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Abstract: Rare earth elements and yttrium(REY) in the deep—sea sediment is a new type of marine mineral resource rich in middle—
heavy rare earth discovered in recent years. The amount of REY in the deep sea sediment is far more than the terrestrial rare earth
reserves, and it has important potential application value.China is the second country after Japan to conduct deep—sea REY survey and
research.Since 2011, large areas of REY —rich sediments have successively been found in the central India Ocean, the southeast and
western Pacific Ocean.The global ocean is divided into four REY metallogenic belts, namely the western Pacific Ocean one, the central
and eastern Pacific Ocean one, the southeast Pacific Ocean one, and the central Indian Ocean—Wharton basin one.The deep—sea REY—
rich sediments are mainly developed in the zeolite clay and pelagic clay in the deep—sea basin, which is of autogenetic origin. While some

of them are developed near the mid—ocean ridge and are affected by the hydrothermal processes.It is found that the REY in deep—sea
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clay mainly occur in biological apatite, and seawater is the main source of REY.In the early diagenetic stage, REY was transferred and

redistributed in deep—sea sediments, and finally enriched in biological apatite.It is suggested that low sedimentation rate and vigorous

bottom currents are principal controlling factors for large —scale deep —sea REY mineralization in the deep water —depth ( beneath the

carbonate compensation depth) .In the future, it is necessary to continue to increase the basic deep —sea REY survey, strengthen the

research and development of deep—sea REY detection technology, and carry out the comparative study of marine and terrestrial REY

mineralization, so as to reveal the deep—sea REY mineralization mechanism and regularity.

Key words: deep—sea REY resource; regularities of distribution; metallogenesis; controlling factor
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Fig. 9 Diagrams of elemental compositions of deep—sea sediments in the western Pacific Ocean

R AN AE

GEEELR IR L C R BRAPIRZS A 2 Bl A7
TER )N TR R AR A A Wy e T W ™) —
JBIA S A U A R A B Bt il i B 1
Hoor e AW IR A i R R R B
AR SR B BT IR BRRE ), L 2E i R i L
| IR B - T ZR 1T PR I 3% v I A TR A - —
MEZLA AR . [ AR R R IR R R A
PR AP AR 0 2 2 2R e a8 i W T 4 SURAE T
Ry BRI DU Y Ok 0 A
BIEAEEAR L ou R (R L 15 RE I T A
ZHi FIOCR AR, TP

SRS (52 e R (SR

41 BMITRFERE
s LU R LT R R IR L K 2

). — S DUAR Y b B LT ORI (B HORIR) |
TR T KR AL B K R A A 0 3R A R IR (R ok
BEOP, TR KA IR A i OO0 R
[L30 SWE R SN VRISHTTR S 1D S ANy BN
BRI TG K220 (K 7)o IR R A R I
DU 4 Sr—Nd [R5 41BNk AR 3R B KO
H LT R E BRI

EEAF AT 5T K B, TR By =it 7K B i B o L
Bk b s o0 R Al B B R R DU TP R o
RAEEORIA AWy A0 A o DRI DURR W
M L OCER Y T ZWAF 0, 2 e R I
A4, D SR 1 T SR ARAIE A B Bl B 5 1 A8 1
kA, Al FSks Bi il R oC R BRIE™ . EA M
P Wl IR A AT 3 5 LB A DA B YR T AR v 3R A
i IR WAE JLRE 8 W IR AR X, A= W e K
A9 Nd AR B HA KL RRAE ™ Zhao



204 H 8 IR

GEOLOGICAL BULLETIN OF CHINA

2021 4

SNSRI AR R () A e B o A ) DT AR BR 8
i AR K A R s R FE Bk A K TR T
DU RV DA K BT Bt R i DT AR Bk L R T
FRDCHR, b B9+ o0 R 00 57 22 5 S DI FL B K
B IE R, R T R R A L T L AL BR K
WM LT RMEZRIE ., SAE K FLLBK
SRR M TR R TR A ORI,

2 TR ACFFLER 7K Hh A 12 0 3R B R U (] 2k
UR)  Be b 3 A B ST AT RE A i K AL R
RARERG 100K, Kl AR ) BT AR R ) B T
ZHE TR Y Bl R RS Y 5 AR O TR T A Y
PR BT RN TE XS AR A AT TR DU
GERT B, A Sr—Nd [ F 20 BUAs /R Hf Lot &R
2 1S FH 38 A2 30 i R L L U R TR K 4 S RD 5 s
TERAIIE Bl B 0 BR 1Y 2R i R e 1 AR L™
GRSV ALY LSl e sV L s S W L R A )
iE Eu 58 (B 7) , DU e R 5 R0 R AR 45
7, PR AR X TR A R A T WA
AU
42 HWEITEREELRE

WiFE M LU, LHERR TIEEFERN
U ORF P K b B EE T TR M DO, AR
TR E R FE BRI
B TUURR Y B R 6 41 43 1z Tl S0 Bk T
2R, BTN B AT T R E AR 7 R
AN 7] 1 5t Fsf 4 7 A 0 AR ) v s K A s - T R BC 40
a5 B QI K S8 B A B0 A AR AL, F 7 oA 1
JCER FEORE T K>+ R ST R AT LLL
B PR 7 SO K B R E A A W K A
REE’ +Na'2Ca”" ,REE +Si" > Ca™ +P>17 7 . HE
AR R A f A L R BRAEAE Na A st

SR T A 2F/ g i R TR A EAR R O
MBI 100x107°) , 3K B TR Y vH B K A 1 7
T IOCER S W B 8K A 2% Y Hb BT AR
Toyoda 5¢" B, KAV DU 0 f0 1 (LR Y K
A1) L ICRY BRECH 70 mm®/ma, QNS Y
PHGHE R M s R IIREK B A g T
K 5 AR AR IR A, I s Wl 1R 2 7F B o 7 v
2 H AT FRELY IR W0, AR RIS K B, DR
DU B A% AE A 1 7 v 2 B TBOR & 12 c
RUHRE Ce mRY @M C RS EmAEY
WA g K s HE AL 1 70 2 B 0 B A7 A B

BIIE Ce SH1> 0 DL B SR W DU L
Frd B LT R AR E RSB, S TR T
R YR IKA 5% | b A s A T 0T
EQITNEE LRI S N ARG EE Y/ 7)) F a1 s
R LG E0 Y, M AR A LT R I E Y
G, R I R s B FE K AR R Lot R
ZHAY

[ & M - DU R B A A A 7 T 88
K, ERIRR AT, WU P A7 7E S v Y
AR A A IR A7 R T AR ROk A B, LU
SRR Bk ot 4 Ak 4 55 W o 0 AR 0 R i i
Wt SR B TTRR Y R B ) AR Ak SR A ER
B[R i 23 1 UGS A% BUA VR R R o 218, bk
P Al A 4R AL 1) s £ o0 B A W i K A R 0T
FEEM TR/ N ATERE, W Lo REEY
KA &R T
43 REBBIXHERTIEANETIEER

Wi Em T TORAERE T 2 kE, BKETK
IR VR, BP0 B R R ™ H Rl
XPURER 1 KIERL A VE ML EI A A T, 72 A
HR G — L 49) 45 WF 5% &4 SR . 45 g s+ L i) £ B
EEHIFE,

TR R 2 T 1 s 4 IR T B B 178 56 A 2 ol A
£, BRAYH S TR SRR, MR
Bt + o 2 s LA BT RBAER ",
VR & i = DT E B F K R KT 4000 m (19 1%
T AT B R Eh AME TR BE (CCD) (Bl 2) . CCD
URIE B ARAE 45 AN X ERAS A [R], (B R4Sk 16, 3 T
KREEI A G ARE 2 CCD m#H , ENEEPER 22,
KVGH: CCD AR ™, Kk, KA T CCD
12 VSl T RS A, RV A - T R 1
WL 5 MR VP IE A AR I

ICTTAR G 3R 2 VRV A = R T RS ) O 4%
IR ZE B L DORUR AF 1 DOR 4 26 70 3= %
RGEERG T eZ B E A S KRR )
JEREFLL Ay 120 R i ORI R DA K
BERS NSRRI L X (| W g a7 ) Y AR U Y o
i, B K PR e, K T AR
FIEEEERAR (107 %) , BRI E Y
s £ I0 2, R T BAE W /K — DT B i 5 9 K AR
SRS B IOE e O A U IERAEE 7/ E = o D N Y
Y O R B = TR AL 1, B RO R A



540 4 2~3

TR VRIS MR 5 T 205

K, AR & s I S R L OT R AT Y
(028 TRESRAE) Yo R, OF Howi b fa oF e S
T 7K L B 1], Fe 26 S BOR G TR Y T A H
MoK, RTTBRE RSP b2 M3 H 5T W) 5
UG AWA D SRR RS, R E R U
Z IV 1 T4 3 16 B A B TRV A, ke = K 4 I
By A 5 38 B i, B U B A D AR Al
(B 9—e f) s WA= IR, B/ A 4 55, LI,
TR B A 1 DORR S 2 A Tz 5 Kbl i B8, i il
G BRI PR iR SRR, ARE S
Fis BUTRC (R 2) o S AN, ARE RSE PR R
A PR Ty A R R AR WU AR TR
s LTI KR,

JUR AL B s TR T A - R T AR B ) ol 4 ol
R, —J7 i, BRI (AABW) R K iR
R B DU R B et TR A B R 5E T
TUR h Y AL B AR AT, A R T B IOk Y
B, DA SR £6 | 5 o 8 A6 ) 25 ) o % s 0T
YW R A B VR AR R R N &
Ao Gy — 7 T, SR UG 2 R 5 | R B TR W 4y
e, AT RE 2 TR B A 0T (JEHUE SREY >2000 X
107 WM A - U0RR Y ) B By EE 2 i RSk
RIS KB, W & W DRk BOHL, Ik B
T b2 S (TORR ] T ) BRFE , LA B )2 2k
BEE 7R T B JEC A ) ) S g7 A T AR R )
FUUBASE A KA 5 Es AR TR —f
() A 5 A W e A LSS ¥, P RO T TR I D
I (SREY <2000%107°) H1 SREY il Mn 7 12 2 [H]
AR B R IEA G X R Fen A % 5 A Wik I A
AR IE R R (K 9-d) . e E i U0
P SREY 5 Mn & Z [ A SEOC R AN U] i (1A
9-d), LA, M E B VTR P, 0,/ MnO {H B
WK (K 9—g) , BEWI LSS 2 5 A W K A i A
KRR, 18 m HUTR R & A4 T W35 48 4k, nf
A5 0RICI TG 2 A7 OG5S U I 3l ol 5 R e
TR 33 , 2338 LT AR ) v 0K A R %) A= Wl Ik A
ARG S B34, ] B R R & M R DR (D2
W& s DR ) T2 i ) 22 SR I (A 5 22 i —
HAFFRAUESE

SR L IR S DU R E N EER R
ARG MBS W ORI AW A e TR
R AR R EE RN S DU R A S A

T R B GEEE f  of B DXAY 2 2 DR IS A2
JE TR A JKIRIE CCD WEZ T ; @44 ™
TR B JE Y B A D DR 26 B 3 B TR T
Kt IR RAR ; ORI BRI K B, WIS 2 S AL 2R
5 A N/ @7 NN (TR AR S 1 iR R PN
T L RIS ) = KA 2R

mJE TE— T R PE i DR Ll R, H
BUAEARP- 9 RN EN PR IEAT 1802 (I TR T £ 9 £
WF5E  HR A B T ORI AR &R R UL, ML Z T,
RV A R A - 9 5 2 FEARAEG , 18 Tl R e
ERVIR 2. 82 W:0E FSER SE/ N T DR A R oI B 21/
PHHEAN R AT RE A 77 R T AR R I A 1 DOAR, 2B
A 3 A OKRVEHE BT CCD I 3KV P FIED BE
™ TG CCD T 2N AES K A= T M+ A
A7 AR T ARAR /D s )R 7Y A % T T A 00, T e
(SR PY P A0 5 TRV A )™ 1) DXl A A B
@R PG TR AR Py 1) AR 3 3 3% 3t g A F- i
FRHENREE  BRA 1 DR L O R VR T, Bk fEe
T BB A i — RSB A

5 MR

20110 4F, P [E T 46 05 SR A + BRI & T
VB, A SRS HARLE T I8 B Be, Ab T [ B 4
JoHifin, DRI LA — 5 B A R
TR 58 4 A [] 64 2 s 9, i X e R A
AR AR A R, s Be i e AN, R
R W AZAE I AR i - ] £ W5 0 B 1) ) I 3 —
AN R o3 A LA SO VR IR

(1) ISR G T Bl A A A 5T TAE, Wi
FAHICHEFE W IR 2, 32 AR Bl T, 72 ) 32 4
A RABFFE R & W 1 DO Bk AL = R IR 0 1k
St AT AR T S R IR S A
WP 50K U5 AN T A% 1 B il b R R BN B R O
5, B R T = B 18 R 0 20 A L, 48 7R IR
G2 iR A D) R B LN N RVAVN .
M B A AT BIE , S BRI BT S A F i
FRB 5B

(2) TRV R B BORAE T A L UV I E 5
FRSEFH o e T i AR A A2 G52 il 3t 4 PR A LA R
PREIFFE E R Al Re B A0 3, 764 J5 BIFSE oh 1%
T MERHOCHITE LR, 870 ) e 357 B A ik DR TRV A
B R T TS AR AR, 0 iR o0 B AR A B



206 H 8 IR

GEOLOGICAL BULLETIN OF CHINA

2021 4

AR (HRTEM) J07 5 fi XRD £ AR fi a5 48 5 X
SIS TR ( XAFS) AT LU 80 58 TR &
T U PG 1T R WA W AR S s TR
U e 4 — A A7 AR 0 — ROMERS, TS 1
() (o R M AF AR (il R [ 67 22 00 4F 45 ) 763 5 T =
AR P TR B 75 BRI B B AR 5 1k
¥ J VR TR S AR 5E

(3) TF SR Ik ™ 1 FH R EAF 9, R R T
AT REAE R AL A5 7 15 Bl A T RS [
BBt st A - PR ™ FH B9 2 281 il LU 55 i3
AT R R RN A R | AT R R ™ 1
WFT PG S R S VT X L AR Bl 45 0 K
AR SRR - VR RIS ) PR 4 e

(4) FRBGERR L 3 2 B R R R H AR B
5%, BT, HARTEGR R R0 B AR R B & 1
FE 5 T EAE E PR 81, 7 i A 2F A 52 B i AT Ak
TEARRBIE A B B, v I R 1 8 e ORI SR B R
WA LT 2 1, 506 75 &k B A i A7
FERCR 2R | Rt v 6] 4 5 17 A Sl e 40 8 e 481
WHERA R BT

B A A HETH ERRTFERXFE
WA RS I TA RRREZ B AT L A
B LA BB R A R B T R B0
BN ELFFERRBETETNERELZL
B AR A LA R ER G LR,

S 3k

(1) Y B, 2B BUA, 2R e, S5 v [ N AR A R R B e ML
YRR A ] B 4, 2020,65(33) : 134-149.

[2] Gulley A L, Nassar N T, Xun S. China, the United States, and
competition for resources that enable emerging technologies [ J].
Proceedings of the National Academy of Sciences of the United States
of America,2018,115:4111—4115.

[3] 85 T IR 7 PR A LA ] M AL 3B e, 2012.

(4] 00 ERE, PIVER, JBE K B, 458 P 5 s o T DR R - 4 Bk
PRAED F 38 B R4 7 ][ ] HbJSTiE 4z, 2021,40(1): 95-109.
(5] 11240k AFIEIN, 2 5%, 55 RSB TE: AL 55 9 2011 —
2020 4E) [J/OL]. B4 5 A3 M BR Ak 2 38 ], 1-14[ 2021 -02-03].

https: //doi.org/10.19658/j.issn.1007 =2802.2021.40.022.

[6] Kato Y, Fujinaga K, Nakamura K, et al. Deep —sea mud in the Pacific
Ocean as a potential resource for rare —earth elements [ J]. Nature
Geoscience,2011,4(8): 535-539.

[7] Takaya Y, Yasukawa K, Kawasaki T,et al. The tremendous potential of
deep —sea mud as a source of rare —earth elements[ J].Scientific reports,
2018,8(1): 1-8.

[8] Nakamura K, Fujinaga K, Yasukawa K, et al. Chapter 268 “REY —rich

mud: A deep —sea mineral resource for rare earths and yttrium[ C]//
Handbook on the Physics and Chemistry of Rare Earths. Elsevier
Science & Technology,2015.

[9] Fujinaga K, Yasukawa K, Nakamura K, et al. Geochemistry of REY —
rich mud in the Japanese Exclusive Economic Zone around
Minamitorishima Island[ J].Geochemical Journal,2016,50(6): 575—590.

[10] Ijima K, Yasukawa K, Fujinaga K, et al.Discovery of extremely REY —
rich mud in the western North Pacific Ocean [ J]. Geochemical
Journal,2016,50(6): 557 —573.

[11] Yasukawa K, Ohta J, Mimura K, et al. A new and prospective resource
for scandium: Evidence from the geochemistry of deep—sea sediment
in the western North Pacific Ocean[J].Ore Geology Reviews, 2018,
102: 260—267.

[12] Yasukawa K, Ohta J, Mimura K, et al. A new and prospective resource
for scandium: Evidence from the geochemistry of deep—sea sediment
in the western North Pacific Ocean[]J].Ore Geology Reviews,2018,
102: 260—267.

[13] Yasukawa K, Ohta J, Miyazaki T, et al. Statistic and isotopic
characterization of deep - sea sediments in the western north Pacific
Ocean: Implications for genesis of the sediment extremely enriched in
rare earth elements[J]. Geochemistry Geophysics Geosystems, 2019,
20(7): 3402—3430.

[14] Mimura K, Nakamura K, Yasukawa K, et al. Significant impacts of
pelagic clay on average chemical composition of subducting
sediments: New insights from discovery of extremely rare — earth
elements and yttrium—rich mud at Ocean Drilling Program Site 1149
in the western North Pacific Ocean [ J]. Journal of Asian Earth
Sciences,2019,186: 104059.

[15] Tanaka E,Nakamura K, Yasukawa K, et al. Chemostratigraphy of deep—
sea sediments in the western North Pacific Ocean: Implications for
genesis of mud highly enriched in rare—earth elements and yttrium[J].
Ore Geology Reviews,2020,119: 103392.

[16] BEHC ARG UTTRY) T 12 70 3R H R AL 2 51 L B IR s T4
I D). [ G JR 8 — IR 58 B 24 38 3, 2013,
[17] KA 5=, X518, 51 5 IC, 55, P4 RV PE I L X e P s 16 3%
A HERIL AR ]. AP RS 15240, 2013,31(6): 729-737.

[18] B XA, A1 2235, 55 AR R CC K LA £ o0 3R 4k
B | )] R, 2014,32(2): 175187,

[19] B, A1 2215, X FAE, 2 CEHERIZUUR A 8Ce FRIEIRIT(J].
B4R, 2015, 35(S1): 762763

[20] B, K 5. P BN BE I 43 TR DURLUE O M o0 3R 3R TR
TR J].5 W) 412,2015,35(S1): 761.

[21] B% H 96, Phive i, 3 05 I, S8 b O -F 3 TR DA B HE B2 R A
HOX M o A BRI J). 97244k, 2015,35(S1) : 779-780.

[22] ARV, Bh 2ol 2R v, 55 LT R RACTEAR K F i CC K i
IR P Y SRR S HLH [ ] A T2, 2015,22(4) : 200211,

(23] Fr Il A7, B AR, 58 RSP PE B UURR Y s L W 4%
A RAERFIE[)].5717,2016,25(5) : 81-84.

[24] B 5, XU =48, 2 A 00, 25 1 R e v o & R DU A6 Loc
FARHE[ Cl /IR 4 B IS 53 ik F AR TS S8 3
TR (R AY),2019: 387.

[25] A%, f1 5 i, 2 AR L, 45 op B 32 1 4 s = DO ) ok



540 4 2~3

T VRIERR AL 207

W[ Cl// PR P MR L2225 17 S AR AR 22,2017,

[26] Sa R, Sun X, He G, et al. Enrichment of rare earth elements in
siliceous sediments under slow deposition: A case study of the central
North Pacific[ J].Ore Geology Reviews,2018,94: 12—23.

[27] JAL K B, A7 5 . 7R 1 R Y- 1 0 25 90 4 5 i b DO AR T o ik
JE[ CL /88 JUR 42 [ Wy BOE 5 30 J7 8 AR TTE 2018 SO 2
£E(32),2019.

(28] 5K T°, A1 15, WO, 45 TR R L ORI A R T R ).
I +54%,2019,37(5): 517-529.

[29] 3K T, M, A1 5405, S5 R EN DR R 4L GO A O i il R R
DU B HR HUER AL A 45 AE [ )] HPE2AAI, 2019, 41 (12): 51-61.

[30] XUBH, PNGERR, 4754 75, 45 B[ BEVE A4S BUAR JE I SR Je A o0 R
21 BRI B SEBLA [ J]. 24, 2019, 41 (1) : 58—71.

[31] Zhang X, Tao C, Shi X, et al. Geochemical characteristics of REY —
rich pelagic sediments from the GC02 in central Indian Ocean Basin[]].
Journal of Rare Earths,2017,10(35): 113—124.

[32] Liao J, Sun X, Li D, et al. New insights into nanostructure and
geochemistry of bioapatite in REE —rich deep —sea sediments: LA —
ICP —MS, TEM, and Z — contrast imaging studies [ J]. Chemical
Geology,2019,512: 58 —68.

[33] Liao J,Sun X, Wu Z, et al. Fe—Mn(oxyhydr) oxides as an indicator of
REY enrichment in deep —sea sediments from the central North
Pacific[ J].Ore Geology Reviews,2019,112: 103044.

[34] Zhou T,Shi X, Huang M, et al. The Influence of Hydrothermal Fluids
on the REY —Rich Deep —Sea Sediments in theYupanqui Basin,
Eastern South Pacific Ocean: Constraints from Bulk Sediment
Geochemistry and Mineralogical Characteristics| J].Minerals, 2020, 10
(12): 1141.

[35] A b AT VL, g0, 25 RSP vh AR REY 9IRS 1 ) K
PZERAIE S REY BTARMLH [ J]. M 3RA 2 (F [ TR 224 40,
2015,40(6): 1052—1060.

[36] AR SO, ARV, EHFIE K PR REY S0 M) A9 5K
AR B Ak 2432 )] B ER 4R, 2016,37(3) : 287293,

[37] U3t A e 3T, INBE I, 2 RF- 3 o s R IR I DURR W) P s 150
RWRAF ARG [ ]]. A4 24 4],2016,32(7) - 2057 -2068.

[38] U3, A 705 3¢, iU, 55 1 FL P AR DR TR G 1 b sk Ak
FEE SRR B S ) M BT 5 55 DU 28 b 5T, 2016,36(4) : 67—75.

[39] V33, A 1o SC, Wk 2 ik, 25 PRI DU P R 07 7 B IR 5T
HEFE[J]. 7 M 5T, 2017, 44(3) - 449—459.

[40] AETL e AR 1o 3C, 2R S, 25 53 7 - BRI R M HAE TR U™ 7
Y SRR ] 3BT, 2017,91(6) : 131271325,

(411 A8 SCA AT LI, TR PR ZE, A5 KF ¥ 09 7 5 7+ T DR 4 b
BRALAARAIE B oA 7R 3 L[ ]].55 A1 2412, 2018,34(3) : 733747

[42] FE U3, ] 85 3C, ALK AT P 5 s L R AR S B
(<2um) B Nd [F] {57 2 FRAE B W) U0 L 1. R H AL 38 55 a2,
2019,43(2):292-302.

[43] PAESS GEHETUR Y R ARG 0T 2 ] HER 1K, 1990,4: 340-348.

[44] X2 AR P AR TR DU G L JT R H IR A6 27| ). ¥ 0
PN HLT, 1992,12(2) : 33—42.

[45] XU AL, B, BT A5 RO R UL /N T 20m 45089
T o0 F HERALEIFAE )] HuBR1E A, 1998,27(1): 49-58.

[46] X Z=AE AR AT HEDURR AR LT3R A Nd [6) A7 3R MR AL 2F Ak B

HIRFAR/RTE S D). ERR B 57 Az B (T A7) 1 27
FLIESC, 2004,

[47] VFAR B ORPRD P2 M B4 M AE T g i, 2013.

[48] Pattan J] N, Rao C M, Higgs N C, et al. Distribution of major, trace
and rare —earth elements in surface sediments of the Wharton Basin,
Indian Ocean|[J].Chemical Geology,1995,121(1/4):201-215.

[49] Pattan ] N, Parthiban G. Geochemistry of ferromanganese nodule —
sediment pairs from Central Indian Ocean Basin[ J].Journal of Asian
Earth Sciences,2011,40(2): 569—580.

[50] Yasukawa K, Liu H, Fujinaga K, et al. Geochemistry and mineralogy of
REY —rich mud in the eastern Indian Ocean [ J].Journal of Asian
Earth Sciences,2014,93: 25—36.

[51] Piper D Z.Rare earth elements in ferromanganese nodules and other
marine phases [ J]. Geochimica et Cosmochimica Acta, 1974, 38:
1007 -1022.

[52] Rudnick R, Gao S. Composition of the continental crust[ C]//
Holland H, Turekian K K. Treatise on Geochemistry. Amsterdam:
Elsevier,2014: 1-51.

[53] Taylor S R, McLennan S M. The continental crust: its composition
and evolution[ M] .Blackwell Scientific Publications, Oxford, 1985.

[54] Alibo D S, Nozaki Y. Rare earth elements in seawater: particle
association, shale normalization, and Ce oxidation[J]. Geochimica et
Cosmochimica Acta, 1999,63: 363—372.

[55] BRELF. H 2 TP a8 MM - RE Sk R R P [ D). b
R 2 (AU ) M 24383, 2005.

[56] Bao Z, Zhao Z.Geochemistry of mineralization with exchangeable
REY in the weathering crusts of granitic rocks in South ChinalJ].
Ore Geology Review,2008,33: 519.

[57] Zhao Z,Wang D, Chen Z, et al. Progress of Research on Metallogenic
Regularity of Ion —adsorption Type REE Deposit in theNanling
Range[ J].Acta Geologica Sinica,2017,91(12): 2814-2817.

[58] T 3C 4. 5l DXV AF B b i 3R P 4 R S i 22 4 ) s R A
DY A Tl b ¢ s 5% Be 2% 07 1832, 2016.

[59] Toyoda K, Tokonami M. Diffusion of rare —earth elements in fish
teeth from deep —sea sediments [ J]. Nature, 1990, 345: 607 — 609.
https: //doi.org/10.1038/345607a0.

[60] Kon Y,Hoshino M, Sanematsu K, et al. Geochemical Characteristics of
Apatite in Heavy REE —rich Deep —Sea Mud from Minami —
Torishima Area, Southeastern Japan[ J]. Resource Geology, 2014, 64
(1):47-57.

[61] Kashiwabara T, Toda R, Fujinaga K, et al. Determination of host phase
of lanthanum in deep—sea REY —rich mud by XAFS and—XRF using
high—energy synchrotron radiation [ J]. Chemistry Letters, 2014, 43
(2): 199-200.

[62] Dubinin A V. Geochemistry of rare earth elements in oceanic
phillipsites[ J].Lithology and Mineral Resources,2000,35(2): 101—-108.
[63] Gallet S, Jahn B, Torii M. Geochemical characterization of the
Luochuan loess — paleosol sequence, China, and paleoclimatic

implications[ J]. Chemical Geology,1996,133(1/4): 67—88.

[64] Sun J, Zhu X.Temporal variations in Pb isotopes and trace element

concentrations within Chinese eolian deposits during the past 8 Ma:

Implications for provenance change[J]. Earth and Planetary Science



208 H 8 IR

GEOLOGICAL BULLETIN OF CHINA

2021 4

Letters,2010,290(3/4): 438—447.

[65] Cristie D M, Dieu J J, Gee J S.Petrologic studies of basement lavas
from northwest Pacific guyots.[ C]//Haggerty J A, Premoli Silva I,
Rack F, et al. Proceedings of the Ocean Drilling Program, Scientific
Results, College Station, TX: Ocean Drilling Program, 1995, 144: 495—512.

[66] TEFR I, F34, BIAK, &5 KA TIRW) T L IRAE RSB ]
+,2020,41(3): 17-25.

[67] Deng Y, Ren J, Guo Q, et al. Rare earth element geochemistry
characteristics of seawater and porewater from deep sea in western
Pacific[ J].Scientific Reports,2017,7(1): 16539.

[68] Bright C A, Cruse A M, Lyons T W, et al. Seawater rare —earth
element patterns preserved in apatite of Pennsylvanian conodonts[J].
Geochimica et Cosmochimica Acta,2009,73: 1609.

[69] Elderfield H, Pagett R.Rare earth elements in ichthyoliths: variations
with redox conditions and depositional environment|[ J]. Science of
the Total Environment, 1986,49: 175—197.

[70] Zhao L S,Chen Z Q,Algeo T J, et al. Rare —earth element patterns in
conodontalbid crowns: Evidence for massive inputs of volcanic ash
during the latest Permian biocrisis[ J]. Global Planetary Change,2013,
105(6): 135-151.

[71] Wright J, Schrader H, Holser W T.Paleoredox variations in ancient
oceans recorded by rare earth elements in fossil apatite[ J]. Geochimica
et Cosmochimica Acta,1987,51: 631—644.

[72] Oudin E, Cocherie A.Fish debris record the hydrothermal activity in
the Atlantis II Deep sediments (Red Sea) [ J]. Geochimica et
Cosmochimica Acta,1988,52: 177—184.

(73] W di AR, B, o, 45 St LG = IR R R ML S BEA &R
i B A ARAF ST ] v B 42541, 2005, (6): 742-748.

(74] fifJFi oK, R AR, B 58, 45 SN R R BE LR B e B9 1ot
BRI 2= RRAE S5 DB R BE [ J]. 01274, 2003, (4) : 2-8.

[75] Emsbo P, Mclaughlin P I, Breit G N, et al. Rare earth elements in
sedimentary phosphate deposits: Solution to the global REE crisis| J].
Gondwana Research,2015,27(2): 776—785.

[76] S K 6T, FAHE, X VL, S5 BED (10046 R 5 A Bk ().
[ #B 5T, 2021,48(1) : 82—101.

[77] Ronsbo J G.Coupled substitutions involving REEs and Na and Si in
apatites in alkaline rocks from the Ilimaussaq intrusion, South Greenland,
and the petrological implications| J]. American Mineralogist, 1989,74:
896—901.

[78] Pan Y, Fleet M E. Compositions of the apatite —group minerals:
substitution mechanisms and controlling factors[J].Reviews in Mineralogy
Geochemistry,2002,48: 13—49.

[79] Hughes J M, Rakovan ] F. Structurally robust, chemically diverse:
apatite and apatite supergroup minerals| J].Elements,2015: 165—170.

[80] P HI, 2400, i fife i L oC & MR b2 [ M. AL Bl i

#,1987.
[81]Li D,Fu Y, Liu Q, et al. High —resolution LA—~ICP—~MS mapping of
deep—sea polymetallic micronodules and its implications on element
mobility[ J]. Gondwana Research,2020,81: 461—474.
[82] Kashiwabara T, Toda R, Nakamura K, et al. Synchrotron X —ray
spectroscopic perspective on the formation mechanism of REY —rich
muds in the Pacific Ocean|]]. Geochimica et Cosmochimica Acta,
2018,240: 274-292.
[83] VanAndel T H.Mesozoic/ Cenozoic calcite compensation depth and
the global distribution of calcareous sediments [ J]. Earth Planetary
Science Letters,1975,26(2): 187—194.
[84] Wheeler A J, Stadnitskaia A.Benthic deep —sea carbonates: reefs and
seeps [ C]//Huneke H, Mulder T. Deep — Sea Sediments.
Developments in Sedimentology.Elsevier, Netherlands,2011.
[85] Heezen B C, MacGregor I D, Foreman H P, et al. The post Jurassic
sedimentary sequence on the Pacific plate: a kinematic interpretation
of diachronous deposits [ C]//Heezen B C, MacGregor I D. The
Initial Reports of the Deep Sea Drilling Project, vol. 20. U. S.
Government Printing Office, Washington, DC,1973.
[86] Huneke H, Henrich R.Pelagic sedimentation in modern and ancient
oceans [ C|//Huneke H, Mulder T. Deep — Sea Sediments.
Developments in Sedimentology.Elsevier, Netherlands,2011.
[87] Ohta J, Yasukawa K, Machida S, et al. Geological factors responsible
for REY —rich mud in the western North Pacific Ocean: Implications
from mineralogy and grain size distributions| J]. Geochemical Journal,
2016,50(6): 591-603.
[88] Plank T, Langmuir C H.The chemical composition of subducting
sediment and its consequences for the crust and mantle[ J]. Chemical
Geology,1998,145(3/4): 325-394.
[89] Archer D E. An atlas of the distribution of calcium carbonate in
sediments of the deep sea[J].Global Biogeochemical Cycles, 1996, 10
(1):159—-174.
@ Ak, AL, B, . M PRI R IR & 5 TF R I iR
AR IR L BT TR R 2015,

@ EiBF, VG, B, 55 H X i A 2 i s - iR i
Z’é%‘?&j}ﬁ{ﬁ.?i&?iﬂﬁﬁﬂaw,zom_

@ A, W, B S R 34 T U SR A B A B
.2015.

@ A, bW, B S R 46 fT Uk S DU A B A B 4 4
.2018.

& Ak, B W, B S R TE 46 f Uk A IO B A I 4
#.2018.

©® 2015 SEVUPU i FUEE AT K 43 (Underwater Mining Conference,
UMC).

@ Ak, AR, B A8 R E O 62 ALY A B R 4. 2020.



