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Abstract. A complete, well-preserved record of the Ceno- 1 Introduction

manian/Turonian (C/T) Oceanic Anoxic Event 2 (OAE-2)

was recovered from Demerara Rise in the southern NorthThe Mid-Cretaceous is characterized by an overall warm cli-
Atlantic Ocean (ODP site 1260). Across this interval, we mate (Huber et al., 2002), punctuated by several colder pe-
determined changes in the stable carbon isotopic compos#iods (e.g., Bornemann et al., 2008; Forster et al., 2007).
tion of sulfur-bound phytanerSPCphytane), a biomarker for  This overall warm climate probably resulted from elevated
photosynthetic algae. Thi?l?’Cphytane record shows a pos- atmospheric greenhouse gas concentrations, as atmospheric
itive excursion at the onset of the OAE-2 interval, with an pCOz levels are estimated to have been 3-8 times higher than
unusually large amplitude~7 %o) compared to existing C/T  pre-industrial values (Schlanger et al., 1987; Wilson et al.,
proto-North Atlantic$*3Cghytane records (3-6 %.). Overall, 2002; Huber et al., 1999; Berner, 1992; Barclay et al., 2010;
the amplitude of the excursion 6f3Cphytanedecreases with Berner and Kothavala, 2001). The most widely accepted ex-
latitude. Using reconstructed sea surface temperature (SSPlanations for these high atmosphepi€0O; levels are in-
gradients for the proto-North Atlantic, we investigated envi- creased rates of seafloor spreading and enhanced plate mar-
ronmental factors influencing the latitudindfCpnytanegra-  9in volcanism (e.g. Turgeon and Creaser, 2008; Kerr, 1998;
dient. The observed gradient is best explained by high proBlattler et al., 2011; Jenkyns, 2010).

ductivity at DSDP Site 367 and Tarfaya basin before OAE-2, Superimposed on this period of high atmosphei@€O,
which changed in overall high productivity throughout the levels, several short lived episodes of increased or-
proto-North Atlantic during OAE-2. During OAE-2, produc- ganic matter (OM) deposition, so-called ocean anoxic
tivity at site 1260 and 603B was thus more comparable to theevents (OAEs) (Schlanger and Jenkyns, 1976; Arthur et
mid-latitude sites. Using these constraints as well as the SS@l., 1988; Jenkyns, 1980), occurred. Generally, in ma-
and813Cphytangrecords from Site 1260, we subsequently re- rine settings this enhanced OM burial during OAEs is
constructedpCQy, levels across the OAE-2 interval. Ac- thought to be the result of either enhanced bioproductiv-
cordingly, pCO, decreased from ca. 1750 to 900 ppm during ity or increased anoxia or a combination of these two fac-
OAE-2, consistent with enhanced organic matter burial re-tors (Kuypers etal., 2002b). One of the most pronounced and
sulting in loweringpCO,. Whereas the onset of OAE-2 coin- Widespread OAEs is OAE-2, which occurred at the Ceno-
cided with increase@COy, in line with a volcanic trigger for ~ manian/Turonian boundary (C/T; 93.5Ma, Gradstein et al.,
this event, the observed cooling within OAE-2 probably re- 2004) and which is also known as the Cenomanian Turonian
sulted from CQ sequestration in black shales outcompeting Boundary Event (CTBE). A positive carbon isotopic excur-
CO, input into the atmosphere. Together these results shov$ion accompanying OAE-2 has been observed both in ma-
that the ice-free Cretaceous world was sensitive to changegne carbonates and in marine and terrestrial OM (Hasegawa,

in pCO related to perturbations of the g|0ba| carbon Cyc|e_ 1997) This excursion has been attributed to enhanced OM
burial (Arthur et al., 1988; Scholle and Arthur, 1980), be-

cause organisms preferentially take up light carbileav-
ing the remaining carbon in the ocean—atmosphere reservoir
enriched in*3C.
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Since phytoplankton fix dissolved inorganic car- -9 -60° -30° 0°
bon (DIC) during photosynthesis the export of phytoplanktic )
biomass to deeper water and the subsequent burial act as
a biological carbon pump. Due to the exchange of,CO
between atmosphere and ocean, this biological carbon pump
effectively removes C®from the atmosphere. The strength
of this biological pump, therefore, modulates greenhouse
climate (Royer et al., 2007; Berner, 1992; Arthur et al.,
1988). During OAE-2, the increased burial of OM likely
resulted in a more efficient carbon pump, loweripGO,
levels. Recently a reconstruction based on the stomatal o
index of land plants demonstrated that during OAE-2, two
intervals of enhanced OM burial and associate80O,
decreases occurred (Barclay et al., 2010). This decrease
in pCO; within OAE-2 was initially demonstrated by the
observed larger amplitude of the carbon isotopic excursion
when measured on organics compared to carbonates, since
the rate of isotopic fractionation during carbon fixation by
phytoplankton decreases at lowpCO, values (Freeman // a0
and Hayes, 1992). A reduction pCO, of about 300 ppm
during the OAE-2 interval was calculated using the iso- Fig. 1. Reconstruction of the proto-Atlantic Ocean during the Ceno-
topic values of biomarkers for photosynthetic algae andmanian/Turonian created with GEOMAR map generatoww.
cyanobacteria (Sinninghe Darastt al., 2008). SuchCO, odsn.de/odsn/services/paleomap/paleomap.ht@ircles indicate
reconstructions based on isotopic fractionation rely onthe paleo-location of the discussed records. For each site the am-
assumptions for paleoproductivity, temperature and equilib-Plitudes of the OAE-213Cypytaneexcursion (in %) is indicated
rium CO, exchange between ocean water and atmospheré"? black numbers (Site 1260, this study; Site 367_, K_uypers ,et al.,
and, therefore, should be considered as estimates. 2002b; Tarfaya, Tsikos et al., 2004; Site 603B, Sinninghe Damst

A short-lived cooling within OAE-2, called the Plenus etal., 2008).

Cold Event has been observed at several locations (Forster
et al:, 2007; Gale and Christensen, 1996; Voigt etal., 2004, Setting and stratigraphy
Jarvis et al., 2011). The Plenus Cold Event is probably re-

lated to lowerpCO; levels at that time (Sinninghe Darést  During the Cenomanian-Turonian, Demerara Rise was situ-
et al., 2010), which would be in line with the two stomata ated in the tropical region of the proto-North Atlantic off the
based intervals of lowepCO, coinciding with maxima in  coast of Suriname (Fig. 1). As Demerara Rise was a subma-
the carbon isotope excursion (Barclay et al., 2010). How-rine plateau at the time, the Cenomanian-Turonian sediments
ever, this carbon isotopic record used by Barclay et al. wast ODP Site 1260 were most likely deposited at intermedi-
measured on bulk organic matter, which might have been afgte water depth, probably between 500-1500 m (Erbacher et
fected by compositional changes as well. Preferably recong|. 2004b; Suganuma and Ogg, 2006). The Cenomanian—
structed temperature aneCO, records should be based on Conijacian sediments of the studied sequence are mostly
the same sedimentary record. dark, laminated, carbonaceous, calcareous mud- to marl-
Here we compare the observed change in the compoungtones (black shales), interbedded with occasional thin cal-
specific isotope record of sulfur-bound phyta8®Cphytand  careous layers and foraminiferal packstones (Erbacher et al.,
at Demerara Rise with other publishét’Cphytanerecords  2004a; Nederbragt et al., 2007). OM from Demerara Rise
from the proto-North Atlantic along a latitudinal gradient. is thermally immature with organic carbon contents of up to
Observed differences in the amplitude of tH8Cphytane€X-  20% and mainly of marine origin (Erbacher et al., 2004a,
cursion during OAE-2 are subsequently discussed in termg: Forster et al., 2004; Meyers et al., 2006). Since Demer-
of variations in productivity and [C&aq)]. The boundary  ara Rise experienced anoxic bottom water conditions during
conditions from this comparison are used to reconstruct atmgst of the Cenomanian — Coniacian (Erbacher et al., 2004b;
mosphericpCO; levels across the OAE-2 interval. Suganuma and Ogg, 2006; van Bentum et al., 2009) the OM
is excellently preserved. Furthermore, in contrast to the pre-
viously drilled Demerara Rise Site 144 (DSDP), where only
part of OAE-2 was recovered, the ODP Site 1260 cores span
the entire OAE-2 interval (Erbacher et al., 2004a).
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A) 8PCrp
-30 -25 -20

%o) of OAE-2 range from 200 ky to 700 ky (Arthur and Premoli-
Silva, 1982; Arthur et al., 1987; Sageman et al., 2006; Fri-
jia and Parente, 2008; Erbacher et al., 2005), however, the
recent record of Voigt et al. (2008) suggests a duration of
430-445 kyr for OAE-2.

424
C
-g 3 Materials and methods
4o
2 Sediments used for this study were collected during Ocean
425 — C Drilling Program (ODP) Leg 207 at Site 1260 (holes A and

B) on Demerara Rise (Erbacher et al., 2004a). Biomark-
ers were analyzed in sediment samples previously used to
B determine total organic-carbon content (TOC), carbonate
— (CaCQ) content, stable carbon isotopes of bulk organic car-
bon ¢12Croc, Fig. 2a) and the TE¥ sea surface temper-
ature proxy (Forster et al., 2007). Sediment samples (3
to 5g dry mass) were taken approximately every 10cm
above and below the OAE-2 black shales, while within the
OAE-2 section, samples were taken every 2-5cm. Sed-
1T T 71 iments were freeze-dried, powdered and subsequently ex-
-34 -30 -26 -22 tracted with an Accelerated Solvent Extractor (Dionex) using
B) 513cphytane (%o) a dichloromethane (DCM) — methanol mixture (9:1, v/v). El-
emental sulfur was removed from the extracts using activated
copper. The extracts were then separated into apolar and po-
Fig. 2. Stable carbon isotope and biomarker data for OAE-2 at De-|gr fractions using a column of activated alumina by elution
merara Ris_e, ODP Site 126(A) isotope values of_ organic carbon \yith hexane/DCM (9:1, viv) and DCM/methanol (1:1, V/v),
(633Croc) in %VPDB (Forster et al., 2007)(B) isotope values respectively
of S-bound phytanest3Cypnytand in %. VPDB (this study). Grey g L
shaded areas mark phagé$, (B) and(C) of OAE-2 (see text for . Ran(_ey Nlckel desu!furlzat|on and subsequent hydrogena-
details). Scale in meters composite depth (mcd). tion (Slnnlnght_a Damstet al., 1993) were used to release
sulfur-bound biomarkers from polar fractions. To ensure suf-
ficient yield this process was only performed on samples that
produced polar fractions weighing5 mg. The desulfurized
The exact stratigraphic position of OAE-2 was deter- fraction was separated further into apolar and polar fractions.
mined using the positive isotope excursion of organic car-The apolar fraction obtained from the desulfurized polar
bon (Fig. 2a; Forster et al., 2007). This carbon isotopefraction was separated into saturated aliphatic, unsaturated
excursion accompanying OAE-2 can be divided into threealiphatic and aromatic fractions by column chromatography
phases (cf. Kuypers et al., 2002a; Forster et al., 2007; Tsikos&ising AgNG-impregnated silica as the stationary phase and
et al., 2004). Phase A (426.41-426.21 mcd, Fig. 2) consistfexane, hexane/DCM (9:1, v/v) and hexane/DCM (1:1, v/v)
of the onset of the excursion, up to the first isotopic maxi- as eluents.
mum. Phase B (426.21-425.27 mcd, Fig. 2) starts with a de- All fractions were analyzed on a Hewlett-Packard (HP)
cline in values of the stable carbon isotopes of bulk organicgas chromatograph (GC) fitted with a flame ionization de-
carbon §13Croc), followed by a second increase and ends tector (FID) and a sulfur-selective flame photometric detec-
with an interval of steadily higls3Croc values. Finally, tor (FPD). Samples were injected on-column, on a CP-Sil
the gradual return to nearly pre-excursion values is part o6CB fused silica column (50 m 0.32 mm i.d.) with helium
phase C (425.27-424.85 mcd, Fig. 2). Phase A is equivalenas carrier gas set at constant pressure (100 KPa). The oven
to the “first build-up” phase of the proposed European refer-program started at AC, was then heated by 2C min to
ence section at Eastbourne (Paul et al., 1999). The declin@20°C and finally by £ C/min to 320°C and kept at this tem-
and second increase in phase B corresponds to the “troughferature for at least 15 min. To identify compounds, samples
and “second build-up” phase in Eastbourne, while the highwere measured on a GC-MS (Thermo Trace GC Ultra) with
values correspond to the “plateau” (Paul et al., 1999). Fol-a mass range:/z 50-800 using a similar column and heat-
lowing earlier work (Kolonic et al., 2005; Kuypers et al., ing program as for the GC, however, with the carrier gas at
2002b; Tsikos et al., 2004) phases A and B together are reconstant flow.
ferred to as OAE-2, while phase C represents the recovery Compound specific isotope ratios were measured using a
phase after the OAE-2 interval. Estimates for the durationGC isotope-ratio mass spectrometer (HP GC coupled to a

depth (mcd)

N
N
()]
Cenomanian
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www.biogeosciences.net/9/717/2012/ Biogeosciences, 9, 732012



720 E. C. van Bentum et al.: The OAE-2 carbon isotopic excursion

-20 low OM content$*3Cpnytanecould not be measured in the in-
tercalated carbonate layer between 425.96 and 425.57 mcd.
R2=0.93 Above this carbonate Iaer13Cphytanevalues remain con-
y=11x-0.2 stant, at values around24 %o until 425mcd. Above the
OAE-2 interval, within the so-called phase C (cf. Kuypers
24 A‘_& et al., 2002a; Forster et al., 2007; Tsikos et al., 2004)
813Cphytanevalues gradually return to near pre-excursion val-
ues.
Y At Demerara Rise Site 1260, the bulk GWC (813Croc)
record shows a positive excursion of 6.6 %o (Forster et al.,
2007) during the OAE-2 interval. The predominantly ma-
rine source of the OM and its low thermal maturity indicate
that the rapid fluctuations observed in #Croc record
during the onset phase of the OAE-2 interval (Fig. 2a) are
most likely not caused by changes in OM preservation or
thermal maturity but by fluctuating inputs of terrestrial OM
or, more likely, changes in the composition of marine OM
20 at this location. Carbohydrates and proteins are for instance
typically enriched in*3C relative to lipids. Such variability
could overprint the13Croc record (van Kaam-Peters et al.,

Fig. 3. SuIfur-bounszl?’Cphytané/alueS plotted versust®Croc. ;998, Sinninghe Damatet al., 2002). Compound spec_|f|c

Error bars are based on replicate analyses. Line indicates lineafSOtoPe .r(_acords’ however, ar? unaffected by changes in the

regression, with an? of 0.93. composition of OM, and provide a more accurate represen-
tation of the true amplitude of the isotopic excursion during
the OAE-2 interval (Fig. 2; Kuypers et al., 2002, 2004).

Thermo Delta-plus XL). For most GC-IRMs measurements At Demerara Rise, most biomarkers were sequestered in
a similar column and oven program were used as for the GGhe sediment in macromolecular aggregates through incor-
and GCMS measurements. Samples were all measured gpration of inorganic sulfur species during early diagene-
least in duplicate anéf'3C values are reported in the standard Sis (cf. Brassell et al., 1986; Sinninghe Daénst al., 1989)
delta notation against the VPDB standard. IRM performanceas demonstrated by the high yield after desulfurization. To
was monitored with off line calibrated, co-injected, internal measure the carbon isotopic value of these biomarkers, they
standards, standard mixtures (both in house and Schimmewere released by Raney Nickel desulfurization. In this way,
mann standard mixtures B and C) and through the multipleamongst other compounds S-bound phytane was recovered.
analyses of samples. Accuracy and precision was aroun&ince S-bound phytane is derived from marine photosyn-
0.3-0.6 %o for phytane based on multiple analyses of samthetic algae and cyanobacteria (Koopmans et al., 1999), its
ples and standards. stable carbon isotopic compositio&lﬁcphytane) represents

the weighted average 6f3C of marine primary producers

and is not influenced by fluctuating inputs of terrestrial OM

phytane

3”C

4 Results and discussion or changes in the composition of marine OM. Preservation of
isotopically heavy carbohydrates through sulfurization will
4.1 The OAE-2 carbon isotope excursion at resultin more positivé *Croc thans*Cynyranevalues (Sin-
Demerara Rise ninghe Damst et al., 1998). The observed 2 %o offset be-

tween 813Croc and §*3Cppytane (Fig. 3) can hence be ex-
The S-bound phytane carbon isotog@3Cphytand record  plained by the isotopic heterogeneity of marine OM (Hayes,
at Demerara Rise shows a clear 7 %. excursion across th@993; Schouten et al., 1998).
OAE-2 interval (Fig. 2b). TheSl3Cphytane excursion fol-
lows the same trend as the bulléCroc record, exceptthat 4.2 Latitudinal variations in the amplitude of the
813Croc values are about 2% higher than t€Cpnytane carbon isotope excursion
values (Fig. 3a). Prior to the OAE-2 intervalCpnytaneval-
ues equal approximately31 %.. At the onset of the OAE-2 High atmosphericpoCO; levels during the Cretaceous re-
interval,813Cphytanevalues rapidly rise te-26 %o, maintain-  sulted in stronger fractionation between DIC and marine OM
ing this value until 426.2 mcd (Fig. 2b). Here a sudden dropcompared to today (Arthur et al., 1985a). Consequently,
of more than 3 %o to-29 %o is observed, although limited Cretaceous OM is overall depletedd®*C by 4-5 %, com-
to one data point. After this, values increase again to aroungbared to present-day OM. Superimposed on 8A&C off-
—26%0 subsequently dropping to abouR8 %.. Due to the  set a positive excursion is observed during OAE-2. The

Biogeosciences, 9, 71731, 2012 www.biogeosciences.net/9/717/2012/
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§"C phytane possible additional effects mentioned previously, influencing
the carbon isotopic fractionation during algal photosynthesis.
pre OAE-2e  OAE-2e 8"C of recent OM Marine plankton in present-day oceans shows a similar,
albeit more modest, decreasesHC values with increas-
ing latitude (Goericke and Fry, 1994; Rau et al., 1982,
1989) (Fig. 4). To compare present d&¥?Croc values
with OAE-2 813Cphytanevalues the trend has to be offset by
1.5%0 (4 %0 more negative for the offset between total or-
ganic carbon and phytol, Schouten et al., 1998) and 2.5 %o to-
wards more positive values due to the difference in the global
DIC reservoir (Arthur et al., 1985b). The recent gradient in
allo 813Croc values is thought to be primarily due to latitudi-
8"C (ko VPDB) nal changes in [Cé&laq)] (Goericke and Fry, 1994; Rau et
_ o 13 ] al., 1982, 1989), which, in turn, is mainly controlled by the
:;'g'SA'éagtt‘gi'tr;allgg%d"t""r:‘its'rs‘stud(}jlr_)hé’it?g%pé'?oré‘;ﬁgiif‘gl‘j dzlg('mb_latitudinal decrease in sea surface temperatures (SST) and
Tarfaya, Tsikos et al., 2004; Site 603B, Sinninghe D&medtal., f:ha_nges N marine primary productlylty and_ OM remineral-
ization. Isotopic fractionation associated with photosynthe-

2008) compared to the gradient observed in 3hEC of recent . . - . . ;
OM (from Rau et al., 1982). The dark grey arrows indicate the sizeS!S €p) increases with increasing [Gq)]. Since CQ dis-

of the $13Cpnytaneexcursion that has been interpreted as the resultSOIves better in colder water, OM produced by phytoplankton
of enhanced global OM burial, the light grey arrow represents thePhotosynthesis in colder and thus £@ch waters, is rela-
amount of the excursion that is due to local variations. tively 13C-depleted (Rau et al., 1989, 1992).

N
[&)]
1

latitude
o

()]
1

33 31 29

4.3 Reconstruction of changes in [C@(aq)] versus time
observed amplitude of the positi¥é3Cpnytane €XCUrSsion at and latitude within the proto-North Atlantic
Site 1260 is large in comparison to other known OAE-2
813Cpnytanerecords. Based on carbonat®C records, ap- Based 0ng*3Cpnytane records [CQ(aq)] can be calculated
proximately 2.5 % of the OAE-2 excursion has been inter- USing reconstructed SSTs, estimates #6iC of DIC, and
preted as the result of enhanced global OM burial, shifting® factor related to primary productivity) (e.g., Sinninghe
thes13C of the global carbon reservoir towards more positive P2amse et al., 2008; Bice et al., 2006; Freeman and Hayes,
values (Kuypers et al., 2002b; Schlanger et al., 1987; Jenkyn$992; Jasper et al., 1994). Following this approach, a theo-
etal., 1994: Arthur et al., 1984; Tsikos et al., 2004; Bowman 'etical gradient in [CQ(aq)] was here reconstructed by cal-
and Bralower, 2005). The remainder of the 6.6 %o excursionculating [CQ(aq)] for four different locations in the north-
at Demerara Rise must, therefore, be due to other processe®N Proto-Atlantic (Table 1; Figs. 1, 4 and 5). Since the
Possible causes include changes in §¢@)], changes in the meridional SST gradient changed during OAE-2 (Slnn_lnghe
513C of thelocal inorganic carbon pool, changes in inorganic Pamse et al., 2010), we calculated [G@q)] for three dif-
carbon speciation, changes in temperature and changes fgrent time intervals with different temperature gradients:
marine productivity, which influence phytoplankton growth (1) prior to OAE-2 with no latitudinal temperature gradient
rate and dimension (Hayes, 1993, 2001; Takahashi et al(Fig- Sb: “pre-OAE-2” - green line), (2) during the Plenus
1991). Cold Event, within OAE-2 when there was a temperature

Carbon isotopic values of S-bound phytane from sites aggradient (Fig. 5b: “cooling” — light blue line) and, (3) dur-
four different latitudes (ODP Site 1260, this study; sites N9 the maximum isotopic excursion within the OAE-2 inter-
367 and 603B, Kuypers et al., 2002b; S57 Core, Tarfayaval when there was again no temperature gradient (Fig. 5b:
Basin, Tsikos et al., 2004, see Fig. 1 for paleo-locations) Plateau” —dark blue Ime%.
show that the amplitude of thi#3Cpnytane OAE-2 excursion ~Assuming a general 4 %o offsegA@) between phytol and
in the proto-North Atlantic decreases towards higher lati-Piomass (Schouten et al., 1998}; Cphytanevalues from the
tudes (Fig. 4). Prior to the OAE-2 intervaE3Cphytanevalues four different _s_ltes (Taple 1) were used tq estimate the iso-
at the different sites are rather similar (Fig. 4), with slightly {OPic composition of primary photosynthetic carb@p)(
more positive v_alues at Tarfaya and more r;egatlve values agp = Sphytanet AS 1)

Site 603B. During the OAE-2 excursion, af3Cpnytaneval-

ues increased, but all to a different extent. ConsequentlyThe isotopic composition of C£faq) in the photic zones§)
813Cpnytanedecreases by about 3 %. from the equator tol80  can be calculated from the stable carbon isotopic composi-
during OAE-2 (Fig. 4). With a global enrichment in the iso- tion of planktonic foraminifera. Since biogenic carbonates
topic composition of the DIC reservoir of about 2.5 %o (indi- were poorly preserved in the OAE-2 sediments, the aver-
cated by the dark grey arrow in Fig. 4), the latitudinal offset age isotopic value of foraminifera from just below the OAE-
between the different sites has to be explained by one of th@ interval at ODP Site 1260 was used (data from Moriya

www.biogeosciences.net/9/717/2012/ Biogeosciences, 9, 732012
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Table 1. Summary of data from the four discussed sites. Productivity estimates based on TOC contents and mass accumulation rates of
organic carbon (MARqg) in g m-2 yr~1 (Forster et al., 2008; van Bentum et al., 2009) at the different sites. Photic zone anoxia (PZA)
based on the occurrence of isorenieratane or its derivatives (Site 1260, this study; Site 367, Kuypers et al., 2002b; Tarfaya, Tsikos et al.,
2004; Site 603B, Sinninghe Danaset al., 2008). Temperatures are SSTS8@n(based on: Forster et al., 2007; Sinninghe Dénastal.,

2010), isotope values of S-bound phytamje%phytang in %0 VPDB. (Site 1260, this study; Site 367, Kuypers et al., 2002b; Tarfaya, Tsikos

et al., 2004; Site 603B, Sinninghe Da@gt al., 2008).

Site Period MARorg  Productivity — PZA Temp §13Cpnytane
estimate
Pre OAE-2 0.3 Low/normal  No 39 —-315
603B Cooling 14 31 —-29.0
Plateau ) Higher Strong 43 —-27.0
Pre OAE-2 2 High Occasional 39 -30.0
Tarfaya S57 Cooling 12 More often 35 -27.5
Plateau Even higher  More often 43 —26.2
Pre OAE-2 3 High Occasional 39 —-30.5
Senegal 367 Cooling 9 More often 37 —-26.5
Plateau Even higher  More often 43 —24.5
Pre OAE-2 0.2 Normal/high  Occasional 39 —30.8
Demerara Rise 1260 Cooling 03 Normal/high  Strong 37 —26.2
Plateau ) Normal/high  Strong 43 —24.0

and Wilson, as in Sinninghe Daréset al., 2008). The iso- With ¢ being the maximum isotopic fractionation associ-
topic value of the foraminifera was corrected for calcite- ated with the photosynthetic fixation of carbon, which is
bicarbonate enrichment according Eqg. (2) (1 % Romanek eR5 %o in the case of algae (Bidigare et al., 1997). Param-
al., 1992). The temperature dependent carbon isotopic fraceterb is related to productivity and depends on growth rate
tionation €, (4)) was corrected with respect to HGQ@ccord-  and cell dimensions (Bidigare et al., 1997; Popp et al., 1998).
ing to Eq. (3) (Mook et al., 1974), with temperature (T, here  From Egs. (3) and (5) it is evident that [G@q)] cal-
equal to SST) given in K. culations (and subsequentpCO, calculations, see Eq. 6)
@) are strongly affected by productivitp) and SSTs (Fig. 6).
Although at high £3000 ppm)pCO; valuese, has a lim-
Ep(a) = 24.12—9866/T 3) ited sensitivity, the 6 %o range i1, used for our calculations
Based on the 2—-2.5%o global carbon isotope excursion in(gcr:ay rer:: tangle I|:_||g. 6) resultslm Iatragr;ﬁr rolzjgf?t est;mate of
bulk carbonate (Hayes et al., 1989; Wilson et al., 2002;” Oz changes. Hence, we calculated three different scenar-

Tsikos et al., 2004; Jarvis et al., 2006) we assumed DIC t 'Z‘:’;rr:g;g?ﬁ It(:]g%tgnnally fé((?cl)?ér;tge gﬁ;ﬁ r\i/r(]ag ;?]tg usdéq_al it
have been enriched by 2 %o during OAE-2. Although 2 %o phytane y 9 '

is only an estimate, a different value for DIC would cause
an overall shift of the reconstructions, rather than affecting

differences between sites and through time. Calculating senyy, 4g5ess the impact of productivity changes across the North
sitivity of the equations to the input variables temperature, ayantic we first reconstructed the hypothetical [§/&x)]
foraminiferal 13C and biomarkes**C demonstrated that ceded to explain the observatC values. For constrain-
o 13 by i :

foraminiferal§™°C values overall do not appreciably impact g ST values, a detailed reconstruction exists for sites 1260
calculated [CQ(aq)] values (Bice et al., 2006). and 367 based on TE¥ (Forster et al., 2007). However, no

The photosynthetic fixation of carbom,) was subse-  g,c temperature records exist for the other two sites. The
quently determmeQ using the following equation (Freeman, it dinal temperature gradients recently reconstructed by
and Hayes, 1992): Sinninghe Damét et al. (2010) show that prior to OAE-2
ep= 103((5d +1000/ (3p+ 100@ — 1) (4) no appreciable latitudinal temperature gradient existed across
. - the proto North Atlantic and thus, SSTs were likely similar
£p Was accordingly used to calculate [e(@q)] (Bidigare et for all four sites. During OAE-2 a cold interval, known as
al., 1997): the Plenus Cold Event, occurred (Jefferies, 1962; Voigt et al.,
ep=¢6r—b/[COz(ag)] (5) 2004; Gale and Christensen, 1996; Forster et al., 2007). At

8a = Slgcplankforam— 1+epa)

4.3.1 The “constant” productivity scenario (l)
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Fig. 5. Scenario (I) where [C&aq)] is calculated using=170(A) for all time slices. Sea surface temperatures are based on Sinninghe
Damse et al., 201GB). Values of [CG(aq)] in umol -1 (C) (Gray area indicates recent values from Goericke and Fry, 1994). Scenario (I1)
whereb is allowed to varyD). Sea surface temperatures are based on Sinninghe ®atast, 201GE). Values of [CQ(aq)] in pmol 1 (F).
Scenario (I1l) where is allowed to vary, withh increasing at the onset of OAE-@5). Sea surface temperatures are based on Sinninghe
Damsé et al., 201@H). Values of [CO(aq)] in pmol 2 (1).

this time, temperatures were cooler in the north (Site 1276)ity at Site 1260 (Hetzel et al., 2009). In this scenario (1), we
than at the equator and a latitudinal temperature gradient waapplied this rather high-value to all four sites (Fig. 5a).
established (Sinninghe Dargsit al., 2010). During the later Using thisb value of 170 %M and the reconstructed
warmer episodes of OAE-2, the SSTs gradient was absenemperature records [Gaq)] was calculated (Fig. 5a—c).
again in this part of the proto-North Atlantic. These temper- The latitudinal [CQ(aq)] shows a strong increase towards
ature gradients can be used be used to estimate SSTs for thggher latitudes during the OAE-2 interval, which is needed
two other sites (Fig. 5b). Now that we have an SST estimat&o explain the observed latitudina3C offset (both during
for all four sites we still need to restrain the plateau and the cooling phase, blue lines) (Fig. 5c). Un-
In recent settingsh correlates positively with phosphate like the [COy(aq)] gradient observed today, the calculated
concentration. Since phosphate concentrations correlate witfCO(aq)] before OAE-2 shows lowest values at 15 degrees
815N values 51°N can be used to estimabtdAndersen etal., north (Tarfaya Basin). Moreover, the low [G@q)] at Tar-
1999). Using these correlationswas previously estimated faya prior to OAE-2 is in contrast to the inferred strong local
to have been 170 %sM at Demerara Rise during the Albian- upwelling conditions (Kolonic et al., 2005). Clearly latitudi-
Santonian (Bice et al., 2006). This value is relatively high, nal differences in sea surface productivity must have played
but within the range of values observed today in the Southa major role in shaping th&3C phytane gradients and it is
Atlantic (80—250 %q.M) (Schulte et al., 2003 and references not realistic to assume productivity was similar for all four
therein) and is in line with the reconstructed high productiv- sites.
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10000 j since Tarfaya and Site 367 are thought to have experienced
5000 J high productivity prior to the OAE-2 interval. (Site 1260, this

SST (°C) ‘ study; Site 367, Kuypers et al., 2002b; Tarfaya, Tsikos et al.,
8000 { - gg 1 2004; Site 603B, Sinninghe Dands¢t al., 2008). It seems
o] —— 30 s therefore that the offset iB-3Cphytaneprior to the OAE-2 in-

terval at Tarfaya (Fig. 4) was mainly due to the higher pro-

. 8000 ductivity at that time when compared to the other sites.

£ 5000
1000 4.3.3 The “increasing productivity” scenario (lII)

8000 Scenario Il assumed that productivity remained constant at

Demerara Rise across the OAE-2 interval. However, ev-
idence from nannofossils (Hardas and Mutterlose, 2007)
- points to enhanced productivity during OAE-2. Changes in
0 productivity at Demerara Rise would imply that productivity

2000

1000 b

15 17 19 21 23 25 at the other sites must have changed as well in order to ex-
g, (%o) . 13 . . .
plain thes+°C trends versus time and latitude as observed in
Fig. 4.
Fig. 6. The relationship betwees), and pCO, (figure modified In scenario 1l (Fig. 5g, h and i), we used the same SSTs as

from: Pagani, 2002; Bijl et al., 2010). The SST ranges are bases 0fh scenarios | and Il but assumed now that fa¢tat Demer-
the SSTs reconstructed with Tgxfor the Cenomanian-Turonian. ¢ Rise increased from 170 to 220 at the onset of the OAE-2
\Ff?"“essforb ";‘rel bz%%% O”n‘(’ja'”rﬁhrecorl‘s”ugéidfmlt tDZ“,“r?r;fa (Fig. 5g). The latitudinal changes d3Cphytanewere subse-
ise (Bice et al., 2006) and on the values focalculated in this 0 v used to calculati at the other 3 sites. This would
paper. The grey area indicates the valuessfpcalculated across . . . . -
. imply thatb increased at most sites during OAE-2 (Fig. 59).
the OAE-2 interval. ) N . - .

This scenario is in line with most existing reconstructions,
as enhanced productivity is often seen as an important cause
of the increased OM burial during OAE-2 (e.g. Kuypers et
al., 2002b). still, while productivity increased during OAE-

2 over most of the proto-North Atlantic, this scenario sug-
gests that productivity at Tarfaya remained similar or even
decreased somewhat. In general TOC and the productivity

4.3.2 The “CO, equilibrium” scenario (1)

The small differences in [C&aq)] today across the latitu-
dinal transect studied (see grey area in Fig. 5c), indicate

that we may realistically assume atmosphes@0; to be in pattern reconstructed using th&C values agree, the excep-

equilibrium V.V'th the surface water. This was probably Ve ionis Tarfaya, where TOC values increase over the C/T OAE
more so during OAE-2, when surface waters were probably,

strongly stratified (van Bentum et al., 2009). When we as-:cgier\;gld(u-l;st:tﬁs estislz.,ez'?gg.isSt;Il’sz)—oegelitggtba dgﬁacap:;x?/n
sume atmospheripCO; to be in equilibrium with the sur- P Y. Y 9

face water we can recalculate [@(@q)] and use these new prisneri\r/T?tlcc))rr;ént observation when comparing scenarios |l
[CO2(aq)] values to calculate the hypothetical values#or np ) paring sc
that would explain the observed isotopic gradient. Usingamd lll is to what degree changes in productivity impact the

the solubility constant K (Weiss, 1974)pCO; is related to rggonstructlon 0pCO,. Whereas seenario Il, with produc-
) tivity kept constant at Demerara Rise, suggests a decrease
[CO2(aq)] as follows:

in [CO2(aq)] between pre-OAE-2 and during the OAE-2
©) plateau phase of 20 umotl (Fig. 5f), this difference is only

15 umol -1 in scenario 1l (Fig. 5i), withb increasing from
d170 to 220. This provides an uncertainty envelope for calcu-

pCO; =[COz(a0]/Ko

In this scenario (scenario 11, Fig. 5d, e and f) we calculate

b values for the other 3 sites, assuming that productivitylatflf'r? downcore char_lges Wfoz hat before OAE-2 producti
at Demerara Rise remained more or less similar during all | N€S€ reconstructions show that before -2 productiv-

three time slices and applying the same SST gradients as iFlY was probably higher at_ Site 367 and at T,a,ffaYa than at
scenario | (Sinninghe Dantset al., 2010). To explain the _S|tes 1260 and 603B. During OA_E-2 product!wty increased
observed carbon isotopic trend, during the OAE-2 interval™ MOst of the prqto—N_oth Atlantic, resulting in more com-
(see Fig. 4) productivity is here predicted to decrease With‘:""‘rabIe productivity within the proto-North Atlantic.
increasing latitude, while prior to the OAE-2 interval,is

higher at Tarfaya and Senegal Site 367 than at Demerara

Rise and Site 603B. The high productivity at Tarfaya and Site

367 agrees well with previously inferred productivity values

Biogeosciences, 9, 71731, 2012 www.biogeosciences.net/9/717/2012/
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pCO, (ppm) Cold Event. Part of this offset may be due to a time-lag be-
tween the start of magmatic activity versus the onset of OAE-
500 1000 1500 2000 2500 2 and the increased SSTs. Turgeon and Creaser (2008) pos-
tulated a time-lag of at least 9 up to 23 kyr. between the first
evidence for magmatic activity and the onset of OAE-2 at
ODP site 1260. Such large time-lags are not consistent with
the results of OAE-2 ocean-climate modelingd@e! et al.,
2011) and are much longer than the time-lag observed in to-
day’s ocean-climate system. Probably, some part of the large
temporal offset can be explained by the fact that we are com-
paring aquatic temperatures to atmospherig €@ncentra-
tions in this study, while atmospheric temperatures are used
in the ocean-climate model of &gel et al. (2011). In our
reconstruction, local SST records, which are prone to be af-
fected by additional factors other than atmospherig €anh-
centration, are compared with atmospheric globabG@-
nals. In addition, assumptions that are necessary for any kind
of paleo-oceanic climate modeling are difficult to be con-
strained within the setting of the recent state of the earth’s
climate system (namely response times of the global ocean-
climate system or “climate sensitivity”; see review by Zeebe,
enhanced productivity 2011). Additionally, currently available climate models may
not be suited to resolve time-durations of just a few kyrs asso-
Fig. 7. Plots of pCO; levels across the OAE-2 interval at Demerara ciated with abrupt climate changes in the past (Valdes, 2011).
Rise Site 1260. Calculated with low & 120), normal § = 170) Nevertheless our data shows that there are clear indications
and high g = 220) productivity. that higher CQ levels were inducing higher SSTs (e.g. dur-
ing volcanic outgassing) and that lower g@vels (due to
burial of OM) resulted in lower SSTs.
4.4 Changes in atmospherigpCO»-feedback The tentative increase in atmosph@@0, at the start of
mechanisms the OAE-2 interval (Fig. 8) corresponds with an increase
in osmium and zinc concentrations (Turgeon and Creaser,
Demerara Rise Site 1260 is an excellent location to recon2008; van Bentum et al., 2009) in the Demerara Rise sedi-
struct downcorepCQO» as a detailed downcore SST record ments. Turgeon and Creaser (2008) show that the two ob-
exists (Forster et al., 2007) and both the isotopic composiserved pulses in Os concentrations coincide with low Os iso-
tion of COy(aq) in the photic zone and productivity values tope values. This, together with the similar Os pattern in two
for b were reconstructed here (Bice et al., 2006). Insert-different sections, implies that the raised Os concentrations
ing these values, and t@éscphytanerecord into Egs. (1) to are probably due to enhanced volcanic activity. Increases
(6), results in apCOy reconstruction across the OAE-2 in- in osmium and zinc concentrations are probably related to
terval. For this reconstruction the value of the foraminiferal magmatic activity, and are therefore possible evidence for a
carbonate carbon was enriched in 0.25 %o increments in orpulse of magmatic activity at the start of OAE-2 (Turgeon
der to mimic the globally observed isotopic excursion moreand Creaser, 2008). Enhanced magmatic activity would re-
accurately. By calculatinggCO;, using three different val- sult in an increase in Cfand since C@ is a greenhouse
ues forb we generated an uncertainty envelope. Althoughgas, this increase could be responsible for the raised SSTs at
the trends of thepCO; levels are similar for the different the start of the OAE-2 interval (Fig. 8). Using marine stron-
values ofb, absolute values differ. The calculations show tium isotope ratios Frija and Parente (2008) demonstrated
an initial increase irpCOy levels at the start of the OAE-2 that the increased temperatures at the onset of OAE-2 re-
interval and then a steady decline (Fig. 7), with two super-sulted in enhanced continental weathering. Although Frija
imposed spikes of decrease£O, concentrations. These and Parente explain part of the strong positive strontium iso-
results are similar to thpCO, reconstruction of Barclay et topes shift with increased ocean stratification, a recent study
al. (2010), which shows two intervals of enhanced OM burial using stable Ca isotopes and modelingatBér et al., 2011)
and associate@CO, decreases during OAE-2. At the on- demonstrated that a three-fold increase in weathering rates
set of the OAE-2 period a temporal offset is observed be-at the onset of OAE-2 would explain the total magnitude
tween the atmospheric Gncrease and the subsequent rise of the Sr isotope shift. The increased weathering would
in SSTs (Fig. 8). A similar, but reverse offset is evident for result in the enhanced drawdown of carbon (Walker et al.,
decreasing C®concentrations and SSTs during the Plenus1981), acting as a negative feedback (Fig. 9). At the same
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Fig. 8. (A) Osmium concentrations from Turgeon and Creaser (2@)38)CO» in ppm with the black line calculated usihg= 170, the light

grey area denotes theCO, uncertainty calculated with between 120 and 22@) Sea surface temperatures (SSTy@as reconstructed

by TEXgg (Forster et al., 2007; using the calibration of Kim et al., 20@8) S-bound isorenieratane concentrations in iy FOC (van
Bentum et al., 2009(E) Zn/Al in (ppm %). Grey areas indicate the OAE-2 interval, stippled grey lines indicate possible magmatic pulses.

time enhanced weathering would increase nutrient input intchigher latitudes could have taken up more LCOA drop
the ocean, which probably resulted in a more efficient car-in isorenieratane concentrations (van Bentum et al., 2009)
bon pump. High S-bound isorenieratane concentrations (vaiFig. 8) and a possible benthic foraminifer repopulation event
Bentum et al., 2009) during this warmer period reveal that(Friedrich et al., 2006) reveal that stratification at Site 1260
stratification was strong, which could be the result of the highdid indeed decrease during this cooler interval.
SSTs. The increased stratification could also have decreased At the start of phase B, another rise in osmium concentra-
CO; outgassing from the deep ocean to the atmosphere (Togions is followed by an increase pCO,. The higher atmo-
gweiler, 1999). sphericpCO;, again could explain the subsequent tempera-
After a period of decreasenlCOp, still during the OAE-2  ture increase (lower part of phase B, Forster et al., 2007).
interval, the constant, warm temperatures became cooler anldl appears that the increase in volcanic activity counterbal-
started to fluctuate (late phase A, Fig. 8c). This period ofances the episode of cooling during OAE-2 (see Turgeon and
cooling is likely the equivalent of the Plenus cold event ob- Creaser, 2008; van Bentum et al., 2009; Snow et al., 2005).
served in NW Europe (Jefferies, 1962; Voigt et al., 2004; Changes in hannofossil assemblages indicate higher produc-
Gale and Christensen, 1996). This cooling has previouslytivity at Demerara Rise at this time (Hardas and Mutterlose,
been attributed to a drop in atmosphepiCO; levels, which ~ 2007). This increase in productivity could be related to en-
in turn was caused by enhanced carbon sequestration by OManced continental weathering (e.g.afler et al., 2011) as
burial (Hasegawa, 2003; Forster et al., 2007; Gale and Chrisa consequence of the second pulse of magmatic activity and
tensen, 1996). The cooling lead to a stronger latitudinalthe subsequent increase @CO,. Alternatively, enhanced
temperature gradient in the proto-North Atlantic (Sinninghe ocean mixing due to cooling could have resulted in the re-
Damsé et al., 2010) and as a result, the colder waters atycling of nutrients from deeper water masses. A drop in
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oo et and associated OM preservation (Fig. 9). At the same time,
ysore p"’:é““v'y increased weathering due to high atmospher2O; re-

U/

sulted in enhanced nutrient input into the proto-North At-
lantic, which in turn increased productivity. Furthermore,
primary productivity might have removed carbon more ef-
ficiently from the atmosphere under higt€O, conditions,

as suggested by mesocosm experiments showing that under

higher pCO; levels more inorganic carbon was removed us-
weathering ing less nutrients (Riebesell et al., 2007). The widespread en-

<=
':;> hanced OM burial during OAE-2 withdrew G@om the at-
mosphere, cooling the Earth in the process (Bralower, 2008;
Snow et al., 2005). At the same time, the increased ocean
stratification could have decreased £dutgassing from the
deep ocean to the atmosphere (Toggweiler, 1999). This im-
Y plies that OAEs acted as a global negative feedback mech-
anism in response to massive £idputs (e.g. Turgeon and
=) Positive feedback Creaser, 2008; Barclay et al., 2010).

|_?‘_I> Negative feedback

volcanism 5 Conclusions

2

The observed positive isotope excursion of phytané %o)

Fig. 9. Conceptual model of positive and negative feedback mecha-at Demerara Rise is unusually large compared to other C/T

nisms of the Earths oceans and climate system related to changes | P . : i
atmosphericpCO, concentrations induced by volcanism and OM p']ﬁytane records (3—6 %) from locations in the proto-North

burial. Atlantic. Using reconstructed SST gradients we demonstrate
that before OAE-2 productivity was probably higher at Site
367 and at Tarfaya than at Sites 1260 and 603B. During

isorenieratane concentrations during phase B does reveal @AE-2 productivity increased in most of the proto-North At-
decrease in stratification at this time (Fig. 8). lantic, resulting in more comparable productivity between

The carbonate rich layer found at 425 mcd has been inin€ sites in the proto-North Atlantic.
terpreted as an ash layer (Hetzel et al., 2009). Therefore, it Magmatic activity, atmospheripCO, and temperature

seems likely that an additional, second magmatic pulse ocduring OAE-2 are linked through both positive and negative
curred at this time, raising atmospher20,. During this feedback mechanisms. Enhanced magmatic episodes seem
warmer period, the latitudinal temperature gradient was min-l0 have raisegCGOp, increasing global temperatures. Higher
imized again and higher SSTs apparently intensified oceanieSTsand strgtlﬁcatlon, togetherwnh enhaljced nutrlent_ln_put
stratification, as both isorenieratane and chlorobactane corflu€ to more intense weathering, resulted in a more efficient

centrations increased again at the end of the OAE-2 perio§@P0n pump as OM burial increased. Organic matter burial
(upper part of phase B, van Bentum et al., 2009). loweredpCO, again, cooling the greenhouse climate. When

The reconstructegpCO» record increases after termina- f"‘t the end of O.AE'Z qarpon purlal rates were red”m
tion of the OAE-2 event. This increase is. however notmcreased again. This implies that Cretaceous climate was

matched by increasing TEx-based SSTs. This could either sensitive to small changes in the (internal) feedbacks in the
be due to a local effect, increased upwelling after OAE-2 forgIObaI carbon cycle.

gxamplg might have preve'nted SSTs at. Demerara Rise frorEcknowledgementsThis research used samples and/or data
increasing. Another possible explanation for this observa-poyiged by Ocean Drilling Program. Marianne Baas, Gijs Nobbe,
tion could be due to the fact that temperature sensitivity toarmold van Dijk and Kathrin Reimer are thanked for technical sup-
pCO, decreases at higher levels o€0O, (Fig. 6). In addi-  port. The comments of P. A. Meyers, S. Voigt and one anonymous
tion, Jarvis et al. (2011) observed that the elevated global segeviewer are gratefully acknowledged.
level during the early Turonian could have decreased conti-
nental weathering rates, which would lead to a decrease ifrdited by: C. P. Slomp
oceanic nutrient supplies and bioproductivity, resulting in an
increase inpCOy.

Climate during the Cretaceous seems to have responded
quite rapidly to disequilibria in carbon cycling. Increased
magmatic CQ outgassing resulted in an overall warmer cli-
mate, which enhanced oceanic stratification, ocean anoxia

www.biogeosciences.net/9/717/2012/ Biogeosciences, 9, 732012



728 E. C. van Bentum et al.: The OAE-2 carbon isotopic excursion

References M.: Significant increases in global weathering during Oceanic
Anoxic Events 1la and 2 indicated by calcium isotopes, Earth

Andersen, N., Mller, P. J., Kirst, G., and Schneider, R. R.: Planet Sci. Lett., 309, 77-88]0i:10.1016/j.epsl.2011.06.029
Alkenones13C as a proxy for past COin surface waters: Re- 2011.
sults from the Late Quaternary Angola Current, in: Use of Prox- Bornemann, A., Norris, R. D., Friedrich, O., Beckmann, B.,
ies in Paleoceanography: Examples From the South Atlantic, Schouten, S., Sinninghe Darést). S., Vogel, J., Hofmann,
edited by: Fischer, G. and Wefer, G., Springer New York, 469— P., and Wagner, T.: Isotopic evidence for glaciation dur-
488, 1999. ing the Cretaceous supergreenhouse, Science, 319, 189-192,

Arthur, M., Glancy, T., Hodell, D., Schlanger, S. O., Szak, C.,  doi:10.1126/science.1148772008.

Zachos, J., and Anonymous: The Cenomanian/ Turonian (Mid-Bowman, A. R. and Bralower, T. J.: Paleoceanographic sig-
Cretaceous) “oceanic anoxic event” as observed in northwestern nificance of high-resolution carbon isotope records across the
Europe, The Geological Society of America, 1984 annual meet- Cenomanian-Turonian boundary in the Western Interior and New
ing, 1984. Jersey coastal plain, USA, Mar. Geolo., 217, 305, 2005.

Arthur, M. A. and Premoli-Silva, |.: Development of widespread or- Bralower, T. J.: Volcanic cause of catastrophe, Nature, 454, 285—
ganic carbon-rich strata in the Mediterranean Tethys., in: Nature 287, 2008.
and Origin of Cretaceous Carbon-Rich Facies Academic PressBrassell, S. C., Lewis, C. A., de Leeuw, J. W., de Lange, F., and
edited by: Schlanger, S. O. and Cita, M. B., New York, pp. 7-54.  Sinninghe Dam, J. S.: Isoprenoid thiophenes: novel products
1982. of sediment diagenesis?, Nature, 320, 160-162, 1986.

Arthur, M. A., Dean, W. A., and Claypool, G. E.: Anomalot#C Erbacher, J., Mosher, D. C., and Malone, M. J.: Proceedings of the
enrichment in modern marine organic carbon, Nature, 315, 216— Ocean Drilling Program, Initial Reports, 207, College Station,
218, 1985a. Texas, Ocean Drilling Program, 207, 2004a.

Arthur, M. A, Dean, W. E., and Schlanger, S. O.: Variations in Erbacher, J., Mosher, D. C., Malone, M. J., and the ODP Leg 207
the global carbon cycle during the Cretaceous related to climate, scientific party: Drilling probes past carbon cycle perturbations
volcanism, and changes in atmospheric C@: The Carbon on the Demerara Rise, EOS, 85, 57—63, 2004b.

Cycle and Atmospheric CO2: Natural Variations Archean to Erbacher, J., Friedrich, O., Wilson, P. A., Birch, H., and
Present edited by: Sundquist, E. T. and Broecker, W. S., Geo- Mutterlose, J.: Stable organic carbon isotope stratigraphy
phys. Monogr. Ser, AGU, Washington, D. C., 504-529, 1985b. across Oceanic Anoxic Event 2 of Demerara Rise, west-

Arthur, M. A., Schlanger, S. O., and Jenkyns, H. C.. The ern tropical Atlantic., Geochem. Geophy. Geosy., 6, Q06010,
Cenomanian-Turonian oceanic anoxic event; Il, Palaeoceano- doi:10.1029/2004GC00085R2005.
graphic controls on organic-matter production and preservationFlogel, S., Wallmann, K., Poulsen, C. J., Zhou, J., Oschlies, A.,
in: Marine petroleum source rocks., edited by: Brooks, J. and Voigt, S., and Kuhnt, W.: Simulating the biogeochemical effects
Fleet, A. J., Geological Society Special Publications, Geological of volcanic CG degassing on the oxygen-state of the deep ocean
Society of London, London, UK, 401-420, 1987. during the Cenomanian/Turonian Anoxic Event (OAE2), Earth

Arthur, M. A., Dean, W. E., and Pratt, L. M.: Geochemical And  Planet. Sci. Lett., 305, 371-38d9i:10.1016/j.epsl.2011.03.018
Climatic Effects Of Increased Marine Organic-Carbon Burial  2011.

At The Cenomanian Turonian Boundary, Nature, 335, 714-717 Forster, A., Sturt, H., Meyers, P. A. and Shipboard Scientific Party:

1988. Molecular Biogeochemistry of Cretaceous Black Shales from the

Barclay, R. S., McElwain, J. C., and Sageman, B. B.. Carbon Se- Demerara Rise: Preliminary Shipboard Results From Sites 1257
questration activated by a volcanic g@ulse during Oceanic and 1258, Leg 207, in: Proceedings of the Ocean Drilling Pro-
Anoxic Event 2, Nature Geosci., 3, 205-208, 2010. gram, Initial Reports, edited by: Erbacher, J., Mosher, D. C.,

Berner, R. A.: Palaeo-Cf£and climate, Nature, 358, 114, 1992. Malone, M. J., et al., 207, 1-22, 2004.

Berner, R. A. and Kothavala, Z.: Geocarb Ill: A Revised Model of Forster, A., Schouten, S., Moriya, K., Wilson, P. A., and Sinninghe
Atmospheric CQ over Phanerozoic Time, Am J Sci, 301, 182—  Damsg, J. S.: Tropical warming and intermittent cooling during
204, 2001. the Cenomanian/Turonian oceanic anoxic event 2: Sea surface

Bice, K. L., Birgel, D., Meyers, P. A, Dahl, K. A., Hin- temperature records from the equatorial Atlantic, Paleoceanog-

richs, K. U., and Norris, R. D.. A multiple proxy and raphy, 22, PA1219, doi:1210.1029/2006PA001349, 2007.
model study of Cretaceous upper ocean temperatures and afForster, A., Kuypers, M. M. M., Turgeon, S. C., Brumsack, H.-
mospheric CQ concentrations, Paleoceanography, 21, PA2002, J., Petrizzo, M. R., and Sinninghe Dafasl. S.: The Cenoma-
doi:10.1029/2005PA001203006. nian/Turonian oceanic anoxic event in the South Atlantic: New
Bidigare, R. R., Fluegge, A., Freeman, K. H., Hanson, K. L., Hayes, insights from a geochemical study of DSDP Site 530A, Palaeo-
J. M., Hollander, D., Jasper, J. P.,, King, L. L., Laws, E. A,, geogr. Palaeocl., 267, 256-283, 2008.
Milder, J., Millero, F. J., Pancost, R., Popp, B. N., Steinberg, Freeman, K. H. and Hayes, J. M.: Fractionation of carbon isotopes
P. A., and Wakeham, S. G.: Consistent fractionation of13C in by phytoplankton and estimates of ancient Cl@vels, Glob.
nature and in the laboratory: Growth-rate effects in some hapto- Biogeochem. Cy., 6, 185-198, 1992.
phyte algae, Glob. Biogeochem. Cy., 11, 279, 1997. Friedrich, O., Erbacher, J., and Mutterlose, J.: Paleoenvironmen-
Bijl, P. K., Houben, A. J. P,, Schouten, S., Bohaty, S. M., Sluijs, tal changes across the Cenomanian/Turonian Boundary Event
A., Reichart, G. J., and Sinnighe Dar@si. S.: Transient Middle (Oceanic Anoxic Event 2) as indicated by benthic foraminifera
Eocene Atmospheric Cfand temperature variations, Science,  from the Demerara Rise (ODP Leg 207), Revue de Micropaleon-
330, 819-821, 2010. tologie, 49, 121-139, 2006.
Blattler, C. L., Jenkyns, H. C., Reynard, L. M., and Henderson, G.

Biogeosciences, 9, 71731, 2012 www.biogeosciences.net/9/717/2012/


http://dx.doi.org/10.1029/2005PA001203
http://dx.doi.org/10.1016/j.epsl.2011.06.029
http://dx.doi.org/10.1126/science.1148777
http://dx.doi.org/10.1029/2004GC000850
http://dx.doi.org/10.1016/j.epsl.2011.03.018

E. C. van Bentum et al.: The OAE-2 carbon isotopic excursion 729

Frijia, G. and Parente, M.: Strontium isotope stratigraphy in the up-Jefferies, R. P. S.: The palaeoecology of the Actinocamax Plenus
per Cenomanian shallow-water carbonates of the southern Apen- subzone (lowest Turonian) in the Anglo-Paris Basin, Palaeontol-
nines: Short-term perturbations of marine 87Sr/86Sr during the ogy, 4, 609-647, 1962.
oceanic anoxic event 2, Palaeogeogr. Palaeocl., 261, 15-29enkyns, H., C.: Geochemistry of oceanic anoxic events, Geochem.
doi:10.1016/j.palaeo.2008.01.0@08. Geophy. Geosy., 1H0i:10.1029/2009GC002782010.

Gale, A. S. and Christensen, W. K.: Occurrence of the belemniteJenkyns, H. C.: Cretaceous anoxic events: from continents to
Actinocamax plenuis the Cenomanian of SE France and its sig-  oceans, J. geol. Soc. London, 137, 171-188, 1980.

nificance, B. Geol. Soc. Denmark, 43, 68-77, 1996. Jenkyns, H. C., Gale, A. S., and Corfield, R. M.: Carbon-Isotope

Goericke, R. and Fry, B.: Variations of marine plankﬁiﬁc with And Oxygen-Isotope Stratigraphy Of The English Chalk And
latitude, temperature, and dissolved £@ the world ocean, Italian Scaglia And Its Paleoclimatic Significance, Geol. Mag.,
Glob. Biogeochem. Cy. 8, 85-90, 1994. 131, 1-34, 1994.

Gradstein, F. M., Ogg, J. G., Smith, A. G., Bleeker, W., and Kerr, A. C.: Oceanic plateau formation: a cause of mass extinc-
Lourens, L. J.: A new Geologic Time Scale, with special refer-  tion and black shale deposition around the Cenomanian-Turonian
ence to Precambrian and Neogene, Episodes, 27, 83—-100, 2004. boundary?, J. Geol. Soc. London, 155, 619-626, 1998.

Hardas, P. and Mutterlose, J.: Calcareous nannofossil assemblag&sm, J.-H., Schouten, S., Hopmans, E. C., Donner, B., and Sin-
of Oceanic Anoxic Event 2 in the equatorial Atlantic: Evidence  ninghe Damd, J. S.: Global sediment core-top calibration of the
of an eutrophication event., Mar. Micropaleontol., 66, 52-69, TEXgg palaeothermometer in the ocean, Geochim. Cosmochim.
2007. Ac., 72,1154-1173, 2008.

Hasegawa, T.. Cenomanian-Turonian carbon isotope eventolonic, S., Wagner, T., Forster, A., Sinninghe Da@sd. S.,
recorded in terrestrial organic matter from northern Japan, Walsworth-Bell, B., Erba, E., Turgeon, S., Brumsack, H. J.,
Palaeogeogr. Palaeocl., 130, 251-273, 1997. Chellai, E. H., Tsikos, H., Kuhnt, W., and Kuypers, M. M. M.:

Hasegawa, T.: A global carbon-isotope event in the Middle Turo- Black shale deposition on the northwest African Shelf during
nian (Cretaceous) sequences in Japan and Russian Far East, P.the Cenomanian/Turonian oceanic anoxic event: Climate cou-
Jpn. Acad. B-Phys., 79, 141, 2003. pling and global organic carbon burial, Paleoceanography, 20,

Hayes, J. M., Popp, B. N., Takigiku, R., and Johnson, M. W.: An  do0i:10.1029/2003PA00095Q2005.
isotopic study of biochemical relationships between carbonatekoopmans, M. P., Rijpstra, W. . C., Klapwijk, M. M., de Leeuw, J.
and organic carbon in the Greenhorn formation, Geochim. Cos- W., Lewan, M. D., and Sinninghe Dangst). S.: A thermal and
mochim. Ac., 53, 2961-2972, 1989. chemical degradation approach to decipher pristane and phytane

Hayes, J. M.: Factors Controlling C-13 Contents Of Sedimen- precursors in sedimentary organic matter, Org. Geochem., 30,
tary Organic-Compounds - Principles And Evidence, Mar. Geol., 1089, 1999.

113, 111-125, 1993. Kuypers, M. M. M., Blokker, P., Hopmans, E. C., Kinkel, H., Pan-

Hayes, J. M.: Fractionation of carbon and hydrogen isotopes in cost, R. D., Schouten, S., and Sinninghe D&n3tS.: Archaeal
biosynthetic processes, Stable Isotope Geochemistry, 43, 225, remains dominate marine organic matter from the early Albian
2001. oceanic anoxic event 1b, Palaeogeogr. Palaeocl., 185, 211-234,

Hetzel, A., Bittcher, M. E., Wortmann, U. G., and Brumsack, H. 2002a.

J.: Paleo-redox conditions during OAE 2 reflected in DemeraraKuypers, M. M. M., Pancost, R. D., Nijenhuis, I. A., and Sinninghe
Rise sediment geochemistry (ODP Leg 207), PALAEOGEOGR Damsg, J. S.: Enhanced productivity led to increased organic
PALAEOCL, 273, 302—328¢0i:10.1016/j.palae0.2008.11.005 carbon burial in the euxinic North Atlantic basin during the late
20009. Cenomanian oceanic anoxic event, Paleoceanography, 17, 1051,

Huber, B. T., Leckie, R. M., Norris, R. D., Bralower, T. J., and CoB-  do0i:10.1029/2000PA000562002b.
abe, E.: Foraminiferal assemblage and stable isotopic chang&uypers, M. M. M., van Breugel, Y., Schouten, S., Erba, E., and
across the Cenomanian-Turonian boundary in the subtropical Sinninghe Dam#, J. S.: N-2-fixing cyanobacteria supplied nu-
North Atlantic, J. Foramin. Res., 29, 392-417, 1999. trient N for Cretaceous oceanic anoxic events, Geology, 32, 853—

Huber, B. T., Norris, R. D., and MacLeod, K. G.: Deep-sea pale- 856, 2004.
otemperature record of extreme warmth during the CretaceousMeyers, P. A., Bernasconi, S. M., and Forster, A.: Origins and ac-

Geology, 30, 123-126, 2002. cumulation of organic matter in expanded Albian to Santonian
Jarvis, |., Gale, A. S., Jenkyns, H. C., and Pearce, M. A.: Sec- black shale sequences on the Demerara Rise, South American

ular variation in Late Cretaceous carbon isotopes: a e’ margin, Org. Geochem., 37, 1816-1830, 2006.

carbonate reference curve for the Cenomanian-Campanian (99.6vlook, W. G., Bommerson, J. C., and Staverman, W. H.: Carbon

70.6 Ma), Geological Magazine, 143, 561-608, 2006. isotope fractionation between dissolved bicarbonate and gaseous
Jarvis, 1., Lignum, J. S., Gcke, D. R., Jenkyns, H. C., carbon dioxide, Earth Planet. Sc. Lett., 22, 169 pp., 1974.

and Pearce, M. A.. Black shale deposition, atmosphericNederbragt, A. J., Thurow, J., and Pearce, R.: Sediment composi-
CO2 drawdown, and cooling during the Cenomanian-Turonian tion and cyclicity in the mid-Cretaceous at Demerara Rise, ODP
Oceanic Anoxic Event, Paleoceanography, 26, PA3201, Leg 207.,in: Proceedings of the Ocean Drilling Program, edited
doi:10.1029/2010pa002082011. by: Mosher, D. C., Erbacher, J., and Malone, M. J., Scientific Re-
Jasper, J. P., Hayes, J. M., Mix, A. C., and Prahl, F. G.: Photosyn- sults, Ocean Drilling Program, College Station, TX, 1-31, 2007.
thetic fractionation of-3C and concentrations of dissolved €0 Pagani, M.: The alkenone-G@roxy and ancient atmospheric car-
in the central equatorial Pacific during the last 255,000 years, bon dioxide, Philos. T. R. Soc. A., Sciences, 360, 609-632, 2002.
Paleoceanography, 9, 781-798, 1994. Paul, C. R. C., Lamolda, M. A., Mitchell, S. F., Vaziri, M. R.,

www.biogeosciences.net/9/717/2012/ Biogeosciences, 9, 732012


http://dx.doi.org/10.1016/j.palaeo.2008.01.003
http://dx.doi.org/10.1016/j.palaeo.2008.11.005
http://dx.doi.org/10.1029/2010pa002081
http://dx.doi.org/10.1029/2009GC002788
http://dx.doi.org/10.1029/2003PA000950
http://dx.doi.org/10.1029/2000PA000569

730 E. C. van Bentum et al.: The OAE-2 carbon isotopic excursion

Gorostidi, A., and Marshall, J. D.: The Cenomanian-Turonian C., de Leeuw, J. W., and Schenck, P. A.: Quenching of labile

boundary at Eastbourne (Sussex, UK): a proposed European ref- functionalised lipids by inorganic sulphur species: evidence for

erence section, Palaeogeogr. Palaeocl., 150, 83-121, 1999. the formation of sedimentary organic sulphur compounds at the
Popp, B. N., Laws, E. A., Bidigare, R. R., Dore, J. E., Hanson, K. early stages of diagenesis, Geochim. Cosmochim. Ac., 53, 1343—

L., and Wakeham, S. G.: Effect of phytoplankton cell geometry 1355, 1989.

on carbon isotopic fractionation, Geochim. Cosmochim. Ac., 62, Sinninghe Damé&, J. S., Wakeham, S. G., Kohnen, M. E. L., Hayes,

69-77, 1998. J. M., and De Leeuw, J. W.: A 6,000-Year Sedimentary Molecu-
Rau, G. H., Sweeney, R. E., and Kaplan, I. R.: Plank#@:12C lar Record Of Chemocline Excursions In The Black-Sea, Nature,

ratio changes with latitude: differences between northern and 362, 827-829, 1993.

southern oceans, Deep-Sea Res., 29 1935 pp., 1982. Sinninghe Dam&t, J. S., Kok, M. D., Kster, J., and Schouten, S.:
Rau, G. H., Takahashi, T., and Des Marais, D. J.: Latitudinal varia-  Sulfurized carbohydrates: an important sedimentary sink for or-

tions in pIanktonSl3C: Implications for CQ and productivity in ganic carbon?, Earth Planet. Sc. Lett., 164, 7-13, 1998.

past oceans, Nature, 341, 516 pp., 1989. Sinninghe Damé&, J. S., Rijpstra, W. I. C., and Reichart, G. J.:
Rau, G. H., Takahashi, T., Des Marais, D. J., Repeta, D. J., and The influence of oxic degradation on the sedimentary biomaker

Martin, J. H.: The relationship betweat3C of organic mat- record Il. Evidence from Arabian Sea sediments, Geochim. Cos-

ter and [CQ (aq)] in ocean surface water: Data from a JGOFS  mochim. Ac., 66, 2737 pp., 2002.
site in the northeast Atlantic Ocean and a model, Geochim. CosSinninghe Dam&, J. S., Kuypers, M. M. M., Pancost, R,
mochim. Ac., 56, 1413-1419, 1992. and Schouten, S.: The carbon isotopic response of al-
Riebesell, U., Schulz, K. G., Bellerby, R. G. J., Botros, M., Fritsche, gae, (cyano)bacteria, archaea and higher plants to the late
P., Meyerhofer, M., Neill, C., Nondal, G., Oschlies, A., Wohlers, = Cenomanian perturbation of the global carbon cycle: In-
J., and Zollner, E.: Enhanced biological carbon consumption in sights from biomarkers in black shales from the Cape Verde
a high CQ ocean, Nature, 450, 545-548, 2007. Basin (DSDP Site 367), Org. Geochem., 39, 1703-1718,
Romanek, C. S., Grossman, E. L., and Morse, J. W.: Carbon iso- doi:10.1016/j.orggeochem.2008.01.02208.
topic fractionation in synthetic aragonite and calcite-effects of Sinninghe Dam#&, J. S., Van Bentum, E. C., Reichart, G. J.,
temperature and precipitation rate, Geochim. Cosmochim. Ac., Pross, J., and Schouten, S.: A &£Q@ecrease-driven cooling
56, 419-430, 1992. and increased latitudinal temperature gradient during the mid-
Royer, D. L., Berner, R. A., and Park, J.: Climate sensitivity con-  Cretaceous Oceanic Anoxic Event 2, Earth Planet. Sc. Lett., 293,
strained by CQ concentrations over the past 420 million years, 97-103, 2010.
Nature, 446, 530-532, 2007. Snow, L. J., Duncan, R. A., and Bralower, T. J.: Trace element abun-
Sageman, B. B., Meyers, S. R., and Arthur, M. A.: Orbital dances in the Rock Canyon Anticline, Pueblo, Colorado, marine
time scale and new C-isotope record for Cenomanian-Turonian sedimentary section and their relationship to Caribbean plateau
boundary stratotype, Geology, 34, 125-128, 2006. construction and ocean anoxic event 2, Paleoceanography, 20,
Schlanger, S. O. and Jenkyns, H. C.: Cretaceous oceanic anoxic 1 pp., 2005.
events; causes and consequences, Geol. Mijnbouw, 55, 179-18&uganuma, Y. and Ogg, J. G.: Campanian through Eocene magne-
1976. tostratigraphy of Sites 1257-1261, ODP Leg 207, Demerara Rise
Schlanger, S. O., Arthur, M. A, Jenkyns, H. C., and Scholle, P. A.:  (western equatorial Atlantic), Proc. Ocean Drill. Program Sci.
The Cenomanian-Turonian oceanic anoxic event; |, Stratigraphy Results, 207, 1-48, 2006.
and distribution of organic carbon-rich beds and the matiie Takahashi, K., Wada, E., and Sakamoto, M.: Relationship be-
excursion, in: Marine petroleum source rocks., 26, Geological tween carbon isotope discrimination and the specific growth rate
Society Special Publications, edited by: Brooks, J. and Fleet, A. of green Alga Chlamydomonas reinhardtii, Jpn. J. Limnol., 52,
J., 371-399, Geol. Soc. Lond., London, UK, 1987. 105-112, 1991.
Scholle, P. A. and Arthur, M. A.: Carbon isotope fluctuations Toggweiler, J. R.: Variations in atmospheric CO2 driven by venti-
in Cretaceous pelagic limestones: potential stratigraphic and lation of the ocean’s deepest water, Paleoceanography, 14, 571—
petroleum exploration tool, Am. Assoc. Petr. Geol. B., 67-87, 588, 1999.

1980. Tsikos, H., Jenkyns, H. C., Walsworth-Bell, B., Petrizzo, M. R.,
Schouten, S., Klein Breteler, W. C. M., Blokker, P., Schogt, N., Ri-  Forster, A., Kolonic, S., Erba, E., Premoli Silva, I., Baas, M.,
jpstra, W. I. C., Grice, K., Baas, M., and Sinninghe Damgt S.: Wagner, T., and Sinninghe Daréstl. S.: Carbon-isotope stratig-

Biosynthetic effects on the stable carbon isotopic compositions raphy recorded by the Cenomanian-Turonian Oceanic Anoxic
of algal lipids: Implications for deciphering the carbon isotopic ~ Event: Correlation and implications based on three key locali-
biomarker record, Geochim. Cosmochim. Ac., 62, 1397-1406, ties, J. Geolog. Soc., 161, 711-719, 2004.
1998. Turgeon, S. C. and Creaser, R. A.: Cretaceous oceanic anoxic event
Schulte, S., Benthien, A., Andersen, N.{iN&r, P. J., Rihlemann, 2 triggered by a massive magmatic episode, Nature, 454, 323—
C., and Schneider, R. R.: Stable Carbon Isotopic Composition 326, 2008.
of the G37.2 Alkenone: A Proxy for CQ (aq) Concentration in ~ Valdes, P.: Built for stability, Nat. Geosci., 4, 414-416, 2011.
Oceanic Surface Waters?, in: The South Atlantic in the Late Qua-van Bentum, E. C., Hetzel, A., Brumsack, H.-J., Forster, A.,
ternary: Reconstruction of Material Budgets and Current Sys- Reichart, G.-J., and Sinninghe Da#stl. S.: Reconstruction
tems, edited by: Wefer, G., Mulitza, S., and Ratmeyer, V., 195— of water column anoxia in the equatorial Atlantic during the
211, Springer-Verlag Berlin Heidelberg New York Tokyo, 2003. Cenomanian-Turonian oceanic anoxic event using biomarker and
Sinninghe Damé&, J. S., Rijpstra, W. I. C., Kock-van Dalen, A. trace metal proxies, Palaeogeogr. Palaeocl., 280, 489-498, 2009.

Biogeosciences, 9, 71731, 2012 www.biogeosciences.net/9/717/2012/


http://dx.doi.org/10.1016/j.orggeochem.2008.01.012

E. C. van Bentum et al.: The OAE-2 carbon isotopic excursion 731

van Kaam-Peters, H. M. E., Schouten, Sgsker, J., and Sin- Walker, J. C. G., Hays, P. B., and Kasting, J. F.: A negative feed-
ninghe Damd#, J. S.: Controls on the molecular and carbon iso-  backmechanism for the long-term stabilization of the Earth’s sur-
topic composition of organic matter deposited in a Kimmeridgian  face temperature, J. Geophys. Res., 9776-9782, 1981.
euxinic shelf sea: Evidence for preservation of carbohydratesWeiss, R. F.: Carbon dioxide in water and seawater: the solubility
through sulfurisation, Geochim. Cosmochim. Ac., 62, 3259— of a non-ideal gas, Mar. Chem., 2, 203-215, 1974.

3283, 1998. Wilson, P. A, Norris, R. D., and Cooper, M. J.: Testing the Cre-
Voigt, S., Gale, A. S., and Bgel, S.: Midlatitude shelf seas in taceous greenhouse hypothesis using glassy foraminiferal calcite
the Cenomanian-Turonian greenhouse world: Temperature evo- from the core of the Turonian tropics on Demerara Rise, Geol-

lution and North Atlantic circulation, Paleoceanography, 19, ogy, 30, 607—610, 2002.

PA4020,d0i:10.1029/2004PA0010132004. Zeebe, R. E.: Where are you heading Earth?, Nat. Geosc., 4, 416—
Voigt, S., Erbacher, J., Mutterlose, J., Weiss, W., Westerhold, T., 417, 2011.

Wiese, F., Wilmsen, M., and Wonik, T.. The Cenomanian—

Turonian of the Wunstorf section — (north Germany): Global

stratigraphic reference section and new orbital time scale for

oceanic anoxic event 2., Newsl. Stratigr., 43, 65—-89, 2008.

www.biogeosciences.net/9/717/2012/ Biogeosciences, 9, 732012


http://dx.doi.org/10.1029/2004PA001015

