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Q0 S|E5 U0} o ER(REY)E Aol Bl Ao, B vjore] s Bumor e Agolq As s Rast
o] Belgo] wet il Lo 2A FEWT k. B e RS Eo Fa sjokol A REY £E S47} vehzE(host
phase), 54] 712 5l @A) A7)0l Bt A5 Fste] REY O] B 9 75| ths) A2ksbael ols)S At sheit. Alsheld
Zo 4| REY= B4 Zo|o] Sl Aut w5 E2 A& En| 1 ol sjoizk, )9 Yol q A= thes Uehde, o] A2 e
aoreta sold B4 22 Althel W 57 AAe] ZAS AAFE REY 5] Qlold 487)9 A5Ho] 28 vieies
2} g3, B = ALBHE(Fe-Mn oxides)& |14 FFUO2 7)5ah REY 54L& 4397 748t 50| majorsts) 27
3} e Belo] LoV REY weH-50) ) 2 REE e 5|28, AR x4 5o 34 A0 s B4 9 ngt
A S ol TAH 0] BT B =RE o|2fat Aek AR ARSI, B AU oiv) mat Hoo| mojo] J)uet B3 <
7o Bage Ao A REY 53 A0 Tajerehd ojols Basha o FREY AsiEdE o] B&A Bje] 7]ofska
A} ghet.

FRO: S|EF, oHEIHE, 27| s, Do|ER HE, el

ABSTRACT: Rare earth elements and yttrium (REY) are critical resources for advanced industries and have recently attracted attention as
alternative sources due to their high concentrations in Pacific deep-sea sediments. This review summarizes recent studies on the spatial
distribution, host minerals, enrichment mechanisms and depositional timing of REY in major oceanic regions, with a particular focus on
the Pacific, in order to improve the geochemical understanding of their occurrence and behavior. In deep-sea sediments, REY is often highly
concentrated within specific stratigraphic horizons, indicating episodic enrichment events associated with specific geological time periods.
Biogenic apatite has been identified as the primary host phase, with Fe-Mn oxides acting as secondary sources or carriers. REY enrichment
is considered to be strongly associated with paleoceanographic conditions such as enhanced bottom currents. However, interpretation of the
chronology and spatial distribution of REY-rich layers remains challenging due to low sedimentation rates and complex seafloor bathymetry.
This review highlights these limitations in current understanding and emphasizes the need for multi-proxy age models and integrated multi-core
geochemical analyses to better understand the paleoceanographic significance of REY enrichment events and to enhance future deep seabed
resources exploration.
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1TLME

S|ER YNrare earth elements; REE)+= $&=(lanthanides)
of] £&3}= 157112] Y24 (La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb,
Dy, Ho, Er, Tm, Yb, Lu)& 7}&|7™, fARE A S 2 5
U3t FAol A A WA T = ol ER(Y)= EFste] REY
(Rare earth elements and Yttrium)2 &38| EA3tt} o|&
< S53 F5HY, ARp|1A EACR Qe MG RE
WA A7IR] Ak Aol A4 AMEEH, 3] 22
9] oY A] Ak Aol weh =87t F55kaL St o2t
AHAH Qo= E5HaL REY Y 332 AlAIR = F
= @R o]232y Pl A og &AL §lof
(e.g., Mancheri, 2015), 8 $UZE2 X 3 FAHE =
W3 e,

o]t -2l o] UZLO Z Kato et al. (2011) 7} EfHF A
SHEHE Y REY T3¢ HEREY-rich mud)e] £z}
Husiglon, £3] &0 njun| A FESS; Minami-
torishima) ¥JEF& A4S (Exclusive Economic Zone; EEZ)
oA REY 9] & FHZREY)°] Zff 7,000 ppmo]| o] 2=
REY 118k5- EjZ| 20| BEAE| It Fujinaga et al., 2016; lijima
et al., 2016). o] 59 F9= S o] 252 FA(ion-
adsorption type deposits)i} H|AEo] REY 135 JAE
(REY-rich mud; XREY>400 ppm)Z YHEJc}t F2 =
S o] BEST g 840 oleFAY B o &
AP 10% oVl His) B9} AR weu, 2
2 7AL AFg Z7bo) bk A1 407 Sobd F(E)
3| =f(Heavy REE; HREE, Eu-Lu) 3] o} ZA|4]
F}A)= v A A HrbElo] $hek(Pak ef al., 2019). REY
139 HE9] & REY $HZREY=500-2,000 ppm)< ©]
28319 WA wizeln, § SRR SEIE oFF UlE
HREE=70-430 ppm)°]] @3}4{(Bao and Zhao, 2008; Kato
et al., 2011), E|ZFFo Ao A /do] =A B7HE A
o} Z2ju o]& REY 1§ JE BE ZHolu 31H4
BEE g2 BT, ol FF Aol ol e
© 233 7Rsgo] £} tebH T REY 1o U=
of &R A} BIHE ol ol5e] B4
o, F-& 71&o]| et aafjsta] o] 7} A g = ofof gt

oo & =HoAE 7|E& A7E B8l EuE EA g
AE Y REY £X S Aestay, @A71A] Ak REY
9] X712} &7, 18|aL o]F0] AY+= getE 9
Olof| 3} =513t o1& F3l = ZE W REYY &)/
3leha] REEA | tigl o|sfE =Xt 7HH, A7HA] 9
A2 FHAIE Totstar FFF At Wk BAskarA) gt

2. oHEE MOHEIHE | IST REY 21 2

Kato ef al. (2011) )%} As|H2E U SREY @

o]

oA 53] & TFE HYE AZseh o]F Fujinaga
et al. (2016), Tijima et al. (2016) 5o] EAgH k9] u|r}
n|E2jA|a} EEZo|A] REY 3ol 5,000 ppme 43]sh=
REY 23 M &S0 EAE Baugt o] %, thafgt s 9o
A AsiEAE W REY @olu REEA Fofl tieh o+
7F o] Rl H . o] & AollAl= 71E Kato et al. (2011)7F
A3 REY 3-8 AE(REY-rich mud; ~REY>400 ppm)
% 26] 2o PYL Bolk HHE| s 1= (highly
REY-rich mud; 2REY>2,000 ppm), 1% (extremely
REY-rich mud; XREY>5,000 ppm) 52 €0]& A3}
t}. o]o} 2 3x & REY 9] BE2 £4 FFo4 A
£ Uehlis S Holat, I £ Fole Aguitt 24
tEA Yepgith EA4 A Zojol A BaiE REY Y] Fdf
T I #3E o7t AAolstEiRie sid siY EA=e
AAFA S gt 2 5 lo] FoE FHd X
REY 9|52 £33 HESI

2.1. SMEHE

EAHEY A FoA 270l 5= REY 3ol
HUEZR] gl ey, 201349 o]F Ui njupu|Eg| A}
EEZ WollA] vl =& F=(Z XREY=6,799 ppm)¢]
REY 23H E|&30] EE It Kon et al., 2014; Fujinaga
et al., 2016; Tijima et al., 2016). o]Zo| = Z|d}] 4,000 ppm
oJAlo] YREY g=fo] X|&A o2 X 11%|Q 1 (Tanaka et
al., 2020a), v|w|E2|A|a} EEZ FH 9| Ful2|oh 4]
(East Mariana Basin), T 7}9€} E-X|(Pigafetta Basin) &
Ze] SIS FAO 2 7,500 ppme] o2& TREY
3leFo] B %= S(Mimura ef al., 2019; Tanaka et al.,
2020b; Bi et al., 2021; Wang et al., 2021), A 7}A] 713
it A7 o] RO R AL Q= S ot 2™ 1).

EAEEY Y W REY 13+ HE(ZREY>400 ppm)
7 BE A e] E|21E 7o) U] 224 REY W8S A7
He, A2 £F 02 RE 2-13 m 30]9] FFo0A 54
g REY 9] H3517}F W= m(1st REY peak), A3H 22k
9] S (Unit II, Mo A Uetbe X3}eHs] E4= tiA|
2 SAFSICH 2™ 2) (Tanaka et al., 2020a). ©]23t REY
Y27} S EE ARA] HolA A7 RS
7hs/doll 2k, mjum| E2jAuF EEZ W) 9 QI sl Hof gt
3 2-8d 5 e FeSA7E AbE vF 9tk Tanaka et
al., 2020a, 2020b).
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Pacific Rise)o]| 77k sl gl A o} ZREY 7} ¢F 1,500
ppm ©)%F9] FE== UEh 0|59 3ol E57t 7193
th= S o] Alek=EItk(Kato et al., 2011; Seo et al., 2014).
Jeu A Aoz 4] &l EFEo] w2 Y s
= Al9Jshd, FHEY siWY FFo] 22 T EeHEY
o] HE E|FFo|A= REY 1gF HE}F &3] YEt
UthKato ef al., 2011; Tanaka ef al., 2023; 713 3).
defEgelA= 24 571 st SEBEY SiE Aol
o] HsfiA 2AoA 2 4,662 ppmo]| °]== REY g
& AE9 By} BuEQrhe.g., Kato et al., 2011;
Dunlea et al., 2015; Yasukawa et al., 2016; Zhou et al.,
2020, 2021; Ohta et al., 2021; Tanaka et al., 2023). ‘FE}
B EAHE G v HaE XREY S SHEE We

1}, ¢k 2 m o]y Zlo]e] H 229 SREY7} 22 A|dS
o] Bhthe Yol 4 S8 E B,

205

23. 2144

U= d A BH o2 gl Hls) HAE
W REY §gFo] A vehdoh Q1x=%e A2 400 ppm
oIste] S S SREVE el B0 4ol 3
o MwA A GEAFIA AHOE R HER
Slego] YEPATH I 4). $401=9HEX|(Mid-Indian Basin)
oA Z i 1,737 ppm®] REY 13hr HE7} B low
(Zhang et al., 2017, 2023; Yu et al., 2021). SA=9F oI E
2.X](Wharton Basin) oA %= 2F 1,100 ppm 2] F|t}} XREY
£ YeEhjl= X go] BEAE K Pattan et al., 1995; Yasukawa
et al., 2014). WA A Q=9 I EF 3tefo] H]F| =&
B0l =RV} ABEE 2 AR S0 AL
A A Tl |7

A g AA A o2 3 ERF o] 400 ppm ©]5to]H
Huw glol§ 9] = ejE Y, =gl vls) AA5] Aok

300 N M REY concentration 3 Y -DSDP576 7*0
g na _M amitorishima
M O <400 ppm ’ ~\EEZ
© 1000~2000 ppm ‘e -1000
@ >2000 ppm
12000
< 0% N 7 Pigaetta rx
15°N ] Q87 e B‘asm
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Fig 1. Spatial distribution of maximum REY concentrations (XREY; in ppm) in deep-sea sediments in Northwestern Pacific (a),
and a zoomed-in view around the Minamitorishima EEZ from the same region (b). The color-coded circles represent different
concentration ranges: gray (<400 ppm), yellow (400-1000 ppm), orange (1000-2000 ppm), and red (>2000 ppm). White squares
indicate sites where REY data are not available (N/A) yet cited in text.
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(2% 5). HoAgollA= ZREY 400 ppm o}49] EHE = UrHZhang et al., 2017).
o EA7F HaE A gkev, A7EAY HolH7t £5
E| X o] e} shie SEF gk dEAA gt 2.4. HHE REY 22X S8 AU

o g el A 1302 ppme] SES BFol BT HZE ) REYY A BE B4 S, o2
MR14-E02
0 PC01 PC02 PCO03 PC04 PCO5 PC06 PC08 PC09 PC10 PC11
I . I: l || —
NigE B ERE EEE- L
[y
72} -
Q
L. 6.79m L — =
£ - ]
Q- —
o) i I
()] [ —
10— —] ]
| — 10.01m
41 11.49 m 11.40m L |
122m = 12.08 m 11.92m
| 13.07 m 12.96 m 1312 m
15— Qunitt - Qunitiv - @ 1st REY peak
Qunit Qunitv Q) 2nd $REY peak
O unitm QO 3rd ZREY peak

Fig. 2. Chemostratigraphic correlation in MR14-E02 cores from the Northwestern Pacific (adopted from Tanaka et al., 2020a).
REY peak: 2REY (ppm) > 2000, Unit I: Ba (ppm) > Co (ppm) + 330 (ppm) and 2REY (ppm) < 400, Unit II: TiO, (wt.%) >
0.7 and 2REY (ppm) > 400, Unit III: Fe,O3* (wt.%)/TiO; (wt.%) >11 and 2REY (ppm) > 400, Unit IV: P,Os (wt.%)/>REY
(ppm) > 0.0018 and 2REY (ppm) > 400, Unit V: the remaining samples.
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Fig. 3. Spatial distribution of maximum REY concentrations (ppm) in deep-sea sediments in Central and Eastern Pacific. The
color coding follows the classification used in Figure 1.



719 &89 7, 2 Aol 71 et R A= 7
A2 HHE o5, B2 SHo R ARt e Y et
HE SO2 3 34 anz AvEQ HHEe] &2 3
ol A REY 9] o] WA yehdt. ofof whet 2 sfefel
A diE FHE= HAE U REY &3] W2 F& 2ol

w, 53] AEe U ke AR BAFARE A5
£ oE 719 HHE0) 99 e EslEs} ol o

A= e gel Blsl REY o] YT 1™ 4, 5; Yu et al,
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2021). 3L, FEE LY HA|Z FA R T e 4
Ao YREYZ7F 2 RS & 5= (™ 3), ol= 1
AlaL ARt sl EAE 9] FRkos E‘:’]E](Romero-
Rodriguez et al., 2020). ‘FE|EF EHE2 thE 39, &
5| BjEYF o YoM = Hutd o= =2 SREYE YE
=0, FefE o] Sejg gl vls] tiE 71d A= F
¢Jo] W] wjE o2 wekEtl(Yasukawa ef al., 2016; Tanaka
et al., 2023). Th9t AT B2t Bl H T o] 5 L2 Q1%
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Fig. 4. Spatial distribution of maximum REY concentrations (ppm) in deep-sea sediments in Indian Ocean. The color coding

follows the classification used in Figure 1.
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Fig. 5. Spatial distribution of maximum REY concentrations (ppm) in deep-sea sediments in Atlantic Ocean. The color coding
follows the classification used in Figure 1. CCFZ: Clarion-Clipperton fracture zone; EPR: East Pacific Rise.
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dis2e] A= 4, AT 714 st 9 Hx23)
UE FAAUAY FF 7k 25 H AREASY 2
REY Q] Z4AE o739 Aoz HeltKYasukawa et
al.,2016; Ohta et al., 2021; Tanaka et al., 2023).

HAE EHAEY Frdol ARMAQl sfollA= BE 7
A BAE0 Y4 A HEo] FH B4 g9lo 2 ARGt
Ful ASAEAC] H)8) v]@A we SREYE tehii
B AT (Y 3 AR AAHYo] ot A 7]
A 42, 53] St 9 7 ALY Bl st ol
S wE i E2 B & BE X T A AR H]
o Fmsich oMY 4 R BEWAAS G T E
ozREe 444 HAZ §UE el REY REEY
2 H9ohe QR 2FAAIM, olgol= ¢1Te] B4
F, AFAE, AN QY TEF ol
REY 23] G2 u]2 202 o8 5 ek

3. HE SMIHREY 58 JI%t

HAFY Ml d =S T2 dEL 25 E FU== 4
4 BHAE, 13 B S5 eRE AitEE s 7
A Ay, 5 9L AA oA B/ == A (authigenic) FE
2 A" ol F 7 &Y ol ZREY LMY ¢
ABBAE e REYY 3 wieid o2 A= AE &
E-& YHAo|E(phillipsite)(Piper, 1974; Kato et al., 2011),
A-"}7HY & AF8HE(Fe-Mn oxides) 52 AHYF-E(Kato et
al.,2011; Seo et al., 2014), = =7 tH O £442-8 At
=2 WE7]Y 234 (biogenic calcium phosphate; bio-
apatite or BCP) 5-¢|thi(Fujinaga et al., 2016; lijima et al.,
2016; Wang et al., 2016; Tanaka et al., 2020a).

o8 A A= EHE W P,OsTFT ZREYZHY

AEA 5 OFe FEAE NEA BEiE B <Ak A
S43Y 52 590 AsiEZE W REY S 70% o]/do] &=
7190 ql3l4jo] EgHEo] e YTk Kon ef al., 2014;
Fujinaga et al., 2016; lijima et al., 2016; Tanaka et al.,
2020a; Kim et al., 2022; 13 6). FE7|H A3 X2 F=2
oj79] Ao} & ZA 9| wHo| EA & YEAHH A==, A
27 3o A REY7} w3 Ethal 424 qickLiao et al.,
2019). o5& A-Y7HU= AkgHEo] vlsf oF 13u0), TYAL
O|E, A T 718t FEol sl oF 2008 9] B EF F4] &
A2& ®ArhKon ef al., 2014). £3] 0]F xjob= Heba
(enamel), 4}oF&(dentin), Z|<(pulp)2 =W A5
Tl e FER= Ao HEH o E FHET
ALt 720 HFEE JEF Ao} F {55 e
o XJoprt HEE = vlof F23 98-S St 19 7; Liao
et al.,2019; Huang et al., 2023).

-7 = 4B vjatty], v)gd dAs-441st
= 59 g2 £A3} E£3] Clarion-Clipperton fracture
zone (CCFZ) 59 sfjoolA= SEHEY B I
B 71908 REYE S35k Ao AgkEitkKato er
al., 2011; Seo et al., 2014). |52 REY S| S el 4&E 5
sfbolut, Ho) APEe HA FojE 34 5 FI4E
Jgerel REYE WEsha A2 7149 Q8800 3
2 S=rhal Aotk th(Kashiwabara et al., 2018; Liao et
al., 2019; Kim et al., 2022; Huang et al., 2023). d-Z7}
Y= AHE2 29 £38f|(reductive dissolution), 335 H3
(mineral transformation), &2tz H¥(adsorption-de-
sorption equilibrium) 59 IS E3) 322 REYE

LZ23)= 70 2 BRItK(Kashiwabara ef al., 2018).
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Fig. 6. P,Os versus total REY (left) and CaO of sediment core samples (right) in the Minamitorishima EEZ. P,Os and >REY
show positive correlation (R = 0.98). Linear regression line between CaO and P,Os: CaO=1.28xP,0s+1.24, Stoichiometric ratio
of BCP: 1.52 (Kon et al., 2014). KR13-02 PC04, 05: Tijima et al. (2016); KR13-02, KR14-02, MR13-E02: Fujinaga et al. (2016).



P Ao E(phillipsite)= E4(zeolite)=ol] &3h= A}
Qe AP0z, 32 kY B AL WANEE
A A EtHBonatti, 1963; Petzing and Chester, 1979; Tyer
et al., 2018). REY 113HS ZFof YRPo|ET} EE351A
AREEE @2 B2 Aol s EaES e K(Piper,
1974; Kato et al., 2011; Wang et al., 2016; Liao et al.,
2022), gAfo]Eof= REY7} 53] A gou=a
F9 HgL-Eo = A 2% i Dubinin, 2000; Kon et
al., 2014; Li, S. et al., 2023). Tt REY Q) 3T DA}
ol=o] e 54 APl ofet S|4 Aot 35w
(Kon et al., 2014; Yasukawa ef al., 2014; Ohta et al., 2016),
Leajol=o) GAe Bz Asrge] B4E =9} 2
B0 REYY S2lo] 44 A1 Uehd 754
AA] A|ot=] Ik Burns and Burns, 1978; Li, S. et al., 2023).

AA7IA 2] & Hejshe, 27)0)= REY7} S3o
7|ofsh= v e dE 2 E YA E(phillipsite), HE71€ <
34, B-97h = A8t o] AgtElglon), He A7

S 44, 3] AE7|4 Q1340 REY7F 535 ¢
2} 91 FEAK(primary host phase)o|d], H-7}] = A3}t

52 0|2} FEA}(secondary phase) Ei= 57 72| &

ofhis L8k carrier) 2 7131t} B4 W A4 iE 7]
A3 REY'E oF 279] shglo] A=l Bgeld 4

2 719 814 ) EFEh 53] G5BFol P A
oA Fe¥', M, Sit” o] A-B7hUz A18h% 3l M=
of e weA) 418k 9 FEShEE REYE oo %3]
k. 913)4 FE7k A S AN Bk = 4
a}2 oA ot iR 3 stz EAat ol 3
W= pskRe e F S4TH B9 334 82,
B9 A5 AAYIY B F7F REY FFAC

B>
S
A
H:I
to
re
1
rot
ol
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2] Z-g3te REY Q] e HES F=TH 1 8).

4. ENZO MBHEIME LI REY 52 X710 LS JH

ApS S REY B2 B4, 5 wiejg 2t 579714
2 yejstE, GHUEI AR 719 QBN T, 84
HAEs 4203 W 799 A2 719 HAR 84 ft
o] REYS] 531 283k 7hg $03 W2 olA42
th FUIEAE REVE A B 9% 2 1%

o
HHN'
40
(‘Il‘
N,
01

dS Holn, o]59] A B4R
W &< REY B3l $-23Ql sjge o] £33
ug_ AR Ty s SHARd o I A= &
A=A dgton, o= A EHE dAdrd 19 of
oA 24 7]1%ct EAHE W REY Y] 532 44,
s AA, AE 71 EHE 5ol g3t 34 o] nju]gt 5
Aol Y, 24 235 E REYY F40] Hx=
B SAeE A= A8 EHEY 0l A
31 BRAFE RAFA = (carbonate compensation depth; CCD)
o] o] g4lo] dubAolm, oF 0.1 cm/kyr E+= 11 0]}
AP EAEO| &3] Uehdtt o|fdt E4o =z ¢l3) EF
7158 AZHA ST wl- wow, W 54T
AE7|Y EHEY Bt BE, shEEY A= 4
SHE A B A URHH O 2 o] & E= FFA A, etFAA
718 9] A8 ofFA Tt o] HA =L EHe= ¢l
3 REY 5717t A A7l wi¢- Algtd oz Aty
Pew, I At At s ol wet Aolshti(Ohta
et al., 2020; Bi et al., 2021; Wang, F. et al., 2021; Wang,
T. et al., 2023).
Wang, F. et al. (2021)3} Wang, T. ef al. (2023)2 SEj

nTN

Fig. 7. SEM images of bioapatite fossil recovered from Northwestern Pacific deep-sea sediments (688 cm depth in WP21GPC04
core, unpublished).
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HoFe] CCFZ 9 S Aol A $x7F EX=A
%2 EZFEF0] P10 W GC1901 W o F X|ote] 7 Sr
FAQ2u] (SS9} 38t A E 7|HEe 2 REY 118k
T2 FAAANE S A-F 7| ato] 2A](32-20 Ma)=
AFFATH I 1a, 3). olE°] Altgt Ath= <1<] DSDP
Site 163(Van Andel et al., 1973)9 A AtE AZ=AA <
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