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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 sca 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.4 Evolution of paleo-productivity in the Japan Sea since the Middle Miocene

(a) benthic foraminifera 6'3C and ¢'%0 temperature 7); (b) relative change of dust flux in site U1430 B4; (c) relative changes of sea level
[1041: (d) biogenic silica at ODP site 794 [7]; () excess barium, TOC and 5"°N in sediment 2%; (f) eéNd of fossil fish teeth and fish debris!*¥;
OSW. Okhotsk Sea Water, NPDW. North Pacific Deep Water, LCDW. Lower Circumpolar Deep Water; Shaded areas indicate two stages

of environmental change and paleo-productivity; dotted lines refer to late Miocene global cooling (LMGC) 581

T DR, SERS R SAEPIARR S (K 4a), 1HARXANERE AR E
AR (E4b). MAEE S HARAER ST 3.5 Ma ORI, {BEETH
—F EErit A e E AR B . BN, 1E 15.5~10.5 Ma il 7.4~4 Ma P54 4 72 ik 3,



REF RS B A H A A il

SRR LT A T8 B AR AE 9 (] 4b, 4D, IR LR BOK B8 77 #h 5k vT A s i 5 22 (&1 5).
BT NFE Y, 15.5~10.5 Ma HAHEAL R PR K IREE T, IR E & 77 KRF i OMZ KA
WA HAHET (B 4d) o J5HIRFFE—BIESE, 76 10.5 Ma Z J5 fil 4 Ma 2 J& ARk & &b
BB, ARGF MRS BL T LA AR A RE N H ARHE 52 BRI B 104 (1] 4f, & 5); T 7.4~4 Ma
ERE S B OB B, DI LT AR ST K il S b O T RN H AR B HARO) ( 4f
Bl 5c). I H, TERHHH S AW HIRTE, LU 7.4 Ma M358, HASIGETUR A N & U R
TR ) B R A MU KR TR A AR, T i th Rk AR BB AR AL, R T AP
A EAFIE AL KN IG 5RO [ AR TR HUM e F) i o2 = i Bt 7.9~6.6 Ma
(1 B 2 B UL, 3K — A B IE KT I T AR I 462 X e S AR 9 AL PR SR A 5558, AR A 345
&, SRRV IR A H ARG AT R AN (B 4e, d), JRBET ot oL
S H A0 42 BR A M B 1T TH A A P U S

7510, A HARFEAE Fe BR#IM HNLC X377, 2k AR R AT g 211 Tk
UL BT K i) HNLC Xk, HUERM, TEMiEH SAOKARRERRE T T AREYIHE
PRI (& 5b, d), KRR AT REIEA IR, BUEHME 1. IEQ Zhai er al IR H,
1.2 Ma Lok, B H A RAEEIE N, (HE X g 3 S5 A= 0, BT R ARt
FEFE AR AN 52 o R AR M LR P B LR B, KR R LR HE R B i R 2 A7 0 1Y
EEF KU, KA KA RSN, KR A IR S S IR RIS, R 2
PEARRZ AT AE = g 124), B TR R, Bl 4b RUAE & 1 0h A 2 X Dhifgls, i P&
4d ARERD AL SR R (B 1D, PE K RUTRA SRR E— e 2R, FTild
SeRg ) BIRSE L HER M . BB TN, AR AR R MR KR EE I F S, T RARAR
RRARIREFEA = )0, RULER e & 245 & A iebs . Bedth, U A, TR
R S HhFE B TH R R, U1430 3667 7.2~4.5 Ma F X 22 38 B0 5% A B 52 2 0 AR 8] 16 52 i
(0SLI0IS6,1631, - & sk it BFF 9T H ARG ol A 7= 0 T AG B, B2 2 25 25 18 %5 Fh v R B IR V7 Ui
YK TR E SRR AR IR, R REEE . KILTES). B ARG K i

MBS



Ak ——» BAHRET )] == K FroMzKk ik

(4 «w A
) A g B JF L
B ] §7 3 FF T A it 78 7R R A

R B K E AL
(b) 10.5~7.4 Ma
T T 10

O‘\JZ/I\PD\\ Flliid

{10 3 35 11

(c) 7.4~4 Ma

T 4Ll == NPDWIEIK-Ti A

] 2 M 3 2 K
b A R (R )

T A AR
S

73 ] ik 4B 2 B

(d) 14 MaZ 5

_____________ M|
A B2 i i 4 2k = g == OSWiii \ 1% 3%
NPDWiit A % [

b A i 1 A K

i 0 i JE O T
AL

Bl S s Dok H A ol 2R 7 0 IR S S AR (8 SCHR[7,20,84])
Fig.5 Evolutional pattern and dominant factors affecting paleo-productivity in the Japan Sea since the Middle

Miocene (after references[7,20,84])
42 HE—TEERENEESIEL
421 HwIi
FESETUZR 1 (LI 0.8 Ma LK), 7EABREGFHABLERMRERT, HABXRIA
K P EL s e R, G P, CCD. RE/KRH. REKEME. W
I YLV ) SR BUIE I 1) RUBE (PR AR AR, BT AR AR, 7 2.75 Ma, HAJLHMIEHE T
Ffg- PTG, SEHARBEACMEER R, 155 550 AR EIRA R 2.3~1.3 Ma
ABfUEE Lo, SECH AL /R PR (B 6, 7) 81, JE5EK, TODP 346 filik
JEHEFLIE— SR, 2~3 Ma JUARIK Y IK 512 AL Fe MBI, (R H AR J A7 /14
N, WA Fe JERT RE— @R B L3RI T /K MAE 37 R BRI O 5E ) () 7a); TK4) 1.2
Ma LAk, ABRIET AR 4% B35 0 T e (745, SRR 1 % THRRVAL I A AR N, AT 5
2 H AR IR BT 1 B R A I SR IR BT 1 AR L8 (1 6, B 7e). I H, MPT
(1.2~0.8 Ma) HiJa, HASHFUKBIAAI KIS (7K AR A B 47 A B S ) 22 7 (131781791 . MPT 4]
6] H A 45 w0 A4E 7 77, TOC HBUE RN, JKZK2HE KM, KA IR A
A AL B i,

i



TS W A A H A A

H 4% 3 455 AT

TOC (%) o B4 (10 %) Fe (%) U/AL(10 %)
G I (%)
0o 1 2 3 0 10 20 30 1 2 3 4 3 0o 1 2 3 e
L S ‘ 4 P R 012345
—] Actinomma  Cornutella
th horeale profunda
059 |u b
1]
z
1.54¥ 5
el A &
= B =
= 2] =
el i=
1o o
254 | | g
34 ] E
w et
J_\—M_
|‘\
PR
L — . i
0 1000 2000 3000 0 20 40 60 B0 0 4 8 12 16 04 81216 01234
B (10°°) KE781 8 (10°°) Mo/AL(10%) S (107g) et o

K6 Lt Dok H A S A 71 BT AL RHE
I SCRRI2 1 R[S211E 2, TOC (%) W1 A 4.83 M ZIEETEH , FEdES=EOK H ODP 794A, HUM K H DSDP 302 i .
SREOIXIRIE R 2~3 Ma 54 IR N, A8 XIS 7R 1.2 Ma DRt 227 0 Rl R S8 (A JRFA S 1 A sl (B4R T H A
HEALIAEE 5% o
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) 3~2.3 Ma (b) 2.3~1.3 Ma
R4
SW ﬂ NE SW NE )
IR L e Sy {r/;f‘ - <« OSWikb ORI il e— 3 gq:w"rl ETNCY OSW‘E{P’H
H RN e NPDWIR /> 0 15 4 WRETNREMIE Wz
XF 1 g gol e — X} 14

S A U U A

AAL-F A

&R K AL

(©) 1.2Ma &4

4 T R

i SR ) s WREAER AT (<90 m)
oy [ G REEER  AGETH(90m)
4t Ty i iy = W ﬁﬂ =1 C— AR A A A
L 7l e o/ T i T KIEEAE [k
it
Rk (iR 2 =R RS TR AR =S
71 r":“-?: ....... ‘_l_‘:;-‘l ;& .’:JJ 71 ir;: prey
=T % — R P
TR R Bl ok ¥ | w
R} 55 Xt 14 5 YRR e
AL S ALY
{01 % 577 .00 BLLL (TOCH) 0000 % €577 5,00 B2 (TOCHG)

K7 SEIUL H A A A A e B R R (B2 A SCHR[7,20,82,84,105])
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])
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Fig.8 Evolution of paleo-productivity in the Japan Sea since the Last Glacial
(a) relative changes of sea level from reference[183]; U}, temperature from reference[71]; (b) summer insolation change from
reference[184]; East Asian Summer Monsoon intensity indicated by stalagmite 6'*0 from references[185-186]; (c), (d), (¢) TOC (Ulleung
Basin), TN, P,Os, CaCOs, 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] and [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 Isotope Stage (MIS) from reference[105]
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Fig.9 Evolutional pattern and dominant factors affecting paleo-productivity in the Japan Sea since the Last

Glacial (after reference[62-66,105])
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Late Cenozoic Paleo-productivity Evolution of the Japan Sea:
A Review

CHENG YuLong'?, WAN ShiMing!
1. Key Laboratory of Marine Geology and Environment, Institute of Oceanology, Chinese Academy of Sciences, Qingdao,
Shandong 266071, China

2. University of Chinese Academy of Sciences, Beijing 100049, China

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/westerlies, 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 remarkable increase in knowledge of the paleo-oceanography of the Japan Sea, especially in
the reconstruction of paleo-productivity. Continuous cores obtained from IODP 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. The commonly used proxies of paleo-productivity in the Japan Sea include
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trace elements, biomarkers, biogenic components 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 carbon (0.4—4.9%) since the late Miocene,
reflecting high primary productivity and organic carbon burial. This period 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 tectonic evolution and
global sea-level change) dominated primary productivity, the impact of dust input on paleo-productivity 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
alternating 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 ventilation 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
evolutional history of late Cenozoic paleo-productivity in the Japan Sea. It is also necessary to deeply explore the
relationship between surface ocean primary productivity, regional tectonic evolution and global climate change.

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

Program
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