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Abstract: Proxies for paleo-circulation are drawing much interest with the recognition that ocean
circulation plays an important part in the redistribution of heat and climate change on orbital and
millennial timescales. In this review, we will introduce how neodymium isotope ratios of the authigenic
fraction of marine sediments can be used as a proxy for ocean circulation along with analytical methods
and two case studies. The first case study shows how the North Atlantic Deep Water (NADW) has varied
over the glacial-interglacial and stadial-interstadial periods. The second case study shows how the
freshwater budget and water circulation within the Arctic Ocean can be reconstructed for the last glacial
period.

Keywords: Neodymium isotopes, Ocean circulation, Authigenic, NADW
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Aoz FgErh 4 @ AIZREAIL M B, 1980
do] A= T A5 Aol slixithks 7]
20| d3L(Schlosser ef al., 1991), Wal7]7H17] Al
AN = Bl Ee] oksrh thdet A

Al elsl BLE ) Tk, oled slgdgel

she 7159 WA ddo] S o= didEm o
ozo] 7]15H3E} Ao F87 Arejz @ Aol

s=8te| X|A|X}
AAFA s redhe
mass)ll 5341 RAAIzLe] HE
g B0, B PSS b
sl G Fwsk B Pwrt gob & pEE.

ol ARE Hr ol tis] dohfHd FHE
T A= AR} o] Zlo] MAER] kA 715E= v

ZpAoltt, oAZA AA slreshs
© U F2 AR A2 AMAE fEFelzte wiEol
7158 FEEH FHE AP EAE A 1]
@O 7t=F o ZHo H&(Cd/Ca)-EolAUth
(Boyle, 1995; Curry and Oppo, 2005). Charles and
Fairbanks(1992) 59| 7€ HITHYS7(LGM:
Last Glacial Maximum) &<t #2== g AA
4 FrEEe §°C wel At BoiMY Aea 94
o] ¢kstE om|ghs A ub Qv SRARE A4
FaEe 8°C 2 7] EFLS HRT slrest
o] Wizl flolw F3e] Afe dFAF T A
EAY 2k o] W3k (Mackensen er al, 1993), A%
7]l olitstetA wete] FulEE A S99
A EE28-9] AJo](Lynch-Stieglitz ef al., 1995), -
o] &3] (McCorkle er al., 1995), A<= Hsj
3l W3} (Marchitto e al., 2000) 5ol <&
T QS woug Mo ool U 4 Uk F
A ] Adole A EHE 715E P'Pa/
Th ¥% &&= ole Z2HEEH EF9Y 9
2t gk st zjolE o]gdhe ANAEA, 05
g S Sl5(~0.0609F FHE Bl (~0.15)7+
o] zpolE wigo g gt a2y HF A
S¢olle 2 Wske] Arrt vl A yept §°C
Aete AHFETHMcManus ef al., 2004). ©]H &
THe dde ol AT §°C S PIAE 2
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FHFo|A el 3 9T opal) AYLFE(Marchal er
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Goldstein and Hemming®] =32
gt si= ApHE-H LU E(Sm-Nd& WIS F4
WA T4 AAEE 32 AgiE, s oA st
WE A7stet, e t5e] s} Aol ARS-HS
Sl s, ALl e, S Al lojxis dek
o]A] STIAL A= A B olelrlstal k.

ARl AMge 8| gst At A A H ol
WS Q) 20100 “arsf| gFetellA o] vl o]
B Y9t AES 2 Quaternary Science
Reviews #'dell §¥ 357} 27hE]7|= th(van de
Flierdt and Frank, 2010).

HRZ719t EoIH: VIotES 7] oK S9ldAa
7F Al olF Nd sHY9aE oF 12%0]H 22
S EFARY APHES F9€94a YSmo] 10602
(106 byr)e] W72 4ot st AZITK(Steiger
and Jiger, 1977). WA Sm/Nd 94 H|7F &322
Ad7b E P2 'Nd/'Nde] BI7F E3, Sm/
Nd 94 B7F 93 Ai7b Q]| 42 I
Nd/'Nde] HI7F gk 2y YSme] Bl ¢
gk "Nde] AAd7NZkel A, o] 2 Rl Nd/Nd
YA vo] Wste AR @obA, IHUAE W
'"SNd/Nd 59194 H¢] "shke thae] 23 2ol
7BAsH| F=2lo]E(chondrite)2] ol thet xjol&
olg3le] JAE (g, TE FEAIEICE

ENd =

(143Nd/144Nd)sample_(143Nd/144Nd)(7HUR

4
143 144 x10
(" "Nd/ " Nd)chur

&J7]4] CHUR(Chondritic Uniform Reservoir)= &
setolES H#pS onlst=tl dAle (“UNd/
"Nd)egqr = 0.512638©] Th(Jacobsen and Wasserburg,
1980). ME2S] &8 Al Nd& Smol| Bla| wlzu=
Azst7]e] dEA72RS HERT ¥ 27] Sm/Nd
H1E Zt=t) A7kl &2 Sme] Eubs-7t zlEH
o wg} NEXZL] Nd/*Nd Hl= WEIY A+
A gl Sl A HA EoiA e S8 28
H 52 3079 Fe g, w2 BRIk v, A

J. Petrol. Soc. Korea



I sl e Ak a1 vl eTE

£9 502 AWle FYHEATFLHMORB)OIV
FHYHATHOIBYE FHHoR & 271 SmNd
T
B} T el $91914 ] 2]} AR
dEee e A3 B, B4 4,
Fu Aze) Lo wek A2 S M
902 gl B F942 A8 5 Ak

\o

o K _{

SO REN] 251

sikoliMel Rel-RER MFIIZE VeHES T2
ﬂlerlZM FoEA Heg e FREC] FHE
74 e o7lE FE odaE AYEm, dladdae
°F 15-45 pmol kg'¢] W& FEE EAIT) H| A
S =7t W2 Nd2 sl AFAIZe] 200-10000
(Tachikawa et al., 1999)C. 2 U7+ EFAI7HF
15003, Broecker and Peng, 1982)°l Hl&| #, =

betyagtibicge
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Fig. 1. Neodymium isotopic composition (&,,) of (A) continental crust, (B) seawater averaged between the surface
and 400 m depth and (C) seawater averaged between 800 m depth and the bottom. The stars in (C) indicate
measurements of authigenic Fe-Mn oxides for important locations discussed in the text. Higher g is in red and
lower values are in purple, but notice the difference in scale between the crust and seawater. Seawater g, has
high correlation to the crustal g value. Slightly modified from (A) Arsouze et al. (2007) and (B), (C) Lacan et al.
(2012). Additional data from Rutberg et al. (2000), Singh et al. (2012), Stichel et al. (2012), Jang et al. (2013),

Rickli et al. (2014) and Garcia-Solsona et al. (2014).
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A} F3 9] Nd 5994 vl FH 2ol ma} A
29l 2}o]Z WOITHFig. 1). B3k, NdS dx}o]
=31(142-150 amu) sho] AFSFR(+3)E T EA st
Akt 'hAse) o] Hgfo] A2 HYFeldAEel
Hjal 5182, AEsHA] A=f FHzhgo] AL, "Nd/
Nd Hl= auvvie A7) 24 Al g€l
webs skl SHoNA g, 2 ] 719
=2AQl aljre] &l ofslixwt Wk, 27} o]
Fohe B9 YA HI7T Aeld thE 9ol 8l
= ol dEe] A ve A fAEE
& sith. BEE e AARAEE0]
a olFA TR Zol AA| g, WS
T AAAE H8e wol= AEdof & aRIE
o] uth. A tEFHFNA ] YA NdZ} §&
Nd¢] ' %k(Lacan and Jeandel, 2005; Wilson et
al., 2012)°]2}E7F Nd §-Y49<] H3k(Rempfer ef
al., 20127} 270t}

X sHoIMel g, #t ==:
G- ol ZFA FAo] ofHAd 1980h
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2] Nd s=7}
$ ZAk,
U7 3 daje] B4 B g g, w2
2 & & AU (Piepgras er al., 1979; Goldstein
d O’Nions, 1981; Elderfield et al., 1981), &5
A7) IR s AHA SAS B B
=3 ot s g, w2 FE2= 3l (Labrador
Sea)®] <2004 Bl ~00l] o]27|71A] thfatH
TR AH9] g, #S WISCH(Fig. 1)(Lacan ef dl.,
2012). YA (Proterozoic)-+ A]A8t (Archean) thEA]
Zhol| o3l EEMRR ETIA U2 (5=-10 ~-13) Sl
Oo]: MWE %EWPJ WﬁéooE(ENd=0~-2)°ﬂ H]?_;H 1
ol W& A HLAthFig. 1). 223 A=gelut
FFall= ol & Afele] s EIth(Frank, 2002).
AFTE AR AR AR v e AEE S
A7 HAEIJLL, HEo] ®Folv FFTiMe
ol w2} g2 FEol TS ATHGoldstein and
Hemming, 2003). 24l oJgiM e thEFH T oA
A ASFAAME g, whol FHo FAAAES AT
% chJones et al., 2008).
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4 APHE Yoy
EQlol& H] HA
o = [LE |

A HHE Fojol|A A s45=Fol] B3 AR
& BaE wA B sieEyE JdE seat

ARES A HHERRE dgdor oy
o] AJHe] WN/HNd H1E A SR WS Fath,
adel= Sigre] "Nd/Nd B9 Hsle e 2
frose A7t AslE 39y, E317] Xofe} 4kE
ol 7155 A aeeghs

7|15 of&

VT E-2 slirollA] B ui9IAe] Fej= EAs)
th7H(Cantrell and Byrne, 1987) %A3lE wle= v|A
A A F¥8Ee] W] §2=] o] (Koschinsky and
Hein, 2003) #-%7F IZYolA F= dA€t
(Tachikawa et al., 2013).

Al el A BYe W3
Nd& HI53 Asle +3719] SER dAaE FHhef
PSR 540 gl A ale] g, @S 1SR

28 5 A THONions et al., 1978; Piepgras et al.,
1979). -7k 9= 4 b 53 =#(1-
15 mmAeE ) T @ AIZEAYe] 78S S
T ks o] AR FE A=A 3G
Sk HiskE AFelole Al &tk -7 T
9] gy WS ol&T Z dF4dIe ENUE
(Northern Hemisphere Glaciation) ©]-¢ thA % =LA
7153 Atlantic Meridional Overturning Circulation)
o] kslE| U= Zlo]th(Frank, 20020 =H =] 9l
=).
NMEIXEo| H-2UZF FE e MXfM(dissemi-
S48 5 A
£ B2d= P
S35t wiol], Ao HA £
TE HAdvke] Walrx] d
g 7 e 2EdE A8 g50] 7hssitt 712

< SAATIEY HHEY 2400 mEr AL A
otoli= <F7ke] zle]7t QUTh(Table 1)(Bayon et dl.,
2002; Piotrowski et al., 2004; Gutjahr et al., 2007,
Jang et al., 2013). Palmer and Elderfield(1986) ©]
F e o] HAYL B4 Aule] W] w1
Z-go] Fat GEAAT, A HAE T B
S RS B9 skhiVIdE2) sl f4=71
A diEFACA A" -7 "ol o8| Ak
| P

R
= S 2= o)l
7§ = oéa TR
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Table 1. Sequential extraction method used in the literature for obtaining the authigenic Fe-Mn oxide leachates
Bayon et al. (2002) Piotrowski et al. (2004) Gutjahr et al. (2007) Jang et al. (2013)
. T Time T Time T Time T Time
Fraction Reagent ©C) (h) Reagent ©C) (h) Reagent ©C) (h Reagent ©C) (h)
Carbonate 10% Acetic 25 3 1M Buffered 25 * 1 M Buffered 25 * 1 M Buffered 25 *
acid acetic acid acetic acid acetic
acid
Fe-Mn 1M 80 3 0.02M 25 - 0.05M 25 3 0.02M 25 3
oxide Hydroxylamine Hydroxylamine Hydroxylamine Hydroxylamine
hydrochloride hydrochloride hydrochloride hydrochloride
in 25% acetic in 25% acetic (pH 4) in 15% (pH 4.5) in 25%
acid acid acetic acid acetic acid

*Until reaction is complete
-Not specified in the original literature
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A AsES BAE A Ase] AlEe Sls A
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Roberts et al., 2010).
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B H A7 R o "o 2 RE AfErE B
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E37] x]wa*(Mar’[m and Haley, 2000) %7] %
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]% A Zlo] AL EiA R 7leoke 53t 751]—"‘—7‘4
farete] wsto] Joju} A ASF9] g, #
7] Z3FtH(Roberts et al., 2012; Tachikawa et al.,
2014). FZ HAE Aol o5 HHE 3% 4
A A Nd& F2 WA 4dd Eoldes A7k
FAEEo|Y B S ule FAdE e
A THRoberts et al., 2012; Tachikawa et al, 2013).
TEgh, oAl sk RElE ARl 3 A
& Zrh AAET A A g7 FEL dolgle
85 g, w2 423 W] WelA] Zoh(Roberts
et al, 2012; Kraft et al, 2013; Tachikawa et al,

rE ru[o
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2014). WM & FAl= o] &
25 AA FEEe @Y AR Bjsle] &
Sl == A

S o) ozt A 38 AN A4 A
e Beldow AAsm Bske itk 44
K30 I sG] o TR
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o] @ ZElo]|~EA|9] A7 wWalE %%0}71011
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oM ELtel] 83l sto]=s4dotwl
E(NH,OH + HCI) &g o] g3l H-i7k isles
FEI. oleAmntEI oS &8l tE i
HLEZNE Nds EElsk=tl, 25 Tru-Spec #l%
(Eichrom APS.Z WA S|EFYLE T2 o|2EZHF
B #2]3tal, Al Ln #1XI(Eichrom Ahg ]85t
I ERYLE T NdS 23t} Ho] & =% &
ek A5, 919 7 il ool oleagh #xl
2 ol&sto] o]S ARl AAT = i) Fda
vl A dolsl A=A 7I(TIMS, Thermal
Ionization Mass Spectrometer) =2 U dE7] =
A% SoEnt A FEA7(MCIICPMS, Multiple
Collector-Inductively Coupled Plasma Mass Spec-
trometer)S ©]-&-3th #4 £=7F WE MC-ICPMS
7F Bol o] &u= FAOIARE, s Z2 Atk 2
°] Nd %7} 53] %210 ppb ©l3sh) AEE
NdO*" JEH2 TIMSE ©o]&3k=t] ©] 7% 15-20 ng
Nd#re =% §Ajo] 7hs 38 (Crocket er al., 2014
Porcelli et al., 2009) 4= ng Ndoll gt E4= 7}
oA 3L Sith(Harvey and Baxter, 2009). % g
o gt B9 AU =E 0.2-0.3 (20) FEolth

slo|=2Z 2 o]

B} 7129 o

822l g, we &8l A7 7 Wste] 7]
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2 o o e

do b B
tlo Rl o

SHMLET M7| Bt
B F G Atolel e AlolE &4 (Cape
Basin) 3LofollA] 2MA E|XES] g, @S BAg A
o] A= 71 sk Mg A AHwstel
WAE =8 F UA STt o|3LellA Rutberg et
al 2000 oF 78 A A7 9] g fhe AT
VFe & 7 s A=Y o de] ed=R 5
33tk ©1% Piotrowski er al.(2004)0114] HFZ
IS AdFTE AvE 5 e A=
o] =2 B7FE L Piotrowski ef al.(2005)0]
e oA B 3ol 71E3 HIAAM A °F 10
WA A 7R s dEe] 715S SEn

(Fig. 2). Piotrowski er al(2012)°14& 25 d A7}

9] 715 3l fraes AAREAEIA I EXE
AR g, B 7150 S Rl
ko] Aol EXl= dAl EuMEETTet
WEF7E T ARl om, o3 sl g, %
Hale P FF(e,=-7~-9% SHASIHNST
(5q=~-14)2] 44 A71=2 X F Q). o] 7
ol oJshH JiM S ASTe g, 5 1HT=
slalo}e] 2kaE9lda ¥, & ENk 7| s}
e AAZE Ak wEest Al7lele A
7} AP F2 AldlE FokFig. 2). @
hanier M otE T4 vlE A AelA
Piotrowski et al(2005)= ZH$Ws717F A1z of
57t A AR dlge] v Aol
7kt & A A2 GHeshe] ofslxlon,
g2 HFHYsr7t e we 94 gsysivt
FEBIAL s wha Aol Hek & i S =k
A QREFe] A Bidthe 748 3T S
71588} sllegte] Mske ek ZlolA] sl
gho] Wsprt 7| $RiskE 2EskA] %kt Zlott.
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]

9l S71&ge] ~EAMH37|(MPT: Mid-Pleistocene
Transition) = 73314t MPTE W37 7l7]e] 3
717} 45bdoll A 1ovhdo g wk wler)2 EWHE] 7
T3] 700l Hsh fleol® 719Hske] 7]
oF 21Zo] Walox 27T SRpEL] WS AL %
th. MPT ofHel= Wal7leh 7H719] g, #tol
ztolE HolA] kot MPTolFol& Hal7]9]
S g W 77N e g, Bl Aol wHEH
o2 Y7l AFYES EAH(Pena and
Goldstein, 2014). 5, MPT o]%oll= Wal7]el= &
A FHS7E 78719 Aggle] Aol EA)71A]
T, MPT o] Folle Buir St 2171
olgt Alo|x HEXJo] =dslr Wslr]ol= wll-g- ksl
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M i
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Fig. 2. (A) The oxygen isotope ratio of Greenland ice core as an indicator of Northern Hemisphere climate change.
(B) The authigenic neodymium isotope ratio of Cape Basin cores representing the strength of the North Atlantic
Deep Water versus Antarctic Bottom Water. Data from Piotrowski et al. (2005). (C) The authigenic neodymium
isotope ratio of the Mendeleev Ridge core showing periods of meltwater input to the Arctic Ocean. Data from Jang
et al. (2013). (D) The stacked record of oxygen isotope ratio of benthic foraminifera from Lisiecki and Raymo

(2005).
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