elements. Compared
with other areas in the South China Sea, it has the characteristics of medium Fe and Mn contents, and the geochemical element
characteristics are similar to those of ferromanganese nodules (crusts) found in the northwest slope of the South China Sea. The
REE content of nodules (crusts) in the study area is high (average 2 070.01<X10°), which is higher than other samples in the
northern South China Sea, and close to the industrial grade of crusts in the West Pacific, indicating its important rare earth
resource prospect. The results of Be isotope indicate that the age of Fe Mn nodules in this area is 1.17-8.51 Ma, which was formed
after a large number of volcanic eruptions in the Late Miocene. Therefore, the hydrogenesis is the main control of the seamount

chain nodules (crusts) in the eastern Subbasin of the South China Sea, and the input of terrigenous materials, volcanism and

leaching of high-pressure hydrogen rich seawater all provide favorable conditions for the formation of nodules (crusts).

Key words: polymetallic nodule (crust); geochemical characteristics; REE; cause analysis; eastern subbasin; marine geology.
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Fig.1 Colour relief map of the South China Sea (a) and sample location (b)
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Table 1  Stations of the nodules (crusts) in the seamount chain of eastern subbasin
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F®4 L% HYDI80 & [F iR & # "Be/Be Lt & 0 “Be Lk i&
Eo%H
Table 4 The distribution of “Be/’Be ratio and ""Be specific

®5 HZHYDISOERER
Table 5 Generation ages of sample HYD180

ot RAERIE A AR
.. . *#nn%‘?
activity at different depths of HYD180 (mm) (MaB.P.)
T HEE “Be/ HYD180-1 0~2.9 1.17
W , “Be ;
W R 'Be HYD180-2 2.9~7.6 3.10
Bt i
N (10° at- HYD180-3 7.6~10.8 4.41
(mm) (mm) (g) (10
om/g) HYD180-4 10.8~20.84 8.51
HYD180-1 0~2.9 145 0.2016 41.35 77.43
HYD180-2 2.9~7.6 5.25 0.2003 29.70  56.03 HYD180-4 .HYD180-5 W‘j /l\ ﬁ tlEllJ E,(J 1(>Be/9Be Hf. {E
HYD180-3 7.6~10.8 9.2 0.206 0 5.82 10.58

HYD180-4(#%)
HYD180-5(1#%)

10.8~20.8 15.8
20.8~29.3  25.0

0.2050  3.49 6.41
0.2092  3.62 6.87

10
10" pry
R=0.89 N=5
V=2.45 mm/Ma
)
E
= 10°F
g [ -
E (0
10° 1 I I 1 1
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TR (mm)
B4 25 HYDISO AR “Be Lk &2 L
Fig.4 Variation of “Be specific activity at different depths in
nodule HYD180

10—]47
y=6><10'”e'0~186x
R=0.90 N=5
[
HE D)
10'12 1 1 1 L L
0 5 10 15 20 25 30

T S (mm)
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Fig.5 Variation of "Be/’Be ratio at different depths in nod-
ule HYD180

g ) sy R g TR I A5 1Y “Be/"Be 5 ¥ 5L
b 5 me, B0 A “Be 24K & (mg) 5 N, 4 B AR fin £
B B 6.02X10% atom/mol) ; m, b FE S &
(mg); M, } ‘Be JiL F & (g/mol) .

F AR, G5 HYDI180 4% 2 B AE S “Be/'Be
b fH A F (41.35~3.62) X 10 %, “Be & & N T
(77.43~6.87) X 10° atom/g, “Be/’Be . {H 1 "Be 1%
T 2 B I TR G g R AR B o3 A R AR B A O

Ml “Be & & B A R OF L8 45 % HYDI180 1) “Be/
Be LW {H F1 “Be LI BE 43 5 X 45 J2 B 7 35 TR
PER AP 4 F1 18 5, “Be L i BE fil "Be/'Be [t
EAL RIS R (HERECR 2 510
0.89 #1 0.90) ; AJ B /& M1 T H &b 180-3 52 3| J 5 {7
P, 753 9% FF "Be & i R IR R BSOK

St 42 45 (1998) 43 B T 2k A Hh KPP AL
RAEKFHE CC K& — D4 "Be & &5,
B TR S A KR A S

V=—1/2.303m, (2)
Horp VR AR 45 8 0 A4 K 3R (mm/Ma) ;38 “Be 9
AR E R m O N ARG I AR

MG 3 4 AR 4, 458 HYD180 % F “Be HL i
TR BE 3 A 15 3 B 45 4% A4 KR V=2.45 mm/Ma, 4%
¥ 1 (“Be),_,=6.32X 10" atom/g; K #8 4= K 3 &
BRI L BEBERERKFER, RS RAMH/INLSE
HYD180 K#yJ2 8.51 Ma LIKIE Wi .

4 i

4.1 HEKLFEITTRBFMEITLE

Zhong et al. (2017) # 4fs £k 4 45 #% (5¢ ) JE WL 3F
58,6 R g AR o8 AR AL (A X)) P IEE(B X))
A b e 2 (C D) =S BRER 45 4% IX . B I 58 DXCARE i
53K S AT e (6, B 7)), BF 58 IX 45 4% (52 ) B
A AL C B AR S B IX T AL, R e T A
A A B9 TE B AL D . B T HYD180-2 K & Mn & & 5
o, AR S5 % (52) B 451 Fe \Mn & 4,
FEd Mn & &I A XS 5B XA, BT C X
Fe&dEm/E T AKX .5BXAMHY m%5mF CIX . Mn/
Fe V-2 LB /N T 1.5, i T 7K B8 A 45 #% Ak 18
(25),5A.B.C =X —3%;% &t K CutNit+Co
HAEMWEER T AKX, 5B.CXHMY . HALAE ST
JLE BN Si0, . ALO, 7E 34~ X K B 5T X 25 = B
B U WA 7R R U R A S % (5 T i B oA R
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Fig.6 Element contents for ferromanganese oxides in the study area
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Fig.7 PAAS-normalized trace element pattern of ferromanganese nodules (crusts) of the study area

g R 5 4
A MR Pb.Co Ni.Cuidlt ZI 5 4 (K 7),V . Ba

R T

PAAS 5 i £k 1 B oo B R

#i £ IR (REE) J& — 2 FF R Y W JU K, 76
JECPE PP R A [ B, L — 2B /N 22 53 U]

HAEH BRI A E S BR T oc R Z MR —E W
A3 5, BRI IO B 7z B T s BR b 24 R R
% (Hein ez al., 1988). W 5% X 45 #% (52) i #f o0 R
M FE (SREE K (1 079.14~2 662.81) X 10 °, -1
{2 070.01 X 10°°) & T 4 15 b 38 H by DX 3 1) 4
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Fig.8 PAAS-normalized REE pattern in the study area from different samples

(SREEF-H{f : A X 157.7X10°,B X 1154 X 10"°,
C X 620.6X10 °; Zhong ez al., 2017) , & T K F
T IS5 % (OF 01 463.26X10°%; b 3C H 4F
2001) ; W 5% X 25 7e f 4 & i e B ug s T A &
B B P K L2558 (1 2 404.43X10°%
I I 4 ,2016). 458 FI4E 7% Ce 8 2 REAR & (OF
11 366.36 X 10 %) , ik i T WF5E X R ZTLRY) Ce
T EH R A715X10 A Bl £ F Y S E N
61.13% , AT fil A o 56 DAV 11 2R ORR T 77 vh 43
PEB I Lt E 2 — . Ce(Ce/Ce Jy 2.86~3.43) Fil
Eu(Eu/Eu} 1.02~1.18) K IE 7% (K 8) , 5 K
SCEER RN SESEAL (Bau et al.,2014) . BF5E X 45 5%
fi £ U RS RN FEE R T TP R S, EHAS 56
T WA R ST R R Ce T K 1T AR
R 2 & @A 7w e I R e R TR
Z— W XM e R B IE Ce R &
LREE & 4 .ZREE & B FE AL, 5K TR Y B
T IOCER B LA S (TR 5F,1991).
4.2 BERYIESH

W E R UL PR S5 A% (52) B R U DL L
Fofr « DI K v AT HE 0 N B A B T A D %) W
(7K Wk P ) (Koschinsky and Halbach, 1995) ; 5 i
JE I i Bl FROK W B A G B T0TE R 4 8 e AR
(Menendez et al., 2019) ; A ¥ 09 EALVE T 50w 4
JE E A (BRR A, 1984) s 76 & R s 3T & 41 T, AT
TR LB K o 0 UE 43 J8 (LA >k U5 (Halbach ez al. ,

1981; Wegorzewski and Kuhn, 2014) ; 57 5K 2
[ ) UK kol AR AR . RO X S5 A% (52 ) I R )
AH B K B2 0 2 K R R A AR R £ 4 JE 4
#% 4% 5¢ TMn/TFe It {8 %F fiF (Jauhari and Pattan,
2000) LA S A SCHRE it Bl 78 = 20 73 I Min-Fe—10
(Cu+Co+Ni) (& 9a) (Bonatti et al., 1972 ; Halbach
et al.,1981) . (Fe+Mn)/4-15(Cu+Ni)-100(Zr+
Ce+Y)(E 9b) (Josso et al., 2017) b1y #5 , tnl
VL H B I 2R 3 U U 2T LD 45 (52) BE AR Sl K
B R AE TP W AT 68 4 L A R B UL
WK Z b, Mn* AL A Fe’ SRR W DL IR 1 JE
2 3 0 BRI AR DA K A H 0 RRUR R T B AR
(JEPHPF45,2015) 5 1 HYD180-2 LA K 45 #% i N #%
HYD180-4 . HYD180-5 & A /K i it M 3 4b i |, 75 1%
B R AT R A2 B LA B E O ME R e,
HYD180-4 # it Mn/Fe LB A1 58 S8 38 K, J B A
VB FH 0 52 mi 36 58 . 1 T A9 O 9RO B8 FH OR B IX 43
O DT TE RN R A UL TE |, &5 B 5T 2 R &5 5k 5T 2 A
Cea/Cesy 5 Nd #e B 19 WA 1 1#] | (B 10a) , Ce %
Bk IE 5% ONd ¥ KT 100107, 7 Cegn/Cesy
5 Yo/ Hog t A 79 XUAE 5t & (& 10b) 1 Ce IE 5
WY URE R Z 48 85 (5T) y BURL Y K
AR T A% % O S BOIRRR LA B & Bl AR 25
HWIRA B E . g8 iR, KR AE R AR
WU U A L BE A5 R (52 ) JE Y g B g AR
L JE W32 A S o BN R A5 R R
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Fig.9 Ternary diagram for the genetic classification of oceanic ferromanganese deposits (a) and discrimination diagram for the

genetic classification of oceanic ferromanganese deposits (b)
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Fig.10  Discrimination graphs of Fe-Mn oxides in the study area
¥ Bau ez al. (2014) ; SN AR AL G AT ACBRICFIT 57 PAAS 5 McLennan (1989)

AT R 52 WA B K - BROHTR A BB
T Y D) SR A 3 I G20 00 L 2 Al B PR Y, i
N2 L A B AR 53 Al 7.77~10 Ma(
T Wt A, 1984 IR B 45, 19915 £ M 8145, 2009).
Jauhari and Pattan(2000) iff 55 1A 8 B8 i 25 72 0 A =
K3 13.6 mm/Ma (9 A & 3 HBF Y IX 458
8.51 Ma LIAIE i, A2 (R 2.45 mm/Ma, 5 K
WL 4 ) 45 % 1.3~2.5 mm/Ma A 24 (Cronan,
2001). &5 (B%) 7 e il iz b A K k& s (T
AR, 2021) , B SR AR o K i IR X R AR LA

BTG B0 105 R, 2R A 1 6 RS ok A R A T O A Sy
P T W kR, S B R X Z &R+
SERWUERETEEAB.C =X, X5 K FEEEL
Z &R EE W L On R e S 5 R KL%
YA 5 S AR AU B . BRI (2015) 4R 4% 5 Vg 2 DL ifg
IR BILE S ESBEREEMERXRR, NN
20 1L 52 )T K AR IR e 2R 1 RS e R
Iy i E & Fe .Mn.Cu,Co Ni% 4 Jg je R 1 k1l
FE PhEAR M K Z5 08T, DAV I L 4 0 v bk s
K1 Fe . Mn %5 4 J& 25 1, T 485 47 522 0 04 109 75 Tk
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55 5% 9 7K B AR B R AE Fe . Mn & 2B 4k, 48
5 R EA OB VU T R 45 5 8 U  3
R A A [ B, Fe  Mn B9 U0 3E S T # £ (17K
fift AR Ce™ ) Ce' " #54k ,1M Ce' fe & ULTE , N1
T IR 28 Ce IE 58 (E 58 %45, 1984) ,
W R W T 9T X g5 % (5) A K AE 3 Ry S Ak 1)
KBS Mo oE X AL T3 g AR s A &, &
BLGE A OUER SIVAL BB, WA B (52) B
U I CIN S IOl N 7 B 7 U DN R
AW o ) i I RS Ll B PR T R B A oT R
T EOR PR (Piper, 1974 5 5K 5 JL 4%, 2005) .

5 %5

(1) 75 3 Uk i 200 1L BE & 7 2 5 10 G 45 %
(72). 858 (58) BT WAL K EHED, Kk N
Ay B A S 85 (52 M i & Min Fe . Si. Co,
Ti.Ni.Pb.Sr.Cu%§Z M 4@ c K , A Lb g 1 A X
B, B A A Fe Mn & 8 FRAE, Ak 0 Z AR AE 5
T VG b i 3 % 00 A 25 4 (52D AR AL

()5 KRR ME, R X728 EIT RN
R EEAMRVEHEMNES AR ETET RS .
Fis £ 0 £ AW Ce IEH % .LREE & 4 .SREE
R AL B2 IR Tl PR L, A WA & T
fH. HCem B m w4 MR hZ & mL
PR R T RE R e R R ot R 22—

(3) 45 %% (52 ) 76 58 A L ¥ 7 A 355 F B AR,
KB AE FH 2 R AR ER WO A L BE 25 % ()
AR R 25 % R RT e 32 B A 1R
ORI R W NN QTR (B =i
AR T K 1 R IE R Rk A5 (52 ) B
A AL T A R TR A R
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