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A XA 3% Oridorsalis umbonatus®] A= el 7153
7] el HehAeE 2ol 3

ZRchEm ARA| TRt
*URNST F2lE[ZEMETA
SRR IR N DEYA TR
2 o

=2 A9 Azt g A E= Sk FA, iR AlAE W I8E EE 5 4R ARER
7R ADSAEZEHE o a5 TAS dropgttt. kAT o]of Bhaf of] @ A-&2] 1A Ho]7]|(Eocene-
Oligocene transition; EOT) o] % &2| 1A tiF-£9] 717 5¢ A E 117] % 18l Fekd HS}o] tisjA]= of
A7A = A7} u)E3sk Aeolth £3], $7] &2 1A4] 2usKlate Oligocene warming; LOW)= 2|14 &
SH A 7] 5 sk W3t glo] 7P & R AR F PR QIAIE AL YA, o] Al7of A
TAA Q] §3}F @40 gl o= o 2E5 A olt}. o] A= IODP Expedition 3425 B8l HoHA1%F
J-Anomaly Ridgeol| 4] 53t A|F0] EHES o] &8 $7] 8| A 23} 52t oE sty Hilrt
WA= Q=2 ot 7] Y8 A=A AFA G2 Eoj A% 1S54 (North Atlantic deep water; NADW)©]|
o) A HH o R J3FE wra Q7] W ol I NADWE] WIS AFstr|of A3t Xo 2 & dajA gl
A7) FAEDL o] g3 AAEH FHHE AvE oF 26.0~26.5 MaZ LOW S| ZyHio] SjgEE A]7]o|
t}. o] BFE A BRERE AEEH = AXNAG 559 T F< Oridorsalis umbonatus®| 278 A7) A=} Y=
B4 At A2 v FARE HEP A S R A0 Ueit) ol A AaE v o & Fd Al
ZF30o] §FEL Z 3709 #7HUnit 1, 2, 3)2.2 Yol A| W, 1 & Unit 2= 7 2 22 9] 0. umbonatus7}
AEE= AN HEE 4& 271& 7P & AL E U'Hth B3 O.umbonatus ] 7§A4= € A] Unit 200 A
7 =2 AL 2 Uedth 0. umbonatus®) 7\ A4, 2V 27] W3}, Y HSt= Ab ot S &8 7
Lo TEA 2 T8 = 9]7] fjEo] o] A4 Unit 271 B FE A7) 5% NADW A|7|7} 7H4 743
H Ao=E &gt o]¢f Zo] LOW 7] ¢ 4AE NADWY 73k 7|& St AYE A9
Cibicidoides spp. At H TP F UL AR5 E SHAE g 4= Q). o] A7 Aik= LOWE A
ZF o] NADW Y] 7patel -2 1agFaha] watel Az o] Jlok= 7|1 A1 aLE A Aok M2 5
£ AN sET

ZFR01: IODP Expedition 342, 37| &8 1A 23}, AAA 135, Y=, EHAY S

Hojun Lee, Kyoung-nam Jo and Jaesoo Lim, 2018, The strengthening of North Atlantic Deep Water during
the late Oligocene based on the benthic foraminiferal species Oridorsalis umbonatus. Journal of the
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ABSTRACT: A series of geological events such as the formation of the Antarctic continental ice sheets, the changes
in ocean circulation and a mass extinction after the onset of Oligocene has been studied as major concerns by various
researches. However, paleoclimatic and paleoceanographic changes during the most period of Oligocene since
the Eocene-Oligocene transition (EOT) still remains unclear. Especially, although the late Oligocene warming
(LOW) has been assessed as the largest period in the paleoceanographic changes, the detailed understanding on
the changed components is very low. The purpose of this study is the reconstruction of the paleoceanographic history
during the late Oligocene using core sediments from IODP Expedition 342 Site U1406 performed in J-Anomaly
Ridge in North Atlantic. Because North Atlantic deep water (NADW) has flowed southward through the study
area since the early Oligocene, this area has been considered to an important location for studies on the changes
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of NADW. The core sediment analyzed in this study were deposited from about 26.0 to 26.5 Ma as evidenced by
both of onboard and shore-based paleomagnetic data, and this is corresponded to the earliest period of LOW. The
sediment profile can be divided into three Units (Unit 1, 2 & 3) based on the changes in both of total number and
test size of Oridorsalis umbonatus as well as grain size data of clastic sediments. Unit 2 represents largest values
in these three data. Because the total number, test size of O. umbonatus and grain size can be proxy records on
the oxygen concentration and circulation intensity of deep water, we interpreted that Unit 2 had been deposited
during the period of relatively strengthened NADW. Previous Cibicidoides spp. stable isotope results from the
low latitude region of the North Atlantic also support our interpretation that is the intensified formation of NADW
during the identical period. In conclusion, our results present a new evidence for the previous ideas that the causes
on LOW are directly related to the changes in NADW.

Key words: IODP Expedition 342, late Oligocene warming, benthic foraminifera, grain size, North Atlantic Deep Water

(Hojun Lee, Kyoung-nam Jo, Division of Geology and Geophysics & Critical zone Frontier Research Laboratory
(CFRL), Kangwon National University, Chuncheon 24341, Republic of Korea, Jaesoo Lim, Geologic Environment

Division, Korea Institute of Geoscience and Mineral Resources, Daejeon 34132, Republic of Korea)
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1. M

28 1A|(Oligocene: 23.0~33.9 Ma)+= A1 A
3= S W/, &80 me| s ¥HE 9 1 km
9] ERAE HAMA & (carbonate compensation depth;
CCD) 817 & theet 7] % s gFeha] wstr}
A% A7 = AF7HA] Eigt A7 R E ol e
AtHe.g., Kennett, 1977, DeConto and Pollard,
2003; Coxall et al., 2005; Miller et al., 2009; Palike
et al., 2012). $9F of g} 2|22 ¥z o5 &
et FAteHA WEE S FAI AT 2] aA)] sl
&t A9 T84S B wole olfelthKatz
et al., 2011; Borrelli et al., 2014). 11 5 &3] EQF
9] 7| 5wzt W gk o] et A X|F Q1 E w3t &
FFe 1A 4 s BAY A5 (North Atlantic
Deep Water; NADW)&= &]|30A] 52t 49 A
o2 Z deA JQeh(Wright and Miller, 1993; Via
and Thomas, 2006; Scher and Martin, 2008).

SEA|TE 2P o= st o 7HR] S aA] &
Qke] waf¢F Mk W2 HEEo| Y= ot
A=Y, 1 F 57 28|34 2d3Hlate Oligocene
warming; LOW) A]7]& &8 1A AA A= o &
Al-&2] 314 Ho]7](Eocene-Oligocene transition;
EOT)Z A|2js}a 714 2 7F2o] sl s 2
o2 A4HA QU= Al7]o|th(Zachos et al., 2001). oF
24.0~26.8 Ma 52t 0.5%0 o|AF2] AbAE 944 ZHE
10) ZH45 Kol o] AP 23|34 Hute] A
8o st F w9 FREA Yehs 2 #Ek

o= EFatar of&|7hA] et A7 AP R] ¢
QA R 1 o)t = A= o E VM
Sol £A15te] AAZHA A=A o el A1
% stz gotslk

AA7HA] LOWo]| 3t A= w9 At o=
Y= )=, Pekar et al. (2006)3 Hauptvogel et
al. (2017)% 9= 2polof w2 &2 ¥ A4 F 9
H] H59] 20| & 53l LOW F<¢F NADW7} 745}
H Ak Akt vl Qlek 252 23 NADW
FHFLE A= 9 F= A oA = 237
AsIRARE, F=olAe A W3l oE Ws}r]-
7] 719 Wt e A ERE RS #
23k PojubR] gtk 8Tt SRR o]
2} t}2 4 Lagabrielle et al. (2009)2 <F 29~22 Ma
E AF2A 500 93| Drake Passage7}
HHo2 oA NADWE| Aido] Al
3 Ay Bubr 2R3 54eHE] F3tof| o3t
7] & CO, 227} Z4axE]o] LOWZ) 2hAstgtha
A skt

SN LF Al olA= A E A=
o] SR BAKCR of AL, sLe] Aol
o4 21Tl A 717k Beke] Tafof wisje] o
T 71Z0] BE AL ekl SIAIg ODP
Site 12189] 727} 5-&3lth(Pilike et al., 2006b).
£3] Brjuope] A9 oA Bote] 71 =o] Ae)
WolglA] gom, FAHA BelE 7S EE Ao
© 2 A= AmO|AY F-& YR A% Ao
Ak st H o2 BAY AR EO|th(Zachos ef al.,
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2001; Palike et al., 2006a; Cramer et al., 2009). ©]&
gt EAR S 2 Qs ST A= o I7HA] A SR
A Ato] o] B u]7} PEs] o] FOJX|A] gF2 A7
% s okl

20129 6 EjA9F Newfoundland sediment
drift d75 E& o2 AA|H IODP Expedition 342
£ ol EAIHES 25t flste] AAIEH AU
wt2ka] o] H3t= IODP Expedition 34204 A
LS PEEEPERE EREREPEEE
9] gt &2 Oridorsalis umbonatus 2] 7§44 D 2+
27 WS} ol45tel $7] Ll 1Al B e w9}
& 7182 st o] S NADWY| ¥}
LOWS] BeI42 s shot] ] B2o] ik

2. A7X[H
o] Aol 4] EAJFE AlF=F o= IODP Expedition

120°W 90°wW
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3429] Site U1406 2.2 B 4% J-Anomaly Ridge
o] UAZ($]% 40°20.9992N, A= 51°38.9994'W)
o YJA)5tar glom(¥ 1), @A) 4L 3,814 mbsl
(meters below sea level), T4 <F 50 Ma ZA| &) 4=
423,300 mbsl2 B 11E|eJ@)tHTucholke and Vogt,
1979). ©]=I0DP Expedition 3425 53l J-Anomaly
Ridgeol| A 853t A|530](U1403~U1406) 5 7}
A ke 2o4)o] £t B8 ATA oL 37] &)
A B¢k CCD Zo](¢F 4.5 km) 2l oF 1 kmA =
Apol 912130 917] o] Zlo] BhAkIgro R of
2olT §55E 0|47 ATE Was}7] Hgke )
o o 2 gokelthPilike et al., 2012). 1A H ] £
02 713t 582 Hol= WA|ZWHGulf stream)
7} 32 7h, AS5HoAE deep western boundary
current (DWBC)7} 82+ 27 751 It ™
1). DWBCo]| 23] A sediment drift] F3Fo 2
AP 2ol EstaL A Hef| @7 |(Paleogene)

30°wW 0°

Surface Water Currents:
CC-Canary Current
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Fig. 1. The core site of [ODP Expedition 342 U1406 in present-day world map. This map was created by using
the open source software Gplates (https://gplates.org). Flow directions of surface water currents and deep water

masses are marked on the map (Voelker et al., 2015).
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E O SRR o HIshe] v =2 B AE(F
¢F10 cm/kyr) 2 EZ =it Sediment drift 2] 52
ebatglo] FE35t |2 E(carbonate-rich sediment)
2 o) 2o]2 ao} HzA] v]ste] §35 2]
A A2 (recrystallization) 2-2 I35 overgrowth)
5 e ST 8 0] 9L Ao A we
4 9= A gog e A glrh(Pearson et al., 2001;
Sexton et al., 2006). T3] 1A o] 7}3)X NADW
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Fig. 2. Profiles of the number and test size of O. umbona-
tus, and median grain size from the core site during the
late Oligocene. Also shown are the onboard data (color
reflectance, calcium carbonate (rhombuses) and a core
image) (Expedition 342 scientists, 2012). Note the
depth scale and paleomagnetic polarity reversals on
top. Test size of O. umbonatus is divided into three stages
based on the average values (vertical lines). Dashed line
in test size of O. umbonatus indicates a moving average
for data. The highest average number of O. umbonatus
is 3.5/10 g between 26.174 and 26.274 Ma, marked by
gray bar. The changes of median grain size show the
largest average value of 26.74 pm from 26.172 to
26.263 Ma.
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o]l &1 Lof| o] 8F A|FEE= IODP Expedition 342
Site Ul406°14 253t HH22, A5#<l H4E
7155 471 i5te] F 3719 Al5F(hole A, B and
C)ollA sLof H2Eo] =it 12 F & A7l
A& CSF-A (core depth below sea floor)e] Foj
AEE 7|Zo 3 77 U1406A 2] 132.14~136.34 m
(4.2 m) 7}, U1406B2] 128.64~131.48 m (2.84 m)
775 138.63~139.75 m (1.12 m) 471, U1406C2] 139.22
~143.20 m (3.98 m) +7to] ¥k (splice) A& A&
< S8l o1 8=iet. SAdolH]A5-2 2 onboard-data)
of =1, AAF o= EAEL s oF 220 m of
ol = 20|54 W ek(nannofossil chalk) .2 -4
SO, T == tivEo] 2k u(nannofossil
00ze) 2} HER 02014 QJt{Expedition 342 Scientists,
2012). o]# Aol o] §8 77k o4 20]8H4
U= o]sto]#] 9loni, S) A7|4x(ightness) 9]
32 BOIH1Y 7). 2HLT 3 A= 53
H eibdg S A E (weight percent) 9] ¥3}et
S 2720 sl fARE ACR Wl ATy
o] Ej2jgo] Zu) AR 2 Tk e
uet 2 A5 = A0 2 AYZFEcHBalsama et al., 1999).
A 258K subsampling)> 7} Foj|lA A& FolES
SR o] 2 A Zo(spliced core) F-138.96~150.97
mcd (metres composite depth below sea floor)
Ztoll A AAJEo] 4 cm Q) A= F 2987]9) 2
Al & (subsample) S &R 513t}

o]H A7to] Z-8-H A= Geological Time Scale
2012 (GTS 2012) TR ZAE 7|20 2 349l
(Gradstein et al., 2012). E|Z&9] 7|55 1X]Z}7|
o 77)(CIn/CIr, C8r/C9n, C8n.2n/C8r)E 7]
Fo2 74 730 EHA8(Z2 0.66 em/ kyr 2.99
cm/kyr) & ALY} 2087)e] A=l et Agn
ZH(linear interpolation)& A8} A& THIH
3). O A1}, A= 9F 26.03~26.46 MaZ LERFS
™, o= LOWE] 27| sgst= Al7]oleH(2H
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4). SPATE AA EjHE-E 7} A 7ol wt thas 2jo]
£ 2Y 5 7] Yol £ AFelAe A5l
Zo)e} uR|R7| FAE ol A E7]5HAT

afFeA HIkE sl 457 fl5he] ghE gt EA
& A=A AEE= b AXY 155 5 0.
umbonatusg o] 83FFHHIH 5; Kaiho et al., 2006).
g F2 iAot oA 2] A7 (test size)E Tt
otsl7] Yol A A= A& (wet sieving)S
AA|5}T) 40°C ol A 48A17F B0t HAF] AR
Al&o] tiste] 63 um 7|9 A|(sieve)ol| & 23] 9]
FAAE (wet-sieving) 7} 13]9] 224 (dry-sieving)
& zk2r ANSIIEE T F 250 gm ARAA O,
umbonatus¥-& AHH O 2 Fehfjo] WA+=E &
215} NIS-Elements AXZ E §|o]E &-835}o] A4
Al sjollA] 2] e 43 Lol s 2Hsject
(39 5).

AR O] =Tt o R]of mE EAE Y=
WIS motstr| 9Jste] sHERE AFE71A] Z 4070
O] A&l tfste] YRS AASHT oF 1 g9
A 2E 30% THitsfg=dapof] 24 X7 F4F A2 Hh-3-
AN F, 38715 ol83te] 80ColA <F 2417 &
U7 RESE AlA B4 A HHE W R1ES A
At f71E0] 8] AAH Fofl= F7HH L
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(157.47m; 27.440Ma)
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Fig. 3. Age/depth curve fit based on the magnetostrati-
graphic ages of GTS 2012 (modified from Expedition
342 scientists, 2012; Gradstein ez al., 2012). Sampled
interval is from 138.96 to 150.97 m.
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2 A2 St ARE AASH] Slstel 10% &
A o] &3l T YT O 2 AT A 27t
ARH AEe A AR AT AR E ] 9
= J=EH7](Master Sizer 2000)E o]-&35}] Y=
45 AT

4. ATEL

4.1 Oridorsalis umbonatus2| INH|T=

AR H ] >250 um YRR A ERIE= A A4
5% % ol Aol 8% F2 O. umbonatus=
% 2087) % 24572 A BOIA A2 E AL} Y 5
o] A4 HIlE ejF oz uhelsia vlw W 3
A317] 98] o] A28 TIHRA 10 g F AHE
= 2 Uelit(2 ™ 2). 2 23 O. umbonatus
o] AAFH M= 2702 Hat 157191 >250 ym
Z A 535-%2] 42(benthic foraminiferal num-
ber; BEN)ollA] oF 1/5 7}2ke 2pA3ka glct. O.
umbonatus 2] €S1RA) T A4 2o oF 207)
/10g €] H & 0.471/10 g7tA] A¥bH o= 331 =
© WS =S Ho|x|ut 1433~146.32 med (26174~

0O-M boundary
(~23Ma)

M\ W ﬁZ:Z

E-O boundary
(~33.9Ma)

(9ad %) J¢,9

8180 (%o, PDB)
v

Oi-2b
T T
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Fig. 4. Carbon and oxygen stable isotope records from
ODP Site 1218 in equatorial Pacific during the Oligocene
(Pilike et al., 2006b). Dashed lines indicate Eocene-
Oligocene boundary (33.9 Ma) and Oligocene-Miocene
boundary (23 Ma), respectively. Late Oligocene warming
(LOW) was initiated at 26.8 Ma (one of the Oligocene
cold events; Oi-2b) and terminated at about 24 Ma. Our
core sample is from 26.03 to 26.46 Ma (gray bars).
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26274 Ma) F7toll A B 2F3.57H/10 g= A 72
of 24 7H¢ w2 e 2ok

4.2 Oridorsalis umbonatus 2122 37| (test size)

O. umbonatus7t Ar&E= 2457)19] A8 & Z2+3
9] 3715 ST & Y& A== 3H4 Y HEO| H
oA Z FHoQlE ARE 2192, &4 A3 43
37]= 2F1200 umF-E 350 yum7HA] £ HEES B
o], A Fat 27]= 2F 590 um = YR T 51X
Tk 0|3HAE o] 83t A AlFHo| EHE ATY
44 S| A2 T0] a7} A A s
A 8 7R ZAfet] whe] ek e) ulA]
3 s Tk 457149 BolA o] WeE set
St A} o| = HF7L &3] O. umbonatus 2+ =2
7e] Wake spetstgict. Z-de] 27] wake ek
FRY HF=27]7F 242F oF 530 um Q1 F7H(146.44~
150.97 mcd; 26.278~26.461 Ma), 2F 665 ym<1 7t
(143.14~146.4 mcd; 26.168~26.277 Ma), €F 600 ym
ol F+7K(138.96~143.06 mcd; 26.030~26.166 Ma).S.
2 Ut 2). B oF 600 um 278 Bo
7742 530 ym 2 0] W A7k g 2 97
7} 665 ym 2 2e] W 2717} 7V 2 72 A
o]} %7 7ol AAI3he AE & 4 oo,

43 A=EMAD

Z 40709 ABof gt Y-S A At
AFA Y EH 2 Hat 9 84.7% o] AE 4=}
(63~3.9 um), &k 7.7% o]Ae] E YAKH<3.9 um),
o} 58% ol4Fe] A QIA}(>63 um) 2 FAEo] 3]
ok 7|& HE S A4 HEAME A G4 =g

k>

oc
oo
=
4>

4 Akl w2 A7k theA AR YRt
=H(F 25%)] W]a) W= IAFe] FeHE 70%)0] ¢
=TtHSchlange et al., 1976). o]= €] Fo] boun-
dary current®] g3k Q] grop i o2 o ¢F
A2 gHgo)7] gl Ao= AZEr. webA
AR G2 gte] Hsto] AriF o= eHgA el A
F A Yol = 5L boundary current?] %
T 7] 2ol AE 4R o] A e g ¢
A Uehths Aoz AZE, o= A7AI9Y ¢
24 A37} boundary current] 4228+2] of L %]
HIE 2 YT 5= Yo HojETh

AR}L=37]9] 5% FH(median grain size)-2 17.98~
29.13 um 9] J 915 7AW, Bt S47E oF 22.58
pum=z YePgth 2 2). AFA17] 599 AxkE Q)
PEHSh= TR ARdS Hol=d, 25k 146.28
~150.97 mcd (26.273~26.461 Ma) 7ol A Bt ok
2021 ym= 713} & Z017ke 1ol 3 143.26~145.99
med (26.172~26.263 Ma) 7t A =7} Z713)
Bt oF 26.74 ymE AFAV7| F 7V w2 S
2 Holth ESF JQ=BA A= O. umbonatus 2+
2 =27]9] HBle} w7 A 2, 2445 717191 139.08
~142.86 mcd (26.034~26.159 Ma) | A] T 7t Abo]
Zogro] sl oF 23 ume) Wit UGS Bl

5. E 9

51 pET =29 MYIet EEMLSEY B3
O. umbonatus Z+2 2] 371} Y BA A3 v}

o 2 SR RE AHH7FA] Unit 1 (9F 146.5~151

mcd), Unit 2 (2F 143.1~146.5 mcd), Unit 3 (2F 139~

Fig. 5. SEM images of the benthic foraminiferal species Oridorsalis umbonatus. (a) Spiral view. Dashed line indicates
the criteria for the maximum diameter of the single largest specimen of O. umbonatus. (b) Apertural view. (c)
Umbilical view. Scale bars (white bars) indicate 100 pm.
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143.1 med) 2 WA 6). O. umbonatus2] 7}
A= HA] Unit 20|14 7H8 & Batghs Helok
SRRt Y =272} O. umbonatus 23 2] =27] ¥3}
9l= th2 4| Unit 13} Unit 30| 41¢] Hdgto] <A
w0} UpefLiz), ol >250 ume] B4 2o et A
AlE ARH F ERE dste] WAAE Zold 7k
Aol Slek. Fe ANY $3%59) AAS7t 339

Depth (mcd)
138.96 150.69 150.97
34 1
Car

32 B B B
" 5 Unit 3 Unit 2 Unit 1
N
3 2 ] . o/ 26.74m o
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© _ 26 s
E’E 24 A
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8 2 ] . , 2021m
3 Y Al . -
2 20 N I =

18

o Strong NADW  °

(6oL/sienpiaipur)
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900 665m
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(ad %) d¢, 2
926 23S ddO

ODP Site 926
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%
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Age (Ma)

Fig. 6. Comparison between data in this study and stable
isotope records from ODP Site 926 (Pilike et al., 2006a).
Dashed lines in profiles indicate a moving average for
the respective data. Note that the results in this study
are divided into three units (Unit 1 to 3). Unit 2 (about
26.16~26.28 Ma) shows the highest values in all data
and is interpreted as the period of the strong NADW,
marked by gray bar. Oxygen isotope data decreased at
about 26.31 Ma and carbon isotope data increased at the
same time (arrows), which is similar timing with the in-
crease in Unit 2. Especially, carbon isotope data lasted
for about 100kyr after the increase (gray box), which
is almost equal duration to that of Unit 2 in this study.
Detail explanations about the comparison between
them are in text.
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= 7189 F 5 ohEE a2l YsiM = vzt
A 9SS = Q7] W2 2 A71¢} §HE ¢
%2 FAlo] 23 29Ik o2 sle] 3 o
FF 9oFS o= QItHGooday and Rathburn, 1999; Van
der Zwaan et al., 1999; Geslin et al., 2004). w}=2}A
o HALoN| A= O. umbonatus 2] 7§ A|4= M} 5 73
=2 kS B o]&= Unit 20| 23S 93 Bk

O. umbonatus+= A3 (trochospiral) ] Z )
£ Holz AXAE A3 S TRE EHEY =#
Ao A A]4)(epifauna)stH, A AlA] s £A]
A QA A== Fo|tHe.g., Ohkushi et al., 2000).
B doA AEE= O. umbonatus+= Ad|& L.
22 YR 22 9 9 AdasEr EAQ
NADWSE] RA|Fo 25 B9 v} ¢l oo (Murray,
1988; Boltovskoy et al., 1992), ©]+= O. umbonatus
o] i A= HS}7 NADW O A 22 7k HIlE
ANSR ZRAR B4 5 4SS AT,

O. umbonatus £0] A5 st= Aherl A31F3
o] we} thEA| HalE|o] opA|71R] Hehs] Bie X
2] 2kg¥cHOhkushi ef al,, 2000). Kaiho (1999)%= %
AAbas g ol A A AlRtthar B 1181l al, Rathburn
and Corliss (1994)+= AAtA Ao A0 {7 )& F
= 9Al Al S Asgithar Haskgo
3| gt o] &3} vt 2 Mackensen ef al. (1995)2 O.
umbonatus7t 4k27h SE8] & FHEE A
T2 AREET 5 o9 2 AP AT
= Atolo] BEYA = diF T Al skt
@d ZEA|(proxy)E & 2 A whot ol 3
73 a9l Jlof olE & =

w2hi] NADW 9 A|7] ¥i3tet gHA| o] A
A A G Abas = IS FA517] 98 o At
M= EHEY A= A7} O. umbonatus 28 9]
A71E A &3 6). AE9 A7I7t
T FoRl= Y EH o X|of &Jsto] At
Aol = dH o2 o Z AEH YA} -AIEH
B &g 702 odEnt. AR Gat AE] fAke
EA-& HoJ= South Iceland basin W) Gardar drift
oA 9] 7|& A+ Atz E2A| F<t drift EJAZ0]
EHAY AT &89 37121 Al7] Wt wt
oF 6 um 9] J= 5 Holtky KB 18}¢ o}(Bianchi
and McCave, 1999). o]¢} np71R| 2, TR HA
J-Anomaly Ridge ©}A] HeflHe} 7.9J5 Z(Norwegian-
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Greenland sea)elA] F2ist NADW| FaF& 2134
o2 whe x|ojo]y] whge] ARATATIeL FAF5)
Al NADW ] A|7] #ig}e]] w2 Q= 2jolE HY A
© 2 AZkeltWhitworth and Nowlin, 1987; Henrich
et al., 2002; Expedition 342 Scientists, 2012).

AFA AT} 2o 44lo] TS e e 22 4
Z 352 =gl o8| A7t 3F==t(Gooday,
2003), o]= AFAG L 2§ == NADWE A7
7o AR A w7t E ok 4 98-S
oJu]gtth. O. umbonatus= a7l =2 34
426 2 7282 948 Aada g 9
th(Kaiho et al., 2006). ] AL AT A= YR
71} O. umbonatus®] ZH& 3 7] %= Unit 294 7}
A 7 e 2S S1E 4 gl o) 2t
Z o2 NADWO] AA 1} FFo] Unit 2 < 713
P Tof wt AFY f50] 7P BEE S
ojm|ReHE 6). ok, Unit 2014 Uhehd O.
umbonatus®] 7RA| 2= AjFo g AsEr
7B & S AXE ¢ ok ARA+A
2} dxJ5h= Aato]th(Mackensen et al., 1995).

Unit 12 O. umbonatus Z}A 2] 372} AR=37]
7715 2ol @417] % NADWe] Bl 74 of
e A7 2 BRrETh(H 6). o] Bt ohet &
B+ 2% Unit 3 52t Unit 13} Unit 2 AFo] 9] H4
= Hol=d], o|& &3 NADWE A|7|17} 37] &
214 B9 B7he} UAE vhaste HrIH o W

PIRE 7 d = A E = AT

52 M#HATFZNRIO| CHHI

ol A+ Axte] WE F7] S 1A NADW
A7] H3kE glstar 1 AH3rE = @ vzl
G Polu] Sistol HAF A= Aol
ODP Site 926014 53+ AA4H 552 &4 4
AETOIUA ] A2 E B AT Ak} thulshect
(9 6). ODP Site 9262 Bt 4% Ceara Riseo]] 9
25kl Qo m, HHlLo)A A== Antarctic bottom
water(AABW) 2} BHb o)A A== NADW7E
A= EFEE Aoz J340) A7) WEks vo}
s710] et Aoz of AR L FolchCurry ef
al., 1995). 3A9F = 22 9] Arjrdo] 74zt A2
t27] wjZof o] E oA = AAleE thH| k=
Unit 2 Hykdog vehts & H3E Edi2

k4
ot

oo
N

A et
™A ODP Site 926042 §°0 ZHe 2F 26.31 Ma
£ 7|E2 R oF 0.5%2 AAE HAtH 1™ 6). A
A 835 ZFA Y 0L 19 L&, d= U 3
4201 §"°0 kol oJaf 2AE 4= glck. AT e 5
3l|oFefl A NADWSF AABW Ato] ] F Zjol= oF
0.3%02, o] 302 FAPS A F 0.1% FE=]
] 73} z}o| S e dHtH(Pekar and Christie-Blick,
2008). & 5°0 gte] Welrt Wik Fate] w2 8
4= 5'°0 zhe] WistE whgdsts AolgH 22 A7)
of| T} sfjF BRI A= o]e} FUSH Hshs Hojof
SRR\, )3 o A& (Pilike et al., 2006b)= 3 A]
710 AR S YeR L 9)1A] of7] W&ol Wst
of oJgt ME 7Hs AL vl A& A o= wE
A AP0 AFPATEIE= F7] LT 1A
e AHHeR e =2 A3l NADW7L
A= Aoz s| YA §°0 gho] At
Zasiiriar ARSIk Pekar ef al., 2006; Hauptvogel
et al., 2017). ODP Site 926 "0 gto] ZFash= A]7)
= NADWS| A|7]7} 5715t A 22 AYZHE]E= Unit
29] A|ZA 7|9k FARHAl YeRdTH 1 6). o]t 7
o] A2 thZ XZEA] Alo]of Vel Wsg e
FAMZE Unit 2 F<toll NADW7E 78t= Qich=
ol A ATE AAFZE 4= Yrk kAT §°09
H3H= Unit 20] 4 9] #ste} th2 7 o] Fof = 2]
Ao 2 7 Welth o= Unit 264 Yefh=
E72¢] Wisk= NADW7L A 2 F3E% ko
37t 32 49 UM UEhe A& W, 5
PO Zro Wiste 53]0) L& WBtE $AH o R 7
AlSHe A Fol7| mlEo] 2hAYst xjo] 2 wekdr) &,
NADWS] $-3jo] Atjd oz o ghis)|z]7] Az}
g A7) MR T ZEAE ALo]of| A AR ¥
Sh2 yehd 5= QAT 11 30 ZEA ARE AR
2 W3} 2 lof| o) FgF kS 7HsAd o] Sl
ODP Site 9269] §°C zt2 L o]¥ A A T}e} 7
o] FU3t W3} S Ko, E3| Unit 29+ &
2)Fha YZHEE A7)0 AE §°C 4] 709 W
sk} Al 1%0 o142l 715 Holw <F 100,000
S 2 ol FAETH™ 6). wabs ODP Site
9262] §°°C #3le} NADW2| A4, 4 52| ws}
Atolof] A= UAS Aol Y= Ao 2 FAH) 5
PC #3te} NADW Ato] o] ArgkatAo] thafA 18
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E T e 2 7 7hs Aol EAsk=T, WA &
oA o AEd Wttt 7|1E A= A3
ADWO| g3fo = ggol th7129 & 3+
7FHAl HH 59 tifEs EekaL e
EH7F 2R, O An Aol 7K 4
Aok AFstA tHElsworth et al., 2017). ZF3F2]
IR $44719 AA0] MAsHA =9 s Wi &
ER 7182 (dissolved inorganic carbon; DIC)2] §
B zke z7)1a 2 QJthRavelo and Hillaire-Marcel,
2007). Z, o] AL AT} ODP Site 9260]42] &
PC ¥t Ae] o} U&= Unit 2 A7) 5k At 2
2 o PR NADWS] o] BHlT thsg 4
A 7ol B frel 2702 HIAH S 7S
A|AREE ol¢F B E g THsd o2 At
29| Hsp7t ok s B30l wokAH
BAL 1= n Rl o8 oL 2as) AR EH
A AdF o a4 ) 5°C g2 F7HErH(Ravelo
and Hillaire-Marcel, 2007). ¢FA] S153150] NADW
o] Z7He BuPo) 448 7L 4 9T, 1
o2 thEAZolxe] F5} @A) Bareld 4 ik
(Elsworth et al., 2017). o] I oA &L FHA
SIHES RN FFer FAHA Ha
ol SIS T7HE & Aok HAE TR
o] J&gS ¥= tgiEAPEQl Cape Hatterasol A 2]
QAPAIE 740 2717 AT A B A
=0l & B a3t Y52 a (chlorophyll a) & S7HA 12
= 8-S B Qlth(Willey and Cahoon, 1991).

R 7Rs g 0 2= &5 WE fr1E Ak
o] ato|7} Qlrt. s> & Aty 7= Qlste
A2 3 G715 A EdsAH 9 5
4] 5°C gto] Zragrk. SHXY Unit 2] W7t
A A8z W 2 NADW | A uhFolut f&50]
S7FHA Erhd 2A1A & sl A f7lEol A
3he & e P2 AHE R T Hojd 4= = A
ojt}. BhHof| 2] 02 {0l 7 Unit 1o] M=
NADWZ} A9 A G7HA] 3] =2stHA ¢
Aol FFH 4718L $83] A A 8)4:2] 5°C
o] AaES A2 AZHT ATt 415
ofh 5°Co) Hshe shpe] Akt Tt of 2} o)
SEREREEESPUEEREERES
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Z ot
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FARC 2= NADWE} 3¢k 9 84 4Ed st
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