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BEAN, BT K B[R] 467 2R 2L 8 it i 1) 1) 3 £ il
28 AT LA HABDTRRIE s rp A5 20 Bk 45 52 v i 2 LA
&R Sr AL R A Os [Flfi &, {Hi T Sr fE4k
FREs 7o b, S50 LB R () 45 7S Mk DL AF
HAKBTEY Sr R =4, NIZR Sr A= A E
AR TR, I TCER A Sr [y 2 4EP],
Os P BLREARE St T2z —EGR 1), LR
B B[R] RS PN R BT [ A2 ARAR /N, BRI Os [
N E Al LU T 4558 i g 41

Several commonly used isotopes in the dating of deep-sea ferromanganese nodules and crusts

TLHE EFEFTHFEM R M FE  EERETEE/Ma  PRGEER/ (em’/a) 2 B E]/Ma W Ty
Be "Be. '"Be/’Be <10 1x107" ~0.0003  AMS
U B O/l §| <1.5 1.2x107%~4.7x107°  0.1~1 TIMS/MC-ICP-MS
Th Z0Thex . ***Thex/***Th <0.5 2x107"2 ~0.0003  TIMS/MC-ICP-MS
Os 870s/'%0s <80 3x107% ~0.01 MC-ICP-MS

7E: Henderson Z£1°13% 2 th 45 9 Os B9 28 B 40K 3%107° cm™/a, 1l Klemm 25048 i1 HAG R %K 3x107° cm®/a, HAtIC 24 ok %14

5 SCHk[15].
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Tab.2 Empirical formulas in the dating of deep-sea ferromanganese nodules and crusts

5 NN T S SCHk
1 G=16.0(Mn/Fe*)+0.448 £5#%:; 50 mm/Ma<G<100 mm/Ma [24]
2 G=13.79(Mn/Fe?) +0.75 45#%; Mn/Fe’<1 [25]

25575 0.24%<[Co] <2.0% [26]

3 G=1.28/([C0]-0.24) Jy , X
%£572: [Co]>0.7%~0.8% [29]
16 457¢; [Co]<0.24%; W JH % #<0.001 2% [27]

4 G=0.68/[Co"" iy \

%552 [C0]<0.8%: [29]
G=1.67/[Co]"¥ &5 [Co]<0.8% [28]
G=0.25/[Co]*® 455¢; [C0]<0.6% [29]

1.1 Be RMiZ& %4

"“Be JEFH AR, BAEKIPEBG S
B K ST RV AT, 78— I [a] RUEE I,
AT R0 B R AR X RRUE Y, DR T LA KPR I
K 'Be SRR EER . BV °Be &AL dn]
DL "Be R IE, WK ''Be/ Be A BT A]
A . '"Be 2438045 24550 A KB K s i Bt
] A A — B g%, H Be 7EZ57ShAYY HUERN 1x

107" cm?/a, TEZ5EA KA TH]E R A HL 0T LA 22
W&o R Be [Al 28 AT LA R0 ] T4 78 e 48
PR EE T Wt e, "Be AN B I B AE LR
T, VIR “Be/ Be EAHE Y, Bl W) 25 10 N 2
15 RN T v B = TR RN S N A S D N P =
""Be/’Be KT HNAMNZ AR 2 o SR Th— % LA
SRAEEVREE R AL bR, "Be/’Be WX AALFR, 2l
HEAMRIR, HH "Be WA HHIR LI RRITH
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H #1 Be [ 2 @ 4F B & 7E AR 45 7o o8 Hh 15 31
T ZRIN . Segl I Be R Z 151 i K
PR 25 50 LA AN R 45 48 2 A AR 0% 43 90 o 0.12
2.9-3.4., 57~6.7. 7~9. 10~12 fil 13~16 Ma, iX£&Z
P55 DU 2l R 6 — 20 iy S A &, mT O
gEFe KR sZ 5 S . Ling PRI '"Be/’Be
IR AL e A KN 1.4~3.8 mm/Ma, T
Be [RIv R BUFEAIRE —ME R 1~2 mm, PR 4 1Y)
Iy HEFRTE 0.26~1.43 Ma. Blanckenburg " fF 5% Ik
POV 4572 R B, TERL KM 7 Ma i, K1 Be/
'Be HAMEFERE, E— ISR "Be/ *Be 1] LLkE
fath ""Be S AL AT R A1 2% . Somayajulul' il it
VO R 25 78 B A8 FOE AR T AR, X T AE R AR IR
10 Ma PLIN 9455, Be [ 2 E A vl 5E .

1E Be [R5 EAEJrikrh, Ik 28 ik (AMS) K
KRB 7 HIRHE B, HP s RS FoR 20N
WrSFIEIT . 2015 4F Dausmann U] T 1.387 Ma
() "°Be 22, 1 Z AT KA I EBR A 1.5 Ma.
&7 A KRR K, AR Be FHTA M
IR S BRI IR 22 L, T 206 2Z a1 AN “Be
PRI AR B T — B IE A B X

AR Be R R AT LA AR B M b R 45 50 8 4,
BB —2 R 2 4b, ""Be B9 WIRE T HE
L, — A KA T 10 Ma BRE S, HARR 1
REIE AT AMERR 2, eAh, ME Be [A R A (AL
wiZ, WK LA & 5, 78— B L h R
TEMRNA EXTFARKER N 10 Ma LN FE55E,
Be [Al {3 a2 AP AT 2 fiw 1T 58 S5 0 04 8 4 7 1k
1.2 UAZREEZESF

U Z [0 26 5 4F 2 d 0 FH A 45 7 2 AF 1
Rz —o AN U RIEAALE A1 B R AR
R U R AP EREEHIE 1), 7TR#hEE
BUSEEAEMBEE RA B0 M PTh, U ZRZNE
AR A B, EILE TAaERNEA e &
Hhik 2, AR EE B BRI AR & EE A A
A, A EE RS AR 5 AR R R (BN ) A T
R AR S8 SRR SE PR S, PR R
A2z PR O [l DA B AT B G S5 M B AR e, T3
RS R Z ) kA e, N A K IR
Rk, JE R T A E 47k IR RE AR
Bk A 20Th, . 24U, A 28U, A9 R U8 sk,
JRUA U FR A E E AE — R A i, Horpig
ﬁmﬂ@@,}ﬁ 230Thex9 230Thex/232Th ﬂ] 234U/238U U“'J@/jg‘o

4.5 Ga 24 d 1.2 month

238 24Th 234pg 234
244.6 ka

20Th 26Rq
75.4 ka 1.6 ka

K1 UREESEEH
Fig. 1 Decay of U-series isotopes and their half-lives

HE: T PRa A Y TR EA G, LA I .U F 78 20 1 22 Th (9 5828 RAUASCR G, 240 F20Th (92 22 4R S0k [13)

UM POTh B 3 A5 1), Hik 2*u
FOMNAESE BB SR, Kik 1.5 Ma, 1 2°Th (0 4E 58 Bl
1A 0.5 Ma LIk . ZEFLIR B A i i kR 45 7 h, U A7
EW WAL, S Pt RS K
2% K . Chabaux &%t R [ b6V 43R0 ED B 7 1
H55¢E4T U A Th W0 2 51 0T, KA U RN R
A5 4 A K5 2R L P Th [R) 67 220045 19 A K R
A% . Henderson Z£15H B 2Thxs/A*U ¥Hdb Kk
VI AlvS39 4552 HEF T INAE, 734 KR 5 "Be/
‘Be iTE 145 R —5, H 3.05 mm/Ma. {HH 2*U/*8U
BN R BCRE RS 6 £, HIbfd i U P ik
RN 1.2x10°~4.7x10°° cm¥/a, i HFLERE R
B R, POTh MR A4S "Be Huig—2""7,

I 2*°Th A ARAR 45 7 2 4F LU T 5o i TR
By ARk, WItRIEAZESER POTh e S ARk,
B2Th gtk S POTh AHRL, PRt Al LA
*OThe/>*Th I BR i Th & EAELA R AL, (1552
AE4E LT J A 58 . Chabaux Z2USTHT Neff 25197
B0The,, 2°The/*>Th 1 2*U/A8U % [ EG Y TKD40
e AT INAE 20 B, A5 H ET I I 2 B 45 SR —
#, B PU/tU IR R R . Claude
AU R ALK VPR 121DK Z552 3647 U R E4F, [A
FEASH U AAAE I B8, 1 H 2°The, /> Th J4E T
20The, o BRI, 76 U REEH, HXT 2OThe, fl
234U/238U ZIJI\IJEF%, 230Thex/232Th Eg%ﬁg%%% lOBe %
Jp—3, PE T P0The /22 Th AR 0 04T 45 7%
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HH EL Be [AI 2 G2 4T, 2 The/”*Th 22 4F T 5 B
i, MK 2 AR, H PTh/**Th Z4EAY 5>
PR Be MR R 1~2 MRS Hii T 2°Th
W, HEEEEY R 0~0.5 Ma, X 45
Ser AR, A N HRE 1~2 mm AR,
X By 5e )2 H e o Ay gt e, xR
AEIK<0.5 Ma HIE55E, WHIRZOREERE, 2OThe/
P2Th P AE 252 H RS A0 2 4 5 o
1.3 Os AiE&Ex%F

VR R Os [T PR ESF [0 328 K1 7K T TR A Bsf T
P Os FEMEAK T 43 A S A |23 — Y o MK P g
Os EEAPAKIE: —J&8 "0/ 0s(4 1.4)13
THIA, —JEE "70s/™0s(0.12~0.13) A H i Al b 41
AW R K B Os RIS 25 20 A e 25 3 ol ok
R AN O R AT X P (NG R U D ORI ST o2
# Os [ EWF5Y, #5727 80 Ma LIKIEE/KAY Os [A]
R A o R A5 7C B AT AR M Re/Os L, #FH:
AR RITE B N B ¥ Re FEART R4 "¥70s A L Z
At Ak, Os TESS 7 B A &Y Bl o 3x
107 em®/a, 45| (14 22 1k [R) FE s mT DL 2200 A
i Ik, #ARassese)Z2/ *70s/*0s IR A A
TE LK Os [T R4, FIFHEESLAY Os A7
RN S WK Os [ R AR E L ph £k pt 17 X, Al
DA 4552 (0 A AT

Klemm R R A Os Rl 2 EF 7457852 4F,
g SR A v KOS PR 45 78 (CD29-2) T 1 42 (70 Ma
Z AN A K, BT Z L8N SR AR I,
I H R BLEE5EAE 13.5~47 Ma 2 [] H 30 0 FH ) 1K
Nielsen %Y Os [Alf3; Z X ENRE PREE 7E 4, M
Z 1 H Be R 2 Al Co AT AR #E, Os [F L
ZW SR TEAER, 48 6.5 Ma, Tokumaru 252!
3 3o 0 A P b RSP B LD AN R K R & 58 R 2 (0~
3mm)fY Os [ KA, KIH(*0s/™0s=1.003~
1.017) 5 8RR R Os [F ZHAL(ZY 1.06)HEH
i, RMEK Os [R 2 WA 2 L —n, i
— AL FE Y Os AL R & — P 20 e 4E F- B .

BRAR 455 Os (R 2850 A7 AN {SCHE 22 4 14 ) i) 31
PR3 80 Ma, WARLFHfgHR 1 TR ] Wr i) [l SR 171,
SRR K B Os R 25 4 g Ry 34—,
(R 7 5 30 1 P o B R A B AN 2 i I, T
JK ) Os [A; R 4 4 & 284k . Burton 252 1F 58 %

A ) XK s e R IZ M) Os R R4 s —
#, IR RVEFER "Y0s/" % 0s TEME T HALMEIX, i
HKFFR Y0s/'™0s AE LI i, FeARIEICh i &
B 50%4 47 . Bk, 7E45723R)2 Os Al R ALA
RE S WL BRI /K Os [RI 2 AL I X, ANE %7
BT AR . BMEZE7ER)ZMG Os [F7 25 41 A HE f ik
PARIME K Os [RI R AR, A BEHERR DT s i Py
45572 3 3 ey 5 04 Bk YRR IR TG sh A2 R, AT 5 ) S
AEMERTE . BRI S, BRI H ST 4 XY Os [Ff
HiAL L, HAREETEY Os A B @ ARt —FhE
WA R

2 ZHARE

PRI R BRAR &4 e 1 A RO AR P 85T
RIS AR VIR R, (LI L, AT A# S
T — RPN R JUER O A AR 4 e A KO
RN, Hhi w2 Mn/Fe 2560 20 XA Co £

2.1 Mn/Fe 2%, X
Lyle 2612415 AE R 1 1 K 7R 5 Min/Fe? 2 1F ]
x, BT AR
G=16.0(Mn/Fe2)+o.448, (1)
P, G NS K (mm/Ma), Mn, Fe AJiiar
Ao 1A 308 A T A KA 50~100 mm/Ma [ 45
B, TR AR K S5 A RGBT 25t HoE
ARG B Al xR AR A5 A%, e AR g
A P RA -
Huh 252V A R TR ER B v (0 4 45 4% A
MR Mn/Fe® (6 R, BRI FAR:
G =13.79(Mn/Fe’ }+0.75, )

FREEM TR Mn/Fe? B/M<)IEAR S5, 4
Az AR 2 AR K AR T 50 mm/Ma i, i
AEZE RS SR 25 3K o
2.2 Co Z%/K

TEER S5, Co JUFR MK KR H AT LU &
MK A ZEFE TR Y Co il I AfH 2 . I, Co &%
KRG R E K ERZ A —E R, AIAEK
HRHER, Co Frm A,

Puteanus %:21DI 455 Co JER & LA,
AL T E e A KRR EA K

G =1.28/([Co]-0.24), (3)
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3, [Colk Co WY& A /& . ZAXAIEH
LR 0.24%<[C0]<2.0%.

Puteanus 250N R U Z AR LSRR 2R E
FFNE BERR AR ALK BB 3%, #3 Co S8 ffds,
H Mn/Co 5#RA G EENAMICICR ., B, FHE
P MREETFEEN Co HATEIE, RIS H w4
Co &im, BIEAX N
o Mn/Co®™

Co(x)y =Co" ————,
Mn /Co®

4

co = ol (1-0.05aP) ", (5)
R, CoW hELE T x ERE—RAIE Co &t
Co™ N E5E)2 x JZSLM Co i Mn/Co™W N E5E)2 x
S S Mn/Co {8 ; Mn/Co® 2y 2 4575 1h L2 S
Mn/Co fH. AP RHEFEZH x |20 KA &/ 54ER5E
JEF WA S EAE, IR ER LX) Co 1Y
S, Co™W LT x R IRIBIE Co i, %
{EAR A G R AT 252 2 AR KR
Manheim %5278 57 TK Co & 5:(<0.24%) A 45 5%
AR R A
G =0.68/[Co" "7, (6)
3, Co"=50Co/(Fe+Mn), Co. Fe. Mn #} 4y i 17
O3 Lo HE S R B T S AR T 0.0012%
McMurtry %2805 X 6 HEAT T 1E S 0B 1E
G =1.67/[Co]"". (7)
WXL Co A8/ UA "Be [F v 2 KB 4E45
R, Frank 225N, 4[Co]>0.7%~0.8%H, FH=(3)
L AIE; 24[Col<0.8%M}, WA (6). tLak, Mifilik
T 5T Co 4552([Co]<0.6%)HT 1y A K R A 2
G=025/[Co]"”. (8)
DL 250 A AR IE T AT 455, Mn/Fe 502y
FOEH 45, 1 Co 280 A N8 % H T455¢.
TR K Z MoK, Mg Z R E 4%, K
It Co Z8 /A X T A% . Hein 05K (6)1T
AT RN (Y ED BE PESS AR IR 5 Os [RI R 8 AR I 45 1 8
VG, [RIE& BRAR LR A e AR R, 2
B Co &I AT EAEZ R B T Os R 1Y
EAEZER . AL, X T HA AR EZHESS, 752
HUREA BT 42 5 B A RO MERT JE . Banerjee %3P H
LT HREE X B BEVESS 7o A T i 2 BE R Co I v U
A, KILH R 0~8 mm AR KAEIA 5 2 Thex & 4F
SERMERBORR T 0.9734, WiHIEIAKER S
A YR R R R RV A . T ERE R N

KR i 7 A B 25 1] o3 B, (RIS T LR R
TR 5y Jo 5 o 2 e R O

29 AL R RS, R Fe. Mn Fl Co
JCE M E Rk R AR A KR, IO kR
I o (HJR 256 SORHE 7 7F Be [RI0 2 B4R s H
CAT AR 2R LR Y, 5K A 1) R TG A HERR
G558 v i A7 0 A K TR S e o DKLU, A LGOS
PEFGLZ EAE, AR EFEME R 2, HlT
s A AR K W, 200 A kA5 B0 4 1%
— BT ELSAR IR N AN, BN U ST TR XA
IJ VA X 45 70 (O BB e TSl L, TS [R) v el g 5 A
KRBT 22 SRR, B G0 11850 A 20 1) Vg I AR
MR A, Frl &8 A X5 BT H T 4570
B 02 A T AR I A A

3 HftwHEhE
3.1 EEREF Tk

v bR b )2 2 T K R b SR g S A U b A PR
Bl B, % AR 25 50 T AR O 1] 5 A o
i B R A F R AT B AR

Joshima %5215 IR SR A5 45 76 i S5 Al i W 150 e
a5, ST T 4577 2R i R R . Weiss 2517
(i FH AR S5 1 35 A0 (SQUID) i 14 8 4 7 A 3K 3% 1%
BRFNE R Z oA g, R e s rik BA
B A 55 (] 40 SR A ] AR . Oda 2504 %
7 %5 P AL v A 45 7 E AT AR 2007, A5 i1 Y
SER R GEEE "Be/’Be A HIAHZETE 16%LL 1A,
HHEE TR0 LIEE] 1~40 a.

oy b R b 2 2R s ] LA 2 A
LR 2 PR A 2 Ak BTG 35 SR s e, BV B A0
B R, TR Sk B TR AR . R
AR ORI 25 5 7 BE IS B BRAR IR, 1 X R
JEE /I | A K AR N A A K ) BRI ) 25 5 D L R
FX A7k o esh, PR Bt & 4k
BISh, 2o OB T4, BIRW S, X TEE
T AR R H A ORI 1 4 7, o b
JE2E AT DA S A
32 FAYREFFE

T A Wb 2 R R g Xk e 4 5 R Rl
AR WAl A 1R 5 8 sl A W AL A B AIE 9 R o
2B AR, Harada 25P V) B 414 L e WL 22 465 4%
52 V2 B R RO W A A A, S S A LRk
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B 5 4% 52 2 BT B A, T 3545 52 2 10 A K gt
IR T LA AR W M) e i R T R 4 5
KHUR M e . Kadko 45PN js % 52 254 4% 0 rh
SRR S R 45 A% e/ A R, IR POTh
VI S (1 A K AR — B

T W SRy v s AR D ROBE G, AT LA
VUBURINT, BE AL ERRT R, RTE ST A,
W53 A5 R 2 5 3 VR PR RS LR 5 A 1
A AT 9 FE LA X A o P RS AF A %5 T B S, A
AHER I, SRS RS B . WAL,
VeI BRI PR S, 457 oD B Ak 1 B 0 L
W T i s AR M, A AR AR R, A5 B AE A
B s LA BB | BRI, i A W M 2y TR A
el 4 5 S A AR
33 KRB SFENEE

HEAAE I AN R T LA AR 5 AW G
KAE Y (8%, 9T LA Ih 1 15 300 () 4 0 0 2

x3 FRAMEREFAELR

2 S TF U0 A B B R AR, TR T A5 31 £ 25 7 A K 3
AR/ . B AR — R K-Ar | &k
TR AN HE A2 4F 16 B A Wy )2 2 5 PO L 10
FURE 4 1 25 55 T R 0 i i A KT, SREZA Hh 454
ST AR, P EZE
3.4 eIRIEFHE

HoBRPILIE JE 00k 02 3 F M BRBLGE 09 SR I AR 1k
Fir 5 | B S A SO S TR 5e A K R
J&EN, BIAI A S5 m _F oo R AL E 5 Bk s
JESIAIDCEL A B HAE KR . Han 2557 Bk L
JEBE X R R A A T 4, 1SRRI S H
“OThex/”*Th 1 L5 FARE —2, A AFI %k E
5o AR HPR R — A RE T SERHT /7 . Banerjee
BRI ENRE BeghTEnt, WAL T 2 40 J7 a (K
2R R AR, %R ST AE P Thex/”*Th 45
JrEE LR b, 75 SZBR b B i R 4Ry ik
KB, BTz ik B IR Z .

Tab.3 Dating methods of deep-sea ferromanganese nodules and crusts

DT Lk g7 st Bl
[ 3 AT "Be. "Be/’Be FEARI () R R g7 b K mtie), MU ME, MR 9 s, R R R E K, &
Rt PR AF R[] FE <10 Ma.

*Thex., *’Thex/**Th K m . A5 HHE. SEAT i) RO A

¥70s/'*%0s T LKW TR T, AR R B K R 'Y 0s/'%0s AR Tkl 2R,

K ] BE 32 Ja F i USRI BT i A\ B R R
EAY /AN Co &5 A3 W TR B, SR, AR L AR RO PEAR A SRR b, TRk WL
]SS FR I 18 .
HAtI57 3% L 2 A AL BN SZ AR S i A5 RREXERE R, IR R 2R, Tk AT
WS R p R, EAEIT AR . DUARE BT
AR )R BE AL 5 W, R ACAE R M UURERIE N, diseh i a s,

My, AR 1) N

A REBZ bR R, M IR

4 MEHREERANTREFR

TR 350 J7 km?®, JKIEEAKAE>S 500 m, {1
T R R | AT A e R KR ST AR Bk 3 R A
IS AHB, 2P R TP R %iE 2 —. h TR
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Tab. 4 Growth rate of SCS crusts calculated by different empirical formulae

n 00 ) (6) 7 (8) 20Th,/***Th iy MR
A K /(mm/Ma ) 1.30 1.48 14.22 3.93 33.48 4.41 4.64
#5 TEZHAXNEBHNEEETFREKER
Tab. S Initial growth age of the SCS crusts calculated by different empirical formulae
AR (1) (2) (6) (7 (®)
KA/ Ma 17.72 15.13 2.57 6.13 1.66
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Abstract: Deep-sea ferromanganese crusts are the preferred recorders of paleoceanographic events. To analyze pa-
leoceanographic events recorded by nodules and crusts, first, the age of each layer must be determined. The main
dating methods used so far include the following: '’Be dating, U-series dating, Os isotope dating, empirical equa-
tion, magnetic stratigraphy, and biological stratigraphy. Every dating method has its advantages and disadvantages.
""Be dating is the best method for determining the age of crusts younger than 10 Ma. U-series dating has the best
accuracy, but its dating time scale is only 0.5 Ma. Os isotope dating can span long time scales and could determine
sedimentation hiatuses, although, first, the 18705/180s seawater curve of the local ocean must be obtained. The em-
pirical equation is simple and easy, and it is the most commonly used method for age estimation. However, it cannot
determine sedimentation hiatuses. Special care should be taken to ensure that the empirical formula is suitable for
the sample. Magnetic stratigraphy can be used to date thick and fast-growth crusts without a sedimentation hiatus.
Biological stratigraphy is an effective method for dating nodules and crusts with more fossils. Based on the analysis
of the advantages and disadvantages of the dating methods of ferromanganese crusts, the U-series dating method,
paleomagnetostratigraphy method, and empirical formula calculation methods were used to date the ferromanganese
crusts of the South China Sea. By comparison, it was determined that the current best dating method for ferroman-

ganese crust is the paleomagnetostratigraphy method.
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