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Biogeochemical Cycles during the mid-Cretaceous Oceanic Anoxic Event 2

Young Ji Joo*

Maijor of Environmental Geosciences, Pukyong National University,
45 Yongso-ro, Busan 48513, Korea

Abstract: Oceanic Anoxic Event 2 (OAE2) represents a period of mid-Cretaceous when black shale was deposited
worldwide. This short period of perturbations in the global biogeochemical cycles spans the Cenomanian-Turonian
boundary, marking the peak of the Cretaceous greenhouse, which is characterized by elevated atmospheric pCO,, sea-
level highstand, and expansion of oxygen minimum zone. Since the pioneering work in the 1970s, numerous studies
have investigated the cause and consequences of the event based on geochemical and isotope proxies, and it is now
widely accepted that the enhanced primary production and volcanism during the Cenomanian-Turonian boundary
interval were the key environmental factors that triggered OAE2. This study briefly reviews previous OAE2 studies
of the carbon, sulfur, and trace metal cycles for mechanistic understanding of the biogeochemical processes during
the event.
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(Haq, 2014), 28]3L FASAY TR Al7]ed] H]3ted]
A A 2o AW WA (MacLeod et al,
20133 22 EAS Zhe AVIEA QIF7E 5SS
7k o] A ) v frAksith BEg o]
Al7] B A AAFCE f71E Rkl =2 MY
o] 7P WIS EHA =% (Kolonic, 2004 and
references therein) ©]= <UF7F &2 s A8
Y] B FES ARgh woprle] §4 3
g A&7 HE 7|52 EYE A% 7F5(20-400
kyr)?] SIEE zhe Al Zdo] FYHACH (e,
Meyers et al., 2012; Sageman et al., 2014), o= 7
Ag BFA(eg, FREUIE, 55, olvelfF) %
TASA Bl Agtele] A AT R 7 W
so} B 9 e} Fa gl 4 S
WS sk 9% EE AT,

Oceanic Anoxic Event (OAE; Schlanger and
Jenkyns, 1976), &4} a%F Faka AR A o
Ab EQE ] LERl wepr] Ete] AR|set =gt
o Wk AFAe] tiEAQl oAt sl4 ) £ 4t

TR #A4% st 2 A% 29E f71E
F SNl oJg o AE He, olEnt B4
(black shales)’®] H42> FANE A4 o A}
2w =0 (e.g., Takashima et al., 2006; Jenkyns,
2010), Z % OAE2:= Welr] Z7)ol] dojdt 7h3
O34l Aboltk(Schlanger and Jenkyns, 1976).
19700 B A5 ARE Fold Hx wdEy
HHE F Ad A 9 OAE2 o]HofA o] 5
Ax Yol 7% g g wis}, a28]a thEke] fi7]
B B ARl Al gk Ayt Es] o]
oA %t} (e.g., Schlanger and Jenkyns, 1976; Arthur
et al.,, 1985; Pratt, 1985; Brumsack, 2006; Forster et
al., 2007; Kuroda et al., 2007; Mort et al., 2007,
Turgeon and Creaser, 2008; Ando et al., 2009
Adams et al, 2010; MacLeod et al., 2013; Owens
et al., 2013, 2016; Zheng et al., 2013, 2016; Gomes
et al, 2016; Scaife et al, 2017). SA7}A] Fg=
AT A 1) AAFE B 30 AT, 2) B
oo oAet T8 di(eg F ¥ P 5 949
A SF8L 8k Afolo] A, 3) 24 AdEle] A 7]
Wzl gk gl Fa3k 7S AlFsiiich
2 =EolAs OAE2 a9 Ak o] Al <l
2 712 B B 8k wislel| tiste] dA7RA|
SHE A AHE 7es] AvRaat it

& o py

o or

Drilling Project (DSDP) <t thA{<k, ej ok, 9
SANM B5HE AlF Fo] B A K4l
=5 (e.g. ©I2|o} Livello Bonarelli) 22 Az} W
71 F71 54 A1l vl Aol A
22 255 Wl e @l THkEA s 7
o] WAL A AL e] e} shHtol= A3
AY(ooze) 71¢12] Wok(chalk)Zt 728 Bk H
Fo] A=EY ole A% 4 WslE AAshk=
I, S HE A WellM &2 AZk<1
Myr) &3t sl W ke FETF SRtete] wast
2k (anoxic) 2 3714 (euxinic-anoxic and sulfidic)
] AR siM3taL o] A7IE OAEZt R a3
th(Schlanger and Jenkyns 1976). 2% 7 i3
2l OAE2= A ¥iol7] Al=rlE (Cenomanian)-
F2UYold (Turonian)?] Z47A1(SF 939 Ma; Ogg et
al., 2012)ol14 2AYe Abrdelm, gha F9d4a 31e)
A AEe ¥ AL 5 AFE Fo
3 Abzle] HAIAl s $73e] weiqlo] ezt
BaEdl S8 7IHS 3 B 8
t7]-el g AlLge] A FAMERE ope} S thy]
o gtom tslA AEEHSITHArthur et al.
1985). THeFg Alej# 9119k HAeAdM )=
o] Weoly] F7] i w94 seeA 7 AYEd
O™ (Fig. 1), OAE2 59 d#HE FFE(F71ek2o)A
oF 3-6%0; BHAFHCIA OF 2%0)°] F91€A H ST
A AAe] Exske oo Bl 2 Adll(epeiric
sea), S EHAZTAAM  HIHATKSchlanger and
Jenkyns, 1976; Pratt, 1985; Jenkyns et al., 1994;
Stoll and Schrag, 2000; Tsikos et al., 2004; Sageman
et al, 2006, Jarvis et al., 2006; Friedrich et al.,
2008; Takashima et al, 2010; Joo and Sageman,
2014). F3el oste] AtEE frlEe F3EA
o FHtEE YA 2 g A FR COo,
o Hale] Aoz Port FRE] e F99
& HE Zheth PRI S 7] B
POt Elg el A&H o= AA
ol A= F3M AdEE f71EY Ba 594
2 HlE g2 A7lel Hskd Pert AgEe] FAY
OF B FHHA SEEAvt '
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Fig. 1. A compilation of the Cenomanian-Turonian carbon isotope curves from selected localities (modified after Joo et al.,
2020). Data sources: 'Joo and Sageman (2014); *Friedrich et al. (2008); *Takashima et al. (2010); “Pratt (1985); *Stoll and Schrag

(2000); “Jarvis et al. (2006).
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Hr}p 2k qiEe] F994 v HEs 3 AF
Hlo] =42 o]&y7|% heg. Jarvis et al,
2006; Joo and Sageman, 2014). T3t o]9} 7+ A
do] 7152 wWoly] F7] gy ©A A4t
Ags] AAE UAS Wt A B4 F
AL ST FA omlEERt opet A A
B4 8] ME 340 889 4 AUk

AT 7= =] Sk 34 AY B3
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AlEATh A HA 7 24k 79 SN
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9l (phosphorus)?} 7+ 8 FUHL Aedhe] Uof
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TH Y91oR ol vt 2y A7IE 9
UHe] A<=3H(Nederbragt et al., 2004; Mort et al.,
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E5 A 7P SR 8 e
Adolztd A F7He] ARlel gk =97k 28
stk ARG A A= 1?5'_ s AT
(Large Igneous Province, LIP)?] &S
QH o] & ARleE AN Ob— M‘:} 53] OAE2¢]

OAE24 /\lXUr 7¢] ”‘”E% FH EEo] Yot A
o2 4#Z Caribbean LIPS 53} AdAH &
g afA] o] st EEo] OAE2E EAAY
o2 oAXSinton and Duncan, 1997; Kerr,
1998; Snow et al, 2005, Kuroda et al, 2007,
Turgeon and Creaser, 2008; Adams et al., 2010;
Scaife et al., 2017; Percival et al., 2018). OAE2E
QA= Caribbean LIPS Hx &5 Al7] &<t t7]
% CO, s=7t s S7ket 715 &gk skt &
501] o8l B4 £=3ke] wehs AJARSHH(Barclay et
., 2010). <+ AFolX+= Caribbean LIPERF o}y
a} High Arctic LIP®] &5 9A] OAE29] H2lo=
=252 (Zheng et al, 2013; Scaife et al,
2017), 2 F¥ EZ A7} OAE2¢] AJZtEt)
3712 dEAde] g LIPS & oate}l Aol
O 2ok A A77E BaF Yol LIpel B
Fol 71918 BUE B BEe] AU Fo AE
o) JhstElz Bk SelA Yo FAslE
Y] ol Fhalel EFSel Al F5t
(Pogge von Strandmann et al., 2013 and references
therein). ©] Il BEARMTE oflg} 8 9 oE}
nlgFae] 3 A WA ddsted AFEe
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£H(sulfur)
o kst atsl ez EAjshy &) A=) shet

_10"

7§| £zl A@%z‘ﬂ—x% 5 O H]Aggal—ﬂ A}g} gl \k
32 ot ¢ 01%5} A FAA o] w8 ARk
o7 B4 3} A4 (coupled) =], o=
7€t (e, FEE &) njEo] 4kshE %(1&:,
SO,)¢] &714 (anaerobic) M=) 23k ik g

o g3 S Feg, FEA WES —’F‘E’Jo
7] wl&o|thBemer and Raiswell, 1983). OAE27}
el oty F)e] & FRtelA FRElor & &
oL G AZI7F AT JAE FEO] g W &

AEe FETt 7P B A7) F shuee A,
I FEE SmMAA 12mMe] Yeks Rz At
Hoh(Lowenstein et al, 2003; Wortmann and
Chernyavsky, 2007). °]= A 34 144 g v=
Q1 28 mM} Blwe o YA @ %}01‘:} -
Akl o] ole woly] 7] 43 A
S FEA ] AN FHAE iR ZHLO}—E
#H# AtH(Wortmann and Chernyavsky, 2007).
wely) 7] B4 7158 ol&d 3 &3 A+
© HAY O e e, T (e,
B BE A7 e 23 A9 <t
A9 H('S9)E olgdtt & FodA nl9
st} o *gz]ﬂ‘i} o8] gt A4+ OAE2 &
A ol wg- w2 lgre] A F=7t Caribbean
LIPS Pt &0 ofgt wee] s Fuisiehe
Q9lo|A2-S ASHIHITHAdams et al., 2010; Gomes
et al, 2016). OAE2 ©]d, &) A 3ol
st 9 e 55 ot o] fYE s W
A FETF 5438 ST Zlo] s9ldAa V)
=0 2HE gt Adams et al., 2010). S7Fe+ 3
Ao A uEe TF ol sppiE
St HEHORE JHAo= ?:]7%}04 ek
ﬂ”ﬂ =t o] FFoA He XS of7|s}
FH whgol| s} dojdtt. &, oi‘ﬁ =7t
‘%LO} gl Aol mokd A7 B¢ FE
AF8HE (Fe-oxide) -2 574F8HE (Fe-oxyhydroxide)=
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Fe bside] WA 9 vjERE FHl HAE

2L
of 23 dF FEELA A PO, )l o5 E
Hell F3tste] mj=5o] siFEHE A A= A
o|tH(Ingall et al., 1993). ©]¢} 72 oAM= HA
o] st o] B FEES Arkdol AgH
7o)l ZAHLh whde| HilslEdl g, NS

MAS FFSHA gernz HA uiEe IUte

BN N = =1

FAE WY Qitdo] 7502 AE B Aledye
A= Z# K Murray, 1995). F=3+ Aty Frr)

S I SelMe] Aol wEW Y ol
Tt SUHESE ke AMskE 9 iskE
FHe] FEAEA Rfal £EoE Al fyEtt
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714 AN 75 2 HAE Eé% el
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M Sk whga SR e] o]
Ae Aol uwebA sl-H 73 A (sediment-
water interface) B 3= W 3 $HFo] sl
e FE s (ferric Fe)o]l ofd &5"H #H
(ferrous Fe)& EAISIAL 380 gAMog 3
Adoh FAE W dAFS IS5 9 AFE T
FHE F FF0=2 &t dAE Alske
A& AFsted], ole Afyoz Fika 37
o] fFAE7| Sk ¥ HHYUeR ZEgh(Van
Cappellen and Ingall, 1996). & %7] % kA
SE7F ol W] wiEel] e St frslell
o] g 3 Aol FAT BspF dojd
ANoH, BlF BA| s} ool dFe] wEke] A
M (cascadesy’} 7FsatAth. AA| A3k Caribbean
LIPS] &-5o] A2 AJH, & OAE2 A%+ o]xd 4 H
54 715 W 3 w29 S7ReF OAE2e] ke
SN viEEe] F7PE EIEITHAdams et al,
2010). LY mied S7FE dehlle 824 & &
94 Ho ke AR R Ve Al B
do] FyE 750X B FHUL v 7Rt
FA7]0] FZEAHAdams et al., 2010; Owens et
al., 2013; Gomes et al., 2016). °]= %A AF3 1
Zwo] QAE2 o] F93 IS 6]—,,,\211], 1
g St TS £ DI AAH A
< ongitt.

OAE2 AP8] A|ZF gl 2ol st ghgo] Wl
e AAA ATe FHtiE 7hAdel AA

Qate] 3 &3 AR 2d(box model)o] ©]
o, Carlbbean LIPS Hz &5 Al71, Hdl
71, 94 7159 gAls au 2dz A3t
A& 71=0] o] &5 %UthAdams et al., 2010).
AollM = Al AL OAE2 old ¥ &
pre g mdl AXe FYSAEH, 5

A vepte st 71 A e 79
6}7] 9ate] OAE2 9F 500 kyr ©]#
ol oJate] Ak FrEFol oF Tl
o A g o %&05 FeE A
ok 50% @P%@ AR FAEITHAdams et al,
2010). ©]% Gomes et al. (2016)= 2E AAE =
AR LIPS 3t 53 3 GA] T Al
2 (Haq, 2014) SA OAE29] 7]
ofgh 37 949S =itk E8S A71ES]
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g ¢80 md3 AR Has
o FK AN EYe FRE Y = 9
W (Adams et al., 2010; Owens et al., 2013; Gomes
et al., 2016), F2k2 AFA 717H700-800 kyr; Meyers
et al, 2012) B FAY B Fu FANE A
Fe Fuel Bl 2. 2dS B A
Ah S7FES 50-200%0] W H9IE UEhhEd)
(e.g., Adams et al., 2010; Owens et al., 2013;
Gomes et al., 2016), o]&= 24 A4kl o]gd wet
old 27| WY I Tt =S7E FEA o)
o] Z7PF o ARt Al 94 75N
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sk, weke] therdel £QwZ olad & g E
& AgHor, 53] vep) 37 sl e %
Ak =TI OARE —Lt;g}fs]- /ngz]i}a Se) et
AR AR A 98-S 319 s}, 3% W)
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A el 3 A e ug
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5} %_zp\l Jo] siAlElejof & Ao|t}.
OAE2 A7l @714 #delrel mlide] <3l
etz Polrae) e AT NS AT
. B3] o AeldE ool 284 ARER
AR f71e Ul F9] s92lh wE S5,
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of Aoz eiAR FAMe ol FuY T
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o

S YOoI)E FAES AE YRAME s
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2% 3IEthRaven et al, 2016). AE WHo
& e FEst vlaste] gkl gl Wk
hea PAR-E

o] &A%l ot MARRE B|wA AFF7
ool FA FAR B9 & +3ke B A
o= ojgllslr] st -rT7] o] & F9ldA A7t
gdgsit) o= OAE29} 2= 474 27 ohuzt
Al 715 wslel A SAEHE Y ]
(oxygen minimum zone)o|4e] EF =3ke] o]3fof
= 71948 ZAoZ 7Idj¥the.g., Raven et al., 2021).
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0|2k 22 (trace elements)

OAE2 &<t vl 94 o] Wisle A 1) 9
FREE] Fud, 2) FARAVIAE B0A Y] «
2 As HIE 7] flstd A=A Orth
et al. (1993)9] Z7] A+= HW Western Interior
Seaways E3ek o] QoM 54 wF 55 o
2(Ti, Mn, Sc, Co, Cr, V, Pt, Au)2] 343 F3}2
Hastglon, o o we A 3 &w

s

g Ero
71Q1gH ghikgl A d4 &l % FEE A
3}59t}. Sinton and Duncan (1997)2 ©|&F &4 94
o] FA4¢ 73} el FUYF A 2 AEH
Qg o] opd wEZolm Agg dF &

% AHd(event plume)el] &Jgt 2102 sjAlsle], FA|
71 &5 Ao deiFl Caribbean LIPS 2 9
o102 A|otsISAT]. Snow et al (2005) HA] Hr] F
2o $3E3k= Western Interior Seaway®] BHA~
A A mF G559 FE o]&si
Caribbean LIPO.ZHE]S] 35S =<3ttt wHAo|
Hetzel et al. (2009)2 Gty kel EE 715027 E
OAE2 &<t M7 49| 7} el 54 94 A
ol¢] H](Fe/Al, MANE ol&sto sl W 8= &
st EAlshe 8714 749 = RIskE A
sttt Tk $hge] wga FA7ldl EHAY W
N w55 o] F4sH SUFe & AAE] A
sk 7150] #EEE, ol A9 52 HdA7H
TEE FALRZA o] Wdsle 54 das
o] FFEHE HAEZ wjEHo ARHo= 4
W =7t 74s] wEo|th(Hetzel et al., 2009).
53l (Black Sea)st 7+ #A 714 B4 850
o} f7lEe] A 9 EZo] &gt AY(eg,
A Eo} 7k #HF vhe 0AE2 9 7+ F4ka 8
ZAoA w4l AFS Hokebrld] A A9
olm, AA| &g A9 2AEE v OE Brumsack
2006y Sst=2 FHsk= 9a(Cd, Mo, T, V, Cu
Ni)ot € 53 22 F3Ye AAShe 94(Zn,
AgE T8l OAE2¢] d9lezAxe] skt 253t
ok BAA mEF Y4 wlE JAE A 4
sttt 2, tha @do] EAlsAR NE 715
o] LIP 59| AAAZ AtE +2(He) T
7HGrasby et al., 2019) GA] OAE2 7]Sol|A HILE]
Ath(Scaife et al., 2017; Percival et al., 2018).
A(Fe), oFd(Zn), =B (Mo), vRtE(V)H 22

e ERESSER RS AR ST R

iz Zg3lthe.g., Bellenger et al, 2011). OAE2

el ol ARG F7), FE P2 Yol
F7b49l 9102 A8F 4 Yk o|F Aol F&
Aa5e B2 BN JAE T 47194 S

AJZEVH(Algeo, 2004), Mo®l 7% F718 5 ¢
Aol 7P G etk (Scott and  Lyons,
2012). Owens et al. (2016)> 3pteks 2 3}, A
8ol oJgh GUE FFol OAE29 Al fAo
7431 P, OAE2 5¢F et Faka/gr)yg g
7oA mE Fo] mjEEe] SjFERE AARE
ol f71EY] dAAYARS Asilen, o 4
HHoz 0AER29] FZd 7dsle 29 HHY
(negative feedback)S 2 2831152 ASFI3ATT.
HT FH9a B V] wew A AH(Fe),
B2 Bd(Mo)t 2ol 2 AFe] akslskd e
DA wksElE 4 949 5994 AR A
T7F 3= Ak OAE2 59t ogelo} Bonarelli A
29 AA H(total Fe, Fer) ¥4 HI(*Fe/ Fe)
715004 e el MSIAFA (excursiony> FIE
of 93t ik 3kl ukgo] AN Ao FH 9
Qler, o] o|x Al7] mAE] et H Y W
oz HE WHEE ou|dti(Jenkyns et al., 2007).
Owens et al. (2012)= HUIMG EA A4 z7]9
WSt OAE2 H4ZF W H 5994 B¢k Fer/Al
715 RO R WA B ot I -dlEe] E
S5 hEE - 025 H Ho| FYUENSS 49
SIGTE Tek B2 ARo] dFel e A M
AoiEes daol 93 Fol, BA W & 33
JME dEFeoZHE Y8 He FFo] A%
Ao =933t Eelud F994 1])(*Mo/ Mo)
Al A THUAe AR B4 A e 3}
3t 243 HHE W Mo WS doxl Fd 33}
Hkgol gk FEE Al FSTH(Neubert et al., 2008).
OAE2 2 1219l skt S tist 71 SA=
a5 2E2F BY94 s E AvE S gl
T GFe] dFge] & A%
[e)

i
ne
1)
i
&
ks
o)
ne

= T

o
“Sro] o FHH whel|, §4F Fehge] o] 2

and Edmond, 1989). Wity 2E2F 994 3¢t
SAE HEOE T Fade] HuAQl BlE wsE
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2001), Bf %l%‘:*é 5179.% o 712% OAE2 AFA9)
o 600 kyr oAl FA3M 4 2EERF 909
2 HE diqtRe] st g% RS rdith(Ando
et al,, 2009). T3+ 2r|, tixek fEe T 84
ZoA 0AE2 AA thi 3 BES AN FE= o
25(0s) LR 715 A 2EEF s9de 4
T AFHE FETHDu Vivier et al,, 2014).
U 2TE 59194 Hl(eNd, "“Nd/"“*Ndye 94 2
Al £ AEI 7199 Wl ] EL2E) A
&l OAE2 HA4Z W o7e = Oﬂﬁ =3t Lﬂ

Abgk A -ollx] 994 B9 77%: WE}LHE‘%, ol
Fell  f9E dletEe] 7ide]l WE, F
Caribbean LIPS| 3t &5ollA FEislls 73S
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