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Fig. 1 Sampling location and geological background of the study area
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Table 1 Average value of the rare earth elements content in the North American shale
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Fig. 2 Core sediments types and typical smear photos of column cores GC02 and GC06
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Fig.3 X-Ray diffraction characteristics of sediment samples from GC06
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Table 2 Characteristic values of major element contents (unit: wt%)

Si0, ALO; CaO TFe,0; K,0 MgO MnO Na,O P,0s TiO,
PR f/MA 26.84 7.59 3.32 6.32 1.61 1.90 1.98 4.40 0.51 0.33
YN 42.54 12.66 21.82 11.26 2.85 2.99 3.71 5.96 1.93 0.57
A1 37.96 11.30 8.37 9.52 2.40 2.72 2.79 5.36 0.99 0.51
Eal Y H/ME 43.12 12.35 1.79 9.76 2.64 2.88 2.68 4.86 0.72 0.57
YN 45.62 13.74 2.55 10.77 2.99 3.15 3.39 5.81 1.39 0.68
A1 4420 13.27 2.16 10.27 2.84 3.00 3.11 5.12 1.12 0.63
AR+ H/ME 40.06 11.75 2.06 10.61 2.62 2.75 3.10 4.86 0.98 0.53
YN 43.74 13.54 3.39 12.89 3.02 3.17 3.67 6.08 2.01 0.65
FIH 41.80 13.08 2.38 11.82 2.82 3.00 3.35 5.39 1.30 0.60
Si0,/wt% CaO/wt% K,O/wt% MnO/wt% P,Oy/wt% YREY/(mg-kg )
ALOy/wWt% TFe,05/wt% MgO/wt% Na,O/wt% TiO,/wt% CaO/P,0,
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GC06 40 5091215 3 6 10 152 3 42 4 2 42 4 6 808 24 05 1.08001600 4 8 12

=T - T T T+ ¥ FF =11 — —r—r‘v—

—_— =+ — —_ — —_— = — — R S R —_ —4 — —_ - ¢ — — —]

220 f==2—-t

260 f : - : - - - : - - - - -
280

R WA W awk ] s
4 GCO2 il GCO6 AR LAY I B 0 3R A L oC R S IR 43 A
Fig. 4 Major element and ) REY (REE and Y) contents distribution with depth for sediment samples from GC02 and GC06
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e ARSCEICT MR RRE B AL, Ti A1 Zr, Hf JTH (Kalahari desert) ™ F138 A Fl] 37 85 2 —ik 4 75 Hi (Mur-
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Table 3 Correlation coefficients between major element and Y REY (REE and Y) contents in the sediments

Sio, AlLO; Ca0 TFe,0, K,O MgO MnO Na,0 P,0;5 TiO,  YREY

PR Si0, 1

ALO; 0.994 1

Ca0 -0.988  —0.997 1

TFe,0;  0.847 0886  —0.917 1

K,O 0.964 0966 0983  0.936 1

MgO 0.981 0.994  -0.999 0930 0.981 1

MnO 0710 0726  —0.781 0.915 0.872 0.787 1

Na,0 0.869  0.899  —0.869  0.727 0.764 0.875 0.418 1

P,05 0.533 0532  -0597  0.757 0.731 0.599 0.956  0.147 1

TiO, 0.991 0.999  -0.999  0.902 0.973 0.998 0.750  0.890  0.559 1

YREY  0.631 0.642  -0.702  0.858 0.813 0.708 0.992 0300  0.985 0.668 1
HHAR L Si0, 1

ALO; 0.567 1

Ca0 -0.847  —0.467 1

TFe,0; 0706  -0.295  0.694 1

K,O -0.897  -0.500  0.901 0.546 1

MgO 0.879 0620 0883 0465  —0.926 1

MnO  -0.887 0382  0.965 0.773 0.888  —0.839 1

Na,0 0.069  -0398 0266 -0.102 -0.160  0.061  -0.361 1

P,05 -0.888 0427  0.981 0.652 0943 0911 0977  -0.328 1

TiO, 0.848 0767  -0.690  -0.482  -0.801  0.865  —0.645 0384  —0.699 1

YREY  -0.882 0412 0952 0.668 0.926 0900 0964 0304 0978  -0.710 1
hAF+ Si0, 1

ALO; 0.375 1

Ca0 0451 0755 1

TFe,0; 0431 0347  —-0.502 1

K,O -0333 0356 0492  0.666 1

MgO 0.793 0426  -0351  -0271  -0.513 1

MnO  -0.052 0053 0367 0276 0527  —0.197 1

Na,0  -0.116 -0.010  0.192 0170  -0226 0112  —0.719 1

P,0;s 0363 039  0.013 0.265 048 0541 0779  —0.562 1

TiO, 0766  0.620  -0.501  -0250 0339  0.892 0.008  —0211  —0.467 1

YREY  -0406 —-0.088 —0236  0.459 0.797  —0.658  0.793  -0.542  0.876  —0.466 1
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Fig. 5 Distributions of trace element contents and 3Ce, Eu with depth in sediments from GC02 and GC06
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x4 BFEHNREMCESETERFMTE (B wt%)
Table 4 Characteristic values of major element contents for fish teeth/bones (unit: wt%)
Na,O MgO ALO; F SiO, P,05 cl K,O
Min 0.56 0.08 0 0 0 32.63 0 0
Max 1.29 0.46 0.29 4.27 0.73 41.02 0.09 0.04
Ave 0.90 0.26 0.04 2.64 0.03 37.88 0.03 0.01
CaO SO, CoO TiO2 CuO MnO FeO NiO
Min 42.42 0.08 0 0 0 0 0 0
Max 52.66 1.31 0.19 0.10 0.19 0.08 2.26 0.06
Ave 46.91 0.52 0.03 0.01 0.03 0.01 0.09 0.01
x5 BF/BHEMUBLTRFFEE (B mgkg)
Table 5 Characteristic values of rare earth element contents for fish teeth/bones (unit: mg/kg)
La Ce Pr Nd Sm Eu Gd Tb
Min 65.88 3.39 18.65 81.97 17.05 4.75 25.86 3.86
Max 3313.65 904.16 1038.16 4765.49 1275.60 300.89 1627.31 250.79
Ave 1016.35 207.46 270.77 1172.90 289.57 73.65 381.27 60.89
Dy Y Ho Er Tm Yb Lu REY
Min 25.34 184.90 5.90 16.00 2.25 14.07 2.88 480.55
Max 1 586.88 10 069.98 331.56 959.10 140.98 829.39 170.17 2722597
Ave 401.24 2 817.15 87.23 261.20 39.88 243.94 45.29 7 368.81
Ro6 WMEAEGHWEMEIEBTRSFMER (B wt%)
Table 6 Characteristic values of major element contents for micronodules (unit: wt%)
Na,0 MgO ALO; F SiO, P,0s cl K,O
Min 0 0.67 0.43 0 1.06 0 0.01 0
Max 0.39 6.26 13.00 0.45 22.10 1.64 0.13 1.68
Ave 0.13 1.70 1.97 0.10 4.53 0.30 0.06 0.12
CaO SO; CoO TiO2 CuO MnO FeO NiO
Min 1.72 0 0 0.05 0.10 25.82 0.61 0.15
Max 4.29 0.51 2.10 2.37 2.34 55.85 23.01 2.46
Ave 3.19 0.30 1.02 1.01 0.54 40.24 13.16 0.65
A B B ) o s ] B 3k 5oSH, A WSS X2 T 5.2 REY BT ¥
20°~25°S Z [], A it 52 3] o 0 7 B ) 1 Y 5 o AR CHBRZ W 15 W LR TR Y #i
AN BEERERGE B N AR Y B s AR (K 1a),  ROTER FEMAFEE YR KA e, RSO AE R

S W 5T X TR M ) RE 32 22 60T R R IR 1 KA )
o AHJE, BRXUAR 8 SR 12T 5T XU 7 BT A
A= 1 W B A A A8 A DL R i e R AR DU P AR Y
R SR R, s L — 2L TS .

KW, YREY FI P,O; [ AH Xk fie 4f (36 3), MMk &
orh 0.9, BFFEXULRY A P 32 2R H ALY K

i F A O RO T AR W) Bk K £ fE REY
HEDEPEERELEANME. BEE PO, & E Y
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R7T WEGNEABLTERERE (26 mgkg)
Table 7 Characteristic values of rare earth element contents for micronodules (unit: mg/kg)

La Ce Pr Nd Sm Eu Gd Tb
Min 17.36 100.21 4.63 17.28 3.57 0.79 3.84 0.49
Max 151.85 1833.82 36.26 156.72 36.03 8.44 42.79 4.67
Ave 71.11 1118.55 13.09 48.74 10.63 2.64 12.10 1.78

Dy Y Ho Er Tm Yb Lu REY
Min 3.46 9.17 0.76 2.07 0.25 1.59 0.27 177.31
Max 34.42 151.07 5.97 19.00 2.23 13.10 2.10 2109.70
Ave 10.85 42.16 2.16 6.31 0.98 6.53 0.97 1348.61
F8  GCO2 7 GCO6 HRTMAMFIH T K (DF) HHE FUAEREAR . 15T 8b SR T AN Rl S R DT AR v A Wy i I

(AVTI)

Table 8 Discriminant function (DF) calculation for sediments in
GC02 and GCO06 (Al/Ti)

Hbp RS RO SRkt s
GCo02 0.31 0.15 0.13
GCo06 031 0.14 0.12

T RIS VDI ROE S % 30k [46], 58 Bk A4 EE S S0k
[47], T fInHr s BE 2% SCHk[24-25] 0

%9  GCO2 71 GCO6 FHARTFMFI R &% (DF) &

(Zr/HD)
Table 9 Discriminant function (DF) calculation for sediments in
GCO02 and GC06 (Zr/Hf)

AR S RO EYE SRk a s
GCo02 041 0.01 0.13
GCo6 0.33 0.04 0.06

e RIS VDB S SOk [46], B8 Bk A A RS2 Sk
[47], T i e B 275 SCHk[24-25]

i, YA R B YREY 2 3% Wi g (&l 7a). LA,
ST BRIV A Y REY fiefs, b 480.55~
27 225.97 mg/kg, - N 7 368.81 mg/kg, K ALY
B A (f0 28 /8 45 ) 2 AR b REY B 2 R0
Yo Xt LT SRRV R TR
F B AT A Wl KA TP A

& B+ U0 (>700 mg/kg) B CaO/P,0; M 14 7F
0~2 Z [ (14l 8a), & AW K A1 CaO/P,0; 17
il oM 0.76~1.58, SEEME M 1.23, /NTRT AR HE (1.30~
1.90, 2 % 3Ciik [24]) (8] 8b). iX A A 7F 2 W 85 I &1
H R AR AT BN B2

REE**+Na"=2Ca* fll REE*+Si* Ca?+P*".

REY* B 4ot A= Wy JK A7 P i) Ca™, 33 CaO/P,0;

A1 1 CaO/P,0, U JC B 1 1Y 22 57, TR L UL AR 2 AL
F A= Wy JK A CaO/P,0; FUE 22 18] JC B B /Y 56 & .
T & 8a HR AT i B 1 )2 CaO/P,0; FEAH %5 15 i J 1A,
AIBE R TURI P & A KRB AEY . K7 BRT
M CaO B 7 & 1 T 10% IF, Fifi & CaO & 2= B 34,
SREY S i /0 ), PR 5 A 4 57 (R e e B 4
REY & & HA M BAE N, X — 45 R CF AT AR
ghpnraa,

B A K R, SRR o
Z U, YREY 5 TFe,0, Fl MnO ¥ 77 15— 5& I A 5 1k
(2 3), FH I BT R A B 285 A X T 5 DX R T T AL v
REY M S EA GTMEH . A2 R R, 8RR
ZE M YREY 455, SF#{EYREY i 1 348.61 mg/kg,
UL A% W IR 5Tk T REY . BfiE TFe,0,
H1 MnO #5238, YREY 925 &t 2 3m i (& 7c,
K 7f) . SR, GCO2 Al GCO6 A 4R A 0 UL AL W Y
NASC B 43 5% X 1 A= W) 8 Ik A7 v 19 NASC e 43 45 =X
AHAL, 2B Ce BT 50 (5] 9a, 18] 9c), 1M kR T 45 %
) NASC fid #5202 B Ce BYIE % (K 9¢)o EHE
i L UL, Bl 5Ce H3S N, YREY J& 32 i v /b 1
(Bl 7e)o Zf I, BRAER TS A% 2 WF 58 X AR i REY (IR
BT Y -

YREY FlEG il A7 1 & 2 522 1E A0 O OC R (K]
10d), SR, JE A7 43 A 45 9 R T 85+ 7 ik 1 T i o7
YIYREY 10 78.38 mg/kg, F S+ F il A4 A 2 +
TCE M EEWAT W)

Zi I, 7E GCO02 Fl GCO6 AR WL ALY h il 0 &
) FE LA™Y R A Wl I (2 5 ), L2
BRER IS B, S ik A AN s R TR
53 REY HIkiE

AT ERI, AR &M LRy Lo R
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Fig. 7 Cross-plots of Y REY versus P,Os, CaO, MnO, Al,O;, 6Ce and TFe,O; for sediments from different regions in the Indian Ocean (the
DSDP and ODP site data refer to references [24—25])
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. Cross-plot of CaO/P,0O5 versus ) REY for sediments from different stations in the Indian Ocean; b. cross-plot of CaO/P,05 versus Y REY for fish teeth in

GCO02 and GCO06. The range of CaO/P,05 in fish teeth (1.30—1.90) refer to reference [53], and the DSDP and ODP site data refer to references [24-25]
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Fig. 12 Comparison of North American shale standardized-normalized rare earth elements patterns for different parts of fish

teeth form the sediments from GC06
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The study on geochemical characteristics and enrichment mechanism of
deep sea REY-rich sediments in the Central Indian Ocean Basin

SunYi"“%*, ShiXuefa'?, Yan Quanshu'?, Liu Xijun®, Yu Miao"?, Huang Mu"?, Bi Dongjie"?, LiJia"?,

Zhu Aimei"?, Gao Jingjing"?, Wang Hongmin"?, Zhang Zhaoqi "**

(1. Key Laboratory of Marine Geology and Metallogeny, First Institute of Oceanography, Ministry of Natural Resources, Qingdao 266061,
China; 2. Laboratory for Marine Geology, Pilot National Laboratory for Marine Science and Technology (Qingdao), Qingdao 266237,
China; 3. Guangxi Key Laboratory of Hidden Metallic Ore Deposils Exploration, Guilin University of Technology, Guilin 541004, China)

Abstract: In this paper, sediment smear observations, X-ray diffraction analyses, major, trace and rare earth ele-
ments analyses, and in situ micro zone geochemical analyses of single minerals were carried out on samples of core
GCO02 and GCO6 from the rare earth-rich deep-sea sediments in the Central Indian Ocean Basin to explore their geo-
chemical characteristics, material sources and enrichment mechanisms of rare earth elements (REY). The results
show that the sediment types of core GC02 are calcareous clay and zeolitic clay, and the sediment types of core
GCO06 are calcareous clay, zeolite-bearing clay and zeolitic clay. Rare earth elements are enriched in zeolite-bear-
ing clays and zeolitic clays. The North American Shale Composite (NASC) Standardized patterns of REY in the
sediments indicate a possible seawater origin. Mineralogical and geochemical signatures indicate that the terrestrial
fraction of these sediments in the study area should be the eolian dust material originated primarily from Australian.
Elemental correlations and CaO/P,0; ratios indicate that the main host mineral of REY in REY-rich deep-sea sedi-
ments is bioapatite (fish teeth/bone), followed by Fe-Mn micronodule. This study summarizes and discusses the
formation mechanism of REY-rich sediments and improves a conceptual model for the formation process of REY-

rich sediments.

Key words: Central Indian Ocean Basin; rare earth-rich deep-sea sediments; geochemistry; rare earth sources; REY-host

minerals; enrichment mechanism
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