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Fig.1

Geographical location, surface circulation and sampling stations of the Japan Sea

base map after reference[11]; current depth of sea sill named after the strait, as in reference[12]
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Fig.2 Paleogeographic evolution of the Japan Sea since the Late Miocene (modified from references [20,82,84-85])
NPDW. North Pacific Deep Water; LCDW. Lower Circumpolar Deep Water; TWC. Tsushima Warm Current, OC. Oyashio Current
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Fig.3 Distribution of planktonic foraminifera™*, volcanic ash*" and diatoms at IODP U1430, Japan Sea
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(after references [7,20,84])

Xof iU T ] A A B0 R %) sl 47 5 ST VAR B VA sk (T
1), P BK AR S DT S nl RE AP e — R 2= 57, T A
252 IRt L HERR T . A BESE I, B
T B 3228 R e K ik e 1 R B R AR A IR A
BB i A 7 1 TR AR AR 5T P S T B A A A Y
FEhr o BLA, B HUFEAR TR 5 K b 7% 5] 1T
7, U430 337 7.2~4.5 Ma 4 K2R3 1210 % nT EZ 2]
DU ] p 2w oot nosseresl i iy Sk 5, ZEWF ST H AR
AR IR AR, N Y 2R A RS R AT RE S I VR
Ui 2 9 A K BT T SR W AR N B RN A g 2R
PG R AR KL B H AR AR 3 Bty Vi R v
14 .

AR L BRI =T, B AR IR KR 5 H &
IR TR T SRR Y, LS T T L CCD L R 2 KR
£ IRJZKEARYE X B I B A5 A I A ) RUEE
FPGEAR AT /T ABFIE BN, 7E 2.75 Ma, H AJLHS
Fay s F6 T Bt TR REAIG , 250 H ARG A VA AR v
15 = B IR D 5 2.3~1.3 Madt il
38 LT G, 530 H A A 77 ) W REAR (& 6,
7T AR TODP 346 itk 5 AFFE it — 245 i, 2~
3 Madttl vk Ee 4 ok 5 [ XA Fe 38 5500, {24 H A<
TR A 7= T30, B RR Fe AE AT BEAE — & 25
HRIE T KA SR ER A R (5 e ([ Ta) 5 iR
29 1.2 Ma LUK , 23K TH A8 Th 42 1 25 0T E i 0k 1y
TG 2 AT E B Y R R, AT R H A
T RJZ VL 7 7 Bl i A R S5 1Y) ] 191 A%
fEP(E 6 K 7e) o FFH.,MPT(1.2~0.8 Ma){ij)5 , H
A3 K 353 A0 TR vk 3 B %) K A BR B A7 AR B ) 22
S MPT W [H) H AR 4ERE 2 = 0 27 77, TOC
T EGE 0 2K BB, IR SRR 1 IE
WAL AR i

TE 55 DU 228 [R] K3 1% 75 T - TETRE 39, 2R 30 52 2= XL
e R L R R Y 2 MK O EhBE ) T A H AR
N ) b (eI B U N s B 71 o T ol = I N | 1
TUUE R H A RRAE K, TR )Z K 1Y K i B Bl AR 5
IR L TGR  AH )2 K B A e LS R
AR, AR 2 A7 T v ARG R (] 7e)7 s 7R 45
TRASE B 393, o E Vg e AT SR I, AF 2 ARV W 2 7K ) P
KIEFFFA H A Ik 2 B8 37 16 8 0 52 0
1%, PT RSN H A ILHS H AHRRRAE A 0 7= A=, i 15
FJZHE T 1A T REA , (EX) D g 9 i A )8 FR AR T
AE A r= ST SR A A 257K (B Te ) 5 ZE VKT R
TR TRT I AR 4 2 XU TS e s o7, H AR T JLF-
SEEPA R ABARGEHT KA T DLE A ARER R 2K
PR LA 15 H A2 5 )24k, BHLAE T IR )2 7K A XL,
H AT R 2 A8 i e W e sl 55 17 -, B &
BRJZ A7 10D AN G JE BT AR 25 2 R T
REAERT T — AP R RIZE 1 (B 7o) reems,

H A V565 DO 20 R (0 RV (0 8 R 2 — LRSI
S, HOE Bl 32 2257 B 88— B RO k<
55V TR Ak M HL S R AR E 5 s (B 7) , IF



1726 ioB B4t
TOC/% SRR < 10" Fel/% (U/Al/<10" H AR HEA AT St H 9%
0 1 2 3 0 10 20 30 1 2 3 4 5 0 1 2 3 0123 45
0 | 1 oy —— 0
] Actinomma Cornutella
o ; boreale profunda 05
1.0 1 1.0
m g AMBN X e
1.5 1 a 1.5
g # A T TG s
& 2.04 2.0 ﬁ\'ﬁ
L N I D TR LU sy ORIy IS SO AU SUSPPUPIIIY PSPPI ST R ¥
2.54 2.5
3.0 [ 3.0
# b} LA i
35| | 35
H
4.0+ M 4.0
T T T
0 1000 2000 3000 0 20 40 60 80 0o 4 8 12 16 0 4 8 1216 012 3 4
AR <107 R <107 (Mo/Al)/x10" TR E/(10'7g) AR TR %

6 LBt LIk B A A ) 0 A R R
P SCRRI2 LIRI[821E L, TOC (% ) B i KAFL 4.83 i H 22 BE S FHL , k=R 2o 1 ODP 7940A., JHCSS U S [ DSDP 302 337 . ¢ 5 X IR 7R 2~3 Ma vl 247 7 948
T A € DX 7R 1.2 Ma RASKE A= 7™ I IR S PR SRR 14 LSRR 5l , R R /R T H AU LRI 11y X A
Fig.6  Evolution of paleo-productivity in the Japan Sea since the Pliocene
from references[21,82], in which maximum value of 4.83 for TOC (%) is outside the scale range; diatom abundance from ODP site 794A and radiolarian data from DSDP site
302. Green area indicates an increase in paleo-productivity at 2-3 Ma; orange area shows periodic fluctuations in paleo-productivity and seafloor redox environment since

1.2 Ma; dotted lines show closure of the seaway in the northern Japan Sea

(a) (b)
Rk
SW ﬂ NE SW NE
ST Wb 3 HiEE U | OSWZHi
EmN WU DB ﬁ$@%§ w0 WAL RFERE NPDWEZHHL
. AR P SRR T
ok 2 i s —p R R MR HEE A Ve

JR KA

FEHEF I (=20~+10 m)

Erih e
S EER —p wmkrnes C—p
Tt
Eavie

HEfR g

Xt it

AT

HEE T (~60~—20 m)

FRiFITRK

n i

ik 3

SAfE—R A

HERR gk

R

WA AR APIBYZ (TOCH)

TR AR

flizal]

Sk 4

Wei>75%
M EE IGHEF I (<-90m)
FRAFH A WP AT

NN
HRAL

Xt ik TR

JEH R G TR

T (—90~—60 m)

ZRIFUY K
I

X} 2 itk

HE R AR ADIBYZ (TOCHER)

B 7 550D B A A 7 0y i e A AR 2 & 3 35 R &R (4 SCRik[7,20,82,84,105118 240)

(a)3~2.3 Ma;(h)2.3~1.3 Ma; (c)Z 1.2 Ma &4
Fig.7  Evolutional pattern and dominant factors affecting paleo-productivity in the Japan Sea during the Quaternary

(modified from references [7,20,82,84,105])



55 634]

FET I A5 WA= A H A b A7 g i AL 1727

H AT BE B T 5 D-0(Dansgaard-Oeschger) JiE 7] 3 #H
IR B AR e T4 RUEE AR fg oo zimamsnieasin g
HITFE s , HASE TR (02 B 2R 2 20288, 2%
F ORI T AN 5] 5 T AL ) 0oty o 3 B a0l
H 2 15 B 55 0 20 1% K3 R0 ) K HH R S5 DR ()2
BEUKIIE U HHA K2 B R )2, Horp A
A AR Wb R AR T i AN B, T8 T H AR
P FRPIR S 7K AR 2 A R 4R 1) IS 2 /K R A5 5 1 ] vk 3B
AT ) T 0 2 ) B A A LR 75 L FE S T A
e BRI AR 1 2 A (8 Te) o AR K
AR AR PRI e A XS B 10 i Uit 1 B 8 3 R 1 284k, DA
SN A H AR AR e e H, H A
SN TR IC 3t T 23 ka 192 22 )8 41 ka (1
£ R 228 ka 1 JEUIM L K 5 7R 0 2 XL Y e
T2 A DG 1Y 400 ka i Lo 38 A H A U 16 56
DU 20 TR A8 JHE K — KRR ) PR (02 P RE X 107 TR 7K
By CT-4E RUEE ), S0 TRIMER 6 B2 T 8 78 9% 1 AR T e K
TEAH A 308 1 3R 24 1 IR AR TR JZ K
KU T HL A I 2 R 2 v XA Y e A
FARFHEAAZE"Y, 1 Fujine er al."™ 5 &5 HER )W
S8 B 7R, 7R BRI A L R B Bt (Marine Oxygen
Isotope Stage , MIS) 55 5 [l ¥k Ffir, 7 I 52 22 XU 5
Xl I it i 16 1) R AR A AT AR 7 g,
WA AR 2 2 NG 1S b T3t s A, DU 2B e s
BHLRIEREDIFR . Felder et ol "5 WF o X W,
£ MIS 39~25(940~1 280 ka) 44~ 1a] , Xof b 5 37 7]
RERFEETA H AT PR A R BRI
X— & Bl RESl % C AT iR O — R O UTRRE I L
[LERN A
422 KRkIAAR
HAT, H Ay A g i) o B 22 2 S8 56
IO 20 B I ) RUBE AR, DR AR UK Ok, HL
RAEuG AL EEAR T A AR (& 1) o RIKUKI
DI, HASHE Rl A 7 0 A BAT AR 2 i BF 58 B
R B ERA 2R . AR UK -
T AR50 BRI 1 X6 B i U A L {HZR VR Fo 7K
B8R AT LU A AR ER B 3R 20K i A 45 H AR K
TR B A A BR K AR e B S 4 S R ) 38 7R 3k
A ATATUKIS] H A BRI 90 7 I oo e e
(818 K 9a) . AWIFREMRYFFIEIL o , vk H
AR TR B A 55 25 00 DURE B O 7 (18] 8g) o AR IKUKIH
11(20~10 ka) , th TP A BT, S hn R s

BRI AR R OK AR H AT, W58 T /K A4 i) 3
W, KA TR A 3G 5, TR 2K B SR 3 L5 AL (T 4]
PR I e (K] 8a~f (K1 9b) o Z T, Bl i
ST 20 T DA SR 2 G 5 e i e 3 Y
XF BRI A H A , A2 i H AT 97 1 5 v
(11 9c) , 7K AR R 52 1 1 I e 45 02 it A= W e 7 45+ LA
R Ry O 0(1E] 8g ), fik i fb A 2GS,
11 ka 24, H AL TE = il = SR 0 PR EE ™, (A
TR, B R0 (10~5 ka) , i s 2R A 6 Th iR
Uit SCHE H AR TR B 7K AR BRBE IR, B i 25 AR K A4 ) 2
LA 8 A XU T L XS I O 1 7 1 R X
AR T 2R 0 A 2R I R K, B LA I A0 4% A 7 )
A BT BEARR, A 3 b ek 2 7 DT 473 s 17 2R ok ok e
(81 8c~e,h) o HIH AT UL, ARUCHKHA LI , Xof By 2 i %f
WA I RIEI A — 2. A, BEE T
T, HAE TR h i A fL AR 11.5 ka i) H
TS E Y SO ME, X I IR COTRUZ h A MR Eh
HER 2 D IR (18] 8d) , AT RFR /R T TAERUE M
Al K4 (Younger Dryas) " Zou et al.*"%
BB AR F A S m A S R
XA T Tada et al."' T VKB A== J1 WAL . H
i, AR H AT B 2 T4 RUZ Wt PR R Sl
7 T AN NE N (o N4
WA AR SR H =

WEAR , H ARG AR U UK LK 0 26 W i i 245 R 1
FEAN  BUIE RORE A HE 7 A A L T AR R BE
T I A 0 2 A LR 3R = T T A D A
PR S AR S H RS AAE—E X
Kido et al.""“'BFFTHE 1, W55 V0 28 8] oK) H A TR
Wy i) A e 5 e AR T AR B IR R AT, K
AIRFAE I 5 2Z A0 5 o e Ah , RO TH 20T 6 300 1) 42
T, H AR A 7 ) S5 RN T A A T — WA
A5 14~4 ka, (i e 2R 0 B IR S H A, 3X
it 30 v R R A5 AR A5 A A TR R S 1 A
K RIZAE T TR0 5 1M 4 ka AS 2R &R
FYBG R XS B I 3L 0 0 55 B8 IR h B b, i A
TR DA 77 03 AR O B T 38 L 3] 3 SR (1
8g)o FIL b, AT LIk, H A YRR 4 W Ar
TE—E P, BN, Lee et al. R T AR YD
P& YR R, 045 R F T Xing et al I L1557
B2 R o Lee et al.“"BiF 58 F W], 287t 5 1) (10~
5ka), HASTEWIGR A 77 8 AL SRS R JUA 5, I



1728 o % R B8

KRR PR TOC_MAR/x10’ TOC/% KRS TR KRR

(°C, ODP797) (25° N, W/m?) (FilWE ifi4) P,0,_ MAR SR MAR (BRIt (HiTWE g4 /(nmol/g)

12 16 20 450 480 0 8 16 24 0 30 60 90 0 1 3 - 0 10 20 0 20 40
" . L | L ' L 1 1 1L 1 | I 1 1 | L 1 - 1 1 1.1

0 1 L Lalal o
1. © 0 F
1| _ o
k|« C
10—:_2 10
1 4 FRUFHT LK F
] _r RURIIA £
20—3 53 e S  o—— S ———— B 3—20
z 112 R ( c =
I KA I > C &
Y ~ C &
qik &
3001 =30
12 E
40—_ E _—40
50 . T T T 1 T ¥ T ¥ 1 r T T 1 r T T 1 r T T T T T 1 T T T T 1 reErrya __50
-120-80-40 O 12 16 20 0 1 2 30 08 16 24 0 20 40 60 0 10 20 2 6 10
A T T A2 4K /m ZROME 578 XU TN_MAR CaCO,_MAR Cu_MAR R LlEEa KA TR PR TOC
(6"°0%0, VPDB) /%107 /%10 AR 1/ % Rt

K8 AR UK LA H A A 7 ) iy AL R AE
Ca) PV T A5 A SCHRT18 3], U, (RS R T 2 ) ¥ 7K 32 S22 TRLEE SR 11 SCHRI7 115 (b) B2 i S A5 A 3 SCHRT1841, 47 55 8'°0 9 7% 1 7% 31 5 2 RUSIR 47 SCifik[185-186 15
(e~e) TOCUHBEZ %) \TN PO, . CaCO, I FIFUHI Cu (1) BTHERE A (MAR ) 2K A SCHK[66]; () TOC &t (BRI, Oki Ridge ) FILEAE ML FARRXS 32 B2k B SCik[62]5
() T G 2 RN 7 (ODP 797 Sl 37 ) (1 1 BE AR /2% T £55 B LU AL, 23 A 1 SCHiRT65 , 7115 (h) RS B 25 S AR W RE/TOC LU (EDR H SCHiR[64]; K (8 X 3idH 7R T 2R g
WK R B BB AR, HE 2 7R AR VK] (Last Glacial Maximum, LGM) #ifili 2 K44 (Younger Dryas, YD) ; (Marine Oxygen Isotope Stage , MIS ) A I 4
R 2 B BE ok A SCHRT105]
Fig.8 Evolution of paleo-productivity in the Japan Sea since the last glacial

(a) relative changes of sea level from reference[183]; U§7 temperature from reference[71]; (b) summer insolation change from reference[184]; East Asian Summer Monsoon intensi-

ty indicated by stalagmite §'°0 from references|185-186]; (c), (d), (e) TOC (Ulleung Basin), TN, P,0,, CaCO,, excess Ba and mass accumulation rate of Cu from reference

[66]; (f) TOC contents (Oki Ridge) and relative abundance of Paralia sulcate from reference[62]; (g) Alkenone/brassicasterol values for Ulleung Basin and ODP site 797 (Yamato
Basin)from references [65,71], respectively; (h) Alkenone contents and biogenic silica/TOC values from reference[64]; Shaded areas indicate inflow of East China Sea Coastal
Water, Oyashio Current and Tsushima Warm Current, respectively; dashed lines refer to Last Glacial Maximum (LGM) and Younger Dryas (YD), respectively; Marine Oxygen

Tsotope Stage (MIS) from reference[105]
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Late Cenozoic Paleo-productivity Evolution of the Japan Sea: A review
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Abstract: [Significance] Surface ocean primary productivity and biological pump processes are key components in
the global ocean carbon cycle. As one of the major marginal seas in the northwest Pacific, the long-term evolution of
Late Cenozoic paleo-productivity in the Japan Sea is closely linked to regional tectonics, East Asian monsoon/wester-
lies, oceanic currents, global climate and sea-level changes. Thus, the Japan Sea provides an excellent window into
the Earth’s systems. [Progress and Conclusions ] A benefit from the series of International Ocean Drilling Programs
(DSDP Exp.31, ODP Exp.127/128 and IODP Exp.346) and consequent post-expedition research has been the re-
markable increase in knowledge of the paleo-oceanography of the Japan Sea, especially in the reconstruction of paleo-
productivity. Continuous cores obtained from I0DP 346 were used to study the impact of long-term dust input on

ocean productivity and the global carbon cycle, and to test the role of the “iron hypothesis” on a tectonic time scale.
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The commonly used proxies of paleo-productivity in the Japan Sea include trace elements, biomarkers, biogenic com-
ponents and isotope compositions of sediments, and the species and genera of microfossils. On a geological time
scale, surface ocean primary productivity in the Japan Sea basically depends on the main nutrients (N, P, Si) and
trace nutrients (Fe, Mn, Co, Zn, Cu, etc.) necessary for plankton. Nutrients are mainly carried to the Japan Sea by
wind dust, volcanic activity, surface ocean currents and deep currents. Consequently, volcanic activity, East Asian
monsoons and westerlies, ocean current evolution, global climate and sea-level change directly or indirectly affect
the supply of nutrients and therefore alter the level of primary productivity in the Japan Sea. On a tectonic time scale,
the long-term evolution of the paleo-productivity in the Japan Sea and its driving mechanisms (e.g., the contribution
of wind dust, volcanic iron fertilization and ocean currents) are still unclear; regional tectonic evolution, opening
and closing of sea channels, global climate and sea-level changes, volcanic activity and changes in Asian dust input
may be crucial. Sediments in the Japan Sea are highly diatomaceous (with 20%-70% diatoms ) and rich in organic car-
bon (0.4%-4.9%) since the Late Miocene, reflecting high primary productivity and organic carbon burial. This peri-
od also corresponds to global climate cooling with increased dust flux. However, preliminary comparison between the
dust flux and paleo-productivity shows that increased dust has had no perceptible impact on the paleo-productivity in
the Japan Sea. The reason may be that when the inner water nutrient conditions (which are controlled by regional tec-
tonic evolution and global sea-level change) dominated primary productivity, the impact of dust input on paleo-pro-
ductivity was masked. Volcanic deposits in the Japan Sea were more common in the Quaternary, but diatom deposits
are significantly absent during this period; this may indicate that volcanic iron fertilization did not obviously promote
the paleo-productivity of diatoms. On orbital and millennial scales, Japan Sea sediments are characterized by alternat-
ing dark and light layers, and surface productivity was generally weakened during glacial periods and increased during
interglacial periods, mainly due to the concomitant changes in nutrient supply caused by seawater exchange and strati-
fication conditions. At present, reconstructions of the paleo-productivity of the Japan Sea mainly focus on the Late
Quaternary (especially since the Last Glacial ), but are lacking at the tectonic scale in the Late Cenozoic. [ Prospect]
Calcareous biological deposits are lacking in the Japan Sea, but diatomaceous fossils may show great potential value
in further studies. In future research, it is recommended that novel systematic proxies (for example, stable isotopes
and species assemblages of diatoms) be developed to reconstruct the long-term evolution history of Late Cenozoic pa-
leo-productivity in the Japan Sea. It is also necessary to deeply explore the relationship between surface ocean prima-
ry productivity, regional tectonic evolution and global climate change.

Key words: Japan Sea; paleo-productivity; paleo-oceanography; paleoclimatology; International Ocean Drilling
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