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Abstract

The Cenomanian/Turonian (C/T) intervals at DSDP Sites 105 and 603B from the northern part of the proto-North Atlantic

show high amplitude, short-term cyclic variations in total organic carbon (TOC) content. The more pronounced changes in TOC

are also reflected by changes in lithology from green claystones (TOCb1%) to black claystones (TOCN1%). Although their

depositional history was different, the individual TOC cycles at Sites 105 and 603B can be correlated using stable carbon

isotope stratigraphy. Sedimentation rates obtained from the isotope stratigraphy and spectral analyses indicate that these cycles

were predominately precession controlled. The coinciding variations in HI, OI, y13Corg and the abundance of marine relative to

terrestrial biomarkers, as well as the low abundance of lignin pyrolysis products generated from the kerogen of the black

claystones, indicate that these cyclic variations reflect changes in the contribution of marine organic matter (OM). The

cooccurrence of lamination, enrichment of redox-sensitive trace metals and presence of molecular fossils of pigments from

green sulfur bacteria indicate that the northern proto-North Atlantic Ocean water column was periodically euxinic from the

bottom to at least the base of the photic zone (b150 m) during the deposition of the black claystones. In contrast, the green

claystones are bioturbated, are enriched in Mn, do not show enrichments in redox-sensitive trace metals and show biomarker

distributions indicative of long oxygen exposure times, indicating more oxic water conditions. At the same time, there is

evidence (e.g., abundance of biogenic silica and significant 13C-enrichment for OC of phytoplanktic origin) for enhanced

primary productivity during the deposition of the black claystones. We propose that increased primary productivity periodically

overwhelmed the oxic OM remineralisation potential of the bottom waters resulting in the deposition of OM-rich black
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claystones. Because the amount of oxygen used for OM remineralisation exceeded the amount supplied by diffusion and deep-

water circulation, the northern proto-North Atlantic became euxinic during these periods. Both Sites 105 and 603B show trends

of continually increasing TOC contents and HI values of the black claystones up section, which most likely resulted from both

enhanced preservation due to increased anoxia and increased production of marine OM during oceanic anoxic event 2 (OAE2).

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

During the Cenomanian/Turonian (C/T) transition,

laminated sediments rich (N1%) in organic carbon (OC;

black shales) were globally deposited in a variety of

paleobathymetric settings [1]. Evidence for the global

nature of this organic carbon burial event is provided by

a coinciding increase in 13C/12C ratios for marine

carbonates and organic matter. This positive excursion

in y13C values likely resulted from preferential removal

of 12C by the enhanced burial of 13C-depleted OC as a

response to the so-called doceanic anoxic event (OAE)
2T [2]. The widespread deposition of black shales

during the OAE2 has been attributed to either

decreased OM remineralisation resulting from a

decreased oxygen flux (preservation model) [3] or

increased primary productivity overwhelming the oxic

OM remineralisation potential of the water column

(productivity model) [1]. The preservation model has

mainly been applied for tectonically isolated basins,

such as the Cretaceous North and South Atlantic [4,5].

Model simulations for the Albian and early Cenoma-

nian ocean circulation [6] [Bice, personal communica-

tion] show that especially the proto-North Atlantic was

prone to water column anoxia due to a combination of

overall sluggish circulation (possibly halothermal

instead of thermohaline), high sea surface temperatures

and the tectonically isolated nature of the proto-North

Atlantic basin (Fig. 1).

The recurrence of thinly laminated OM-rich sedi-

ments devoid of traces of benthic activity indicates

that proto-North Atlantic bottom waters were indeed

periodically anoxic during the mid-Cretaceous [3,7].

Sedimentary derivatives (isorenieratane) of a pigment

(isorenieratene) indicative of anoxygenic photosyn-

thetic bacteria recovered from abyssal and shelf sites

indicate that anoxic conditions extended even into the
photic zone of the southern proto-North Atlantic

during the OAE2 [8]. Recently, we provided evidence

(e.g., occurrence of molecular fossils of green sulfur

bacteria, lack of bioturbation and high abundance of

redox sensitive trace metals) that the southern part of

the proto-North Atlantic Ocean was already euxinic

up into the photic zone well before the OAE2 [9].

Sedimentological and geochemical data from the

proto-North Atlantic indicates that anoxic bottom

water conditions persisted in the southern and south-

eastern part during most of the late Aptian to late

Cenomanian [10]. However, in the northwestern part,

conditions were more versatile with alternating oxic

and anoxic periods [10]. Herbin et al. [11] showed that

the OAE2 interval at DSDP Sites 105 and 603B is not

a single homogeneous black shale layer but rather a

condensation of several OC-rich black claystone

layers alternating with thinner levels of OC-poor

green claystone. The coexistence of permanently

anoxic conditions in the southern part and alternating

oxic and anoxic conditions in the northwestern part of

the proto-North Atlantic has been attributed to

restricted deep water exchange as a result of a barrier

between the southeastern and northwestern part of the

basin [10]. The repeated deposition of OC-rich black

shales in the northwestern proto-North Atlantic during

OAE2 is reminiscent of the sapropel deposition in the

Mediterranean during the Plio-Pleistocene [12] and

Coniacian–Santonian black shale deposition in the

eastern tropical Atlantic [13,14], which have been

shown to be closely linked to orbitally forced changes

in the ocean climate system. Here, we provide

evidence of orbital forcing in the OAE2 intervals for

the northwestern proto-North Atlantic Sites 105 and

603B using carbon isotope stratigraphy and spectral

analysis. In addition, changes in geochemical param-

eters of two green–black–green claystone cycles were



Fig. 1. Palaeogeographical map of the mid-Cretaceous (~94 Ma) North Atlantic showing the position of the four studied cores. Light grey-

shaded regions represent flooded continental plates (from GEOMAR map generator; www.odsn.de/odsn/services/paleomap/paleomap.html).

Dark grey-shaded regions represent land [64].
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studied at high resolution, and the results are used

together with the data obtained from overall geo-

chemical analyses for the OAE2 interval to recon-

struct orbitally forced chemocline variations and

variations in primary productivity.
2. Material and methods

The sediment samples used in this study were

obtained from the Deep Sea Drilling Project (DSDP)

Sites 105 (Leg 11; core 9, sections 2–6) and 603B (Leg

93; core 33, section CC; core 34, sections 1–6) off the

coast of North America. One- to five-centimeter-thick

sediment slices were taken from the cores. Subsamples

were taken from these slices and subsequently freeze

dried and powdered in an agate mortar.

Analyses of soluble and insoluble organic matter and

the major, minor and trace elements were performed, as

described previously by Kuypers et al. [9].

X-ray powder diffraction (XRD) was carried out on

a home-built (NIOZ, Texel) high-accuracy h–h
diffractometer to determine the mineralogical compo-
sition of the sediments. CuKá radiation (40 kv, 40

mA) from a long fine focus tube was applied in

combination with variable divergence and antiscatter

slits and an energy dispersive Si/Lidetector (Kevex).

The measuring slit was set at 0.2 mm, and the

counting time was 1 s/0.0282h. The samples were

Ca2+ exchanged prior to analysis. The samples were

measured at 50% relative humidity [15]. The patterns

were corrected for the Lorentz and polarisation factor

and for the irradiated specimen volume.

Power spectra were obtained by using the CLEAN

transformation of Roberts et al. [16] and the Black-

man–Tukey method [17]. For the determination of the

95%, 90% and 80% significance levels associated

with the frequency spectra of the CLEAN algorithm,

we applied the Monte Carlo-based method developed

by Heslop and Dekkers [18]. The CLEAN spectra for

the TOC and HI depth series were determined by (I)

10% white noise addition (i.e., control parame-

ter = 0.1), (II) CLEAN algorithm gain factor of 0.1,

(III) 500 CLEAN algorithm iterations, (IV) dt value of

0.02 m and (V) 1000 simulation iterations. The

Blackman–Tukey power spectra were obtained by

http://www.odsn.de/odsn/services/paleomap/paleomap.html
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using the AnalySeries 1.1 software package of

Paillard et al. [19]. In this case, data sets were equally

spaced and prepared by removing the linear trends for

the increasing TOC contents and HI values of the

black claystones up-section. A band width of

0.389071 has been applied to smooth the spectrum.
Fig. 2. Idealised representation of Cenomanian/Turonian (C/T)

stable carbon isotope excursion showing the biostratigraphic

position of the three main phases (modified after [24]). Dashed

lines with roman numbers show the position of the boundaries

between the different phases (preexcursion, [A–C]) of the isotope

excursion.
3. Results and discussion

3.1. Stratigraphy and palaeosetting

Our study concentrates on the sediments of DSDP

Sites 105 and 603B in the northern proto-North

Atlantic (Fig. 1) that have been assigned a late

Cenomanian to early Turonian age based on bio-

stratigraphy [11,20]. Although these sites are only

~125 km apart, their depositional history was differ-

ent. Site 603B was located nearer to the coast and was

characterized by hemipelagic sedimentation and

influenced by coastal oceanic events, whereas Site

105 was dominated by pelagic sedimentation) [11].

Both sites, however, show the OM enrichment that

characterizes C/T sediments worldwide [11]. The C/T

sequences at DSDP Sites 105 and 603B consist of an

alternation of OM-poor green claystones and OM-rich

(TOC 1–25%) black claystones [11]. Carbonate

contents are low (b10%), which suggests that

deposition took place below the calcite compensation

depth (CCD). The hemipelagic sediments of Site

603B as well as the pelagic sediments of Site 105

were deposited at a water depth of ~4000 m [21].

Carbon isotope stratigraphy was used to constrain

the OAE2 interval and to correlate these abyssal sites

with the Moroccan shelf site S13, a site with good

bio- and chronostratigraphic control [22]. For a more

thorough discussion of this method, see Kuypers et

al. [9]. The horizontal dotted lines with Roman

numerals (I–III) in the idealized representation of the

C/T stable carbon isotope excursion (Fig. 2) indicate

the boundaries between the preexcursion conditions

(i.e., preexcursion y13C values) and the three main

phases of the isotope excursion (i.e., rapid positive

shift in y13C values, plateau with maximum y13C
values and return to preexcursion y13C values). Of

particular stratigraphic significance is boundary II

that nearly coincides with the last occurrence of the

planktonic foraminifer Rotalipora cushmani [23] and
boundary III, which approximately coincides with

the C/T boundary [24,25]. The positive excursion in

y13C values reflects a change in the global atmos-

pheric oceanic pool of inorganic carbon resulting

from a global increase in the burial rate of 13C-

depleted OC [2]. By definition, the OAE2 is the

main phase of enhanced carbon burial rates and,

therefore, should be coeval with the interval between

boundaries I and III (phases A and B indicated as a

grey-shaded area in Fig. 2).

The use of molecular fossils that are specific for

primary producers instead of bulk OM for stable carbon

isotope stratigraphy greatly reduces the effect of

heterotrophy, preservation and diagenetic alteration

on the carbon isotopic signature of OC [26–28]. At Site

603B, the stable carbon isotopic composition of the

acyclic isoprenoid phytane released upon desulfurisa-

tion of the polar fraction (e.g., S-bound phytane) was

used for carbon isotope stratigraphy (Fig. 3). This S-

bound phytane mainly derives from the phytol moiety

of phytoplanktonic chlorophyll and, thus, reflects the



Fig. 3. Stratigraphy, biomarker and bulk organic carbon data of DSDP Site 603B. Carbon isotope values (in x vs. VPDB) of Corg, S-bound

phytane (Ph) derived from phytoplanktonic chlorophyll, TOC content and HI indices of the bulk sediment (own data and data previously

reported by Herbin et al. [11]). The dashed lines with roman numbers show the approximate position of the boundaries between the different

phases (i.e., rapid positive shift in y13C values, plateau with maximum y13C values and return to preexcursion y13C values) of the carbon isotope

excursion.
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changes in the stable carbon isotopic composition of

phytoplankton [29]. The y13C profile for S-bound

phytane (i.e., Ph) at Site 603B shows the rapid shift in
13C/12C ratios that marks phase A, as well as at least a

part of phase B (the plateau with maximum y13C
values; Fig. 3). The latter part of phase B, most of phase

C and boundary III are obscured by a coring gap

(Fig. 7). The isotopic record of TOC indicates that

sediments with a TOCb1% are generally 1–3x
enriched in 13C relative to adjacent sediments with a

TOCN1% (Fig. 3). This indicates that preservation

could have affected the bulk OC y13C record. However,

if we exclude the y13C values of samples with a

TOCb1%, there is a general similarity in trend between

the molecular fossil and bulk OC y13C records for the

OAE2 interval (phases A and B) at Site 603B. The

offset of ~3x between y13C profiles for bulk OC and

the molecular fossils of chlorophyll in this interval is

well within the range reported for extant algae [30].

This offset is significantly larger (4–5x) in the

preexcursion interval, which we also attribute to

selective preservation (see Section 3.2.3). As a
consequence, the y13C excursion is ~1x smaller for

bulk OC than for S-bound Ph (Fig. 3). The y13C
excursion for bulk OC at Site 105 is comparable in

magnitude (~3x) to Site 603B (Fig. 4). Although

there is no significant coring gap at Site 105, phase A

and part of phase B can be distinguished. Phase C and

boundary III could not be distinguished at Site 105

due to the extremely low abundance of marine OC in

the base of the Plantagenet Formation (Fig. 7).

3.2. Cyclic variations in abundance and source of the

sedimentary OM

3.2.1. Cyclic variations in TOC content and Rock

Eval hydrogen and oxygen indices

The late Cenomanian sediments of DSDP Sites

105 and 603B contain high amounts of OC with

maximum TOC values of ~26% (Figs. 3 and 4; [11]).

During the OAE2, the average TOC contents at both

sites are significantly higher (5–6%) than before

(~2%). At both sites, this increase in TOC content is

accompanied by a significant increase in Rock Eval



Fig. 4. Stratigraphy and bulk organic carbon data of DSDP Site 105. Carbon isotope values (in x vs. VPDB) of Corg, TOC content and HI

indices of the bulk sediment (own data and data previously reported by Herbin et al. [11]). The dashed lines with roman numbers show the

approximate position of the boundaries between the different phases (i.e., rapid positive shift in y13C values, plateau with maximum y13C values

and return to preexcursion y13C values) of the carbon isotope excursion.
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hydrogen indices (HI) from ~150 mg hydrocarbons/g

TOC before to ~270 mg hydrocarbons/g TOC during

the OAE2 (Figs. 3 and 4; [11]). Superimposed on

these long-term trends are high amplitude, short-term

cyclic variations in both TOC content and HI values

throughout the investigated sections (Figs. 3 and 4).

The more pronounced changes in TOC contents and

HI values are also reflected by changes in lithology

from green claystones with low TOC contents and

HI values to black claystones with high TOC

contents and HI values. HI values are generally

b100 mg hydrocarbons/g TOC and oxygen indices

(OI) high (OIN100) for the OM-lean green clay-

stones, which has been attributed to a terrestrial

source for the OC [11]. In sharp contrast, high HI

values and low OI values [11] indicate a predom-

inately marine origin for the thermally immature OM

for the OC-rich black claystones. To resolve the

sources of the sedimentary OM, both the extractable

and insoluble OMs were also investigated on a

molecular level.

3.2.2. Cyclic variations in organic matter composition

at the molecular level

Only small amounts of total extracts were recov-

ered from the OM-lean sediments outside the black
shale interval (1.0 to 2.0 mg/g dry sediment), while

higher amounts (4.0 to 8.0 mg/g dry sediment) were

recovered from the black shales. The hydrocarbon

fractions from the OM-rich black claystones consist

mainly of short-chain n-alkanes (C16–C22) with no

odd-over-even carbon number predominance, long-

chain (C25–C35) n-alkanes with a moderate odd-over-

even carbon number predominance (CPI~1.8), hopa-

noids, steroids and acyclic isoprenoids (Fig. 5a).

Steroids and hopanoids strongly dominate these

hydrocarbon fractions. The hydrocarbon fractions

from the OM-lean green claystones (Fig. 5b) are

strongly dominated by short-chain n-alkanes (C16–

C22) with no odd-over-even predominance and long-

chain (C25–C35) n-alkanes with a moderate odd-over-

even carbon number predominance (CPI~1.8).

The steroids in the black claystones derive

predominately from cholesterol, 24-methyl-choles-

terol and 24-ethyl-cholesterol or their unsaturated

derivatives, which are predominately biosynthesized

by marine algae [31]. However, zooplankton could

be a significant source for the C27 steroids because

cholesterol and its derivatives (C27 sterols) are also

indirectly formed by dealkylation of ingested C28

and C29 sterols [32] by zooplankton heterotrophically

living on algal biomass. The hopanoids are likely



Fig. 5. Typical reconstructed total mass chromatogram [i.e., total ion count (TIC)] of apolar fractions of black claystones (a) and of green

claystones (b) of DSDP Site 603B. Filled circles (.), open squares (5) and filled triangles (E) indicate n-alkanes, hopanes and saturated

acyclic isoprenoids, respectively. Abbreviations are is—internal standard; 23—n-C23; 35—n-C35; C—contaminant; ?—compounds of

unknown structure.
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diagenetic products of hopanols such as bacterioho-

panopolyol derivatives (C35) or diplopterol (hopa-

nes=C30) and may derive from numerous bacterial

taxa, such as cyanobacteria, heterotrophic bacteria

and methanotrophic bacteria [33]. The odd-over-even

predominance (CPI ~1.8) of the n-C25 to n-C35

alkanes suggests that leaf waxes of terrestrial plants

are an important source for the long-chain n-alkanes

[34], while the short-chain n-alkanes (C16–C22) with

no odd-over-even predominance are nonspecific and
could derive from a wide variety of algae and

bacteria.

Because functionalised lipids and carotenoids may

become sulfurised during early diagenesis in anoxic

sulfide-rich sediments, e.g., see [35], the polar

fractions were desulfurised. The apolar fractions

obtained after desulfurisation of the polar fractions

from the black claystones are mainly dominated by

phytane of phytoplanktonic origin and bacterially

derived extended (i.e., NC30) hopanoids. These
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hopanoids are typically dominated by the C33 and C35

2-desmethyl-17h,21h(H) hopanes and their coeluting

2h-methyl-17h,21h(H) isomers. On average, these

hopanoids together make up 60% to 80% of the

extended hopanes present in the black claystones. The

abundance of 2-methylhopanoids relative to desme-

thylhopanoids indicates that cyanobacteria are an

important source of these molecular fossils [36,37].

In contrast, the apolar fractions obtained after desul-

furisation of the polar fractions from the green

claystones are mainly dominated by n-alkanes with

no obvious odd-over-even predominance.

In conclusion, the low abundance of molecular

fossils of unambiguous terrestrial origin (e.g., leaf

wax lipids and oleananes) relative to biomarkers of

marine origin (e.g., algal steroids and hopanoids

derived from cyanobacteria) supports a predominately

marine phytoplanktonic source for the OM of the

black claystones. The higher relative abundance of

leaf wax n-alkanes, on the other hand, is in good

agreement with a mainly terrestrial source for the OM

of the green claystones.

Thermal degradation (flash pyrolysis) in combina-

tion with gas chromatography was used to investigate

the sources of the insoluble OM, representing N90%

of the TOC. In accordance with the extremely low

(b100 mg HC/gTOC) Rock Eval HI indices, no

detectable amounts of hydrocarbons were released

from the green claystones. Pyrolysis of the decalcified

black claystone samples, however, released consid-

erable amounts of hydrocarbons with n-alkenes/n-

alkanes, alkylbenzenes and alkylthiophenes as the

main products. These compounds also dominate the

pyrolysates from the OAE2 black shales of the

southern part of the proto-North Atlantic [Kuypers

et al., unpublished results] and from ancient marine

kerogens in general, e.g., see [28,38,39]. The

extremely low abundance of lignin thermal degrada-

tion (pyrolysis) products generated from the kerogen

supports a predominately marine origin for the OM

from the black claystones of Sites 105 and 603B.

3.2.3. The effect of cyclic variations in the OM source

on d13Corg

There is a significant difference in y13C values for

bulk OM between adjacent OM-lean green and OM-

rich black claystones, with the former being enriched

in 13C (up to 2x) relative to the black claystones
(Figs. 3 and 4). In the late Cenomanian interval

preceding the isotope excursion, the y13Corg values

even show a moderate negative correlation with TOC

(r2=0.78). This dependence of y13Corg on TOC

(r2=0.78) is also observed during and after the

OAE2 carbon isotopic excursion after ddetrendingT
the y13Corg values for the isotope excursion by

subtracting the y13C values for the marine biomarker

S-bound phytane. A similar negative correlation has

previously been observed for y13Corg and HI for early

and middle Cretaceous marine sediments and was

attributed to variations in the relative contribution of

refractory terrestrial and marine OM [40]. In modern

marine environments, y13C values for marine OM are

commonly more positive than for terrestrial OM.

However, during most of the Cretaceous, elevated

pCO2 levels resulted in an increase in the isotope

effect associated with carbon fixation (ep) by phyto-

plankton, leading to y13C values for marine OM that

were generally more negative than for terrestrial OM

[40]. The negative correlations between TOC and

y13Corg values at Sites 105 and 603B, therefore, most

likely can be attributed to an increased terrestrial

contribution to the green claystones relative to the

black claystones.

3.3. Sedimentary cycles and orbital forcing

Power spectra for the TOC and HI depth series of

DSDP Site 603B-34, sections 1–6 [11] reveal distinct

peaks at ~0.40, ~0.75 and ~2.80 m and two less

significant peaks at ~0.59 and ~1.22 m (Fig. 6). An

additional peak is detected at ~10.6 m by the CLEAN

algorithm only. This peak can be explained by the

trend in the data sets. The Blackman–Tukey power

spectra do not show this peak because the trend had

been removed from the dataset before the spectral

analysis. Minor peaks are also recorded in the 0.25–

0.16 m band but are not significant at the 90%

significance level (Fig. 6). We have plotted the

original HI and TOC data (dotted line) as well as

the CLEANed (solid lines; significance level of 90%)

data sets against depth and compared them with the

y13Cphytane record in Fig. 7. Clearly, the ~0.40 m cycle

becomes increasingly important in both HI and TOC

records above boundary II, whereas the ~0.75 m cycle

determines the main pattern in the interval below this

boundary. The metric scale cyclicity (~1.22 m)



Fig. 6. Spectra for TOC and HI of DSDP Sites 603 and 105 obtained by the Monte Carlo CLEAN procedure (solid) and the Blackman–Tukey

method (dashed). Indicated are the most prominent cycles in meters. TOC and HI data are from Herbin et al. [11].
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becomes more prominent in the spectra than the ~0.75

m cycle when only the upper interval (above

boundary II) is taken into account (not shown). The

length of this period, however, slightly increases

toward ~1.6 m, thereby approximating the length of

three to four 0.40 m cycles.

Fig. 6 also shows the CLEANed power spectrum

for the TOC depth series of DSDP Site 105-9, sections

3–4 [11], i.e., the counterpart of the analyzed interval

at Site 603B. The spectrum reveals strong peaks at

~2.85 and ~0.13 m and a minor peak at ~0.2 m. The

~2.85-m peak reflects the general trend of increasing
TOC contents up-section. We plotted the CLEANed

TOC data set of Site 105 and compared it in the depth

domain with that of Site 603B (Fig. 7). We used the

80% significance level for this reconstruction to

include the influence of the ~0.2 m cycle. It seems

obvious that the ~0.13 and ~0.2 m cycles of Site 105

correlate with the ~0.4 and 0.75 m cycles of Site

603B, respectively (Fig. 7). Ten TOC maxima can be

recognized in the interval between boundary II and the

base of the Plantagenet Formation at 290.1 m. The

influence of the ~0.2 m cycle seems more prominent

during phase A.



Fig. 7. Orginal and CLEANed (at the 90% significance level) TOC and HI series against depth and time across OAE2 and the y13C shift. For the

depth to age conversion, a constant sedimentation rates of 1.9 and 0.6 cm/kyr have been applied for DSDP Sites 603 and 105 respectively.

Lithology (i.e., distribution of black claystones vs. depth at Site 105), TOC and HI data are from Herbin et al. [11].
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Black-colored organic-enriched claystones alter-

nating with green-colored organic-poor claystones

also occur in the lower part of core 9 of Site 105

(sections 5 and 6: 292.5–295 mbsf; Figs. 4 and 7). The

spacing between these individual TOC-enriched dark-

colored layers is very regular (0.11–0.13 m) and

consistently showing their cyclic occurrence. Unfortu-

nately, the resolution of the TOC record is too low for

this interval to apply spectral analysis (that is, the

average sample spacing of ~6.2 cm for this interval

results in a Nyquist frequency of 12.4 cm which

equals that of the regular cycle thickness). But

evidently, the black layers are grouped (one to four

black layers per group), pointing to a lower frequency

modulation (Figs. 4 and 7). These cyclic patterns are

reminiscent of the rhythmical bedding related to the

Milankovitch periodicities that are observed in Pleis-

tocene to Mesozoic sediments (i.e., see [41,42]).

Accordingly, it seems likely that the 0.11–0.13 m

cycle in Site 105 reflects the precession (~21,000

year) cycle, whereas the groups of one to four black

layers reflect the 100-kyr eccentricity modulation. The

variation in number (one to four) of precession-related

black layers per group are in turn (i.e., see [12,42])

attributed to the influence of the 400-kyr eccentricity

modulation. Both the 100-kyr and 400-kyr eccentric-

ity cycles modulate the climatic precession, which

should have triggered the deposition of these dark

layers through insolation and, hence, climate changes.

At times of a 400-kyr eccentricity minimum, the effect

of the 100 kyr on precession is smaller than during a

400-kyr eccentricity maximum. For example, the

deposition of groups of three to four Pliocene–

Pleistocene sapropels was shown to be associated

with 400-kyr eccentricity maxima, while 400-kyr

eccentricity minima were associated with the deposi-

tion of zero to two individual sapropels [12,41].

Accordingly, the groups of three to four individual

black layers in the lower part of core 9 of Site 105

cycle may reflect 100 kyr cycles during 400-kyr

eccentricity maxima, whereas one to two black layers

may reflect 100 kyr cycles during or close to a 400-

kyr eccentricity minimum (Figs. 4 and 7). The

interpretation of approximately four short eccentric-

ity-related cycles (~100 kyr each; ~400 kyr in total or

one long eccentricity cycle) in ~2.4 m indicates an

average sedimentation rate of 0.6 cm/kyr for the lower

part of core 9 of Site 105. The occurrence of similar
decimeter scale cycles in the upper interval suggests

that these cycles are controlled by the precession cycle

as well, and that sedimentation rates (~0.13 m cycle

divided by ~21 kyr=0.5–0.6 cm/kyr) on average did

not change substantially within this time interval. This

would also imply that the ~0.4 m TOC and HI cycles

at Site 603B are precession related, and that the

sedimentation rate at this site is in the order of 1.9 cm/

kyr during this time interval. As a result, the ~0.75 m

cycle at Site 603B and ~0.2 m cycle at Site 105

probably reflect the influence of the obliquity (~39.5

kyr) cycle. Apparently, the obliquity cycle seems to be

of primary importance at times of the (initial) shift in

the y13Cphytane record toward heavy values.

In general, sedimentary successions that are

primarily controlled by the precession cycle (and

eccentricity modulation) record the additional influ-

ence of obliquity in periods when one of the long-

term eccentricity cycles (i.e., ~0.4 and ~2.3 Myr

cycles) is at a minimum. In such cases, insolation

time series are marked by distinct precession–

obliquity interference patterns causing the amplifica-

tion and reduction of two successive precession

cycles. In combination with an on average reduced

precession period during these times, this may result

in the occurrence of double cycles of different

duration (i.e., see [12]). We suggest that the pattern

observed in the TOC and HI records during the

initial shift (phase A) is related to an analogous

period of low eccentricity values.

Given the estimated average sedimentation rates

for Sites 603B and 105 of 1.9 and 0.6 cm/kyr,

respectively (Fig. 7), the duration for the initial shift in

the y13Cphytane record (phase A) is approximately

~150,000 years, whereas the steady state with

maximum y13Cphytane values (phase B) is at least

220,000 years. A coring gap obscuring the later part

of the phase B (plateau with maximum y13C values) at

Site 603B does not allow the duration of the whole

OAE2 to be calculated (Fig. 7). Although no coring

gap occurs at Site 105, the duration for the whole

OAE2 could not be calculated because phase C

(return to preexcursion y13C values) could not be

distinguished (Fig. 7). However, our estimation of

~150,000 years for phase A (Fig. 7) is in good

agreement with the recent estimate of ~150 kyr by

Kolonic et al. [22], which is based on the recognition

of 1.5 dominant eccentricity cycles within the high
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sedimentation rate records of the Tarfaya Basin

(Morocco) during this time interval.

3.4. Preservation vs. productivity

The presence of precession cycles in the sediment

record is often attributed to productivity changes,

resulting from climatic changes, such as monsoonal

intensity. However, the strong variations in HI values

and TOC content for C/T sediments from Sites 105

and 603B have been previously attributed to fluctua-

tions in redox conditions of the bottom waters [11]. To

test whether enhanced OM preservation resulting

from either reduced oxygen supply and/or enhanced

productivity caused this variation in TOC/HI values,

two OM-poor green to OM-rich claystone couplets

(i.e., cycle �2 of phase A and cycle 2 of phase B; Fig.

7) at Site 603B were studied in greater detail (Fig. 8).

The Corg (%) data for cycles �2 and 2 are comparable

to what has been reported by Herbin et al. [11] for

these particular intervals (Fig. 3).

3.4.1. Water column redox proxies

The deposition of laminated sediments and the

absence of benthic foraminifers at Site 603B indicates

predominantly suboxic to anoxic bottom water con-
Fig. 8. Bulk organic carbon, trace metal and biomarker data of DSDP Site

redox sensitive trace metals (Mn, Mo, Zn and V) normalised to Al, conce

bacteria, and carbon isotope values (in x vs. VPDB) of S-bound phytan

show the approximate position of the black claystones of cycles �2 and 2

available for cycle �2.
ditions during the deposition of both green and black

claystones [11,43]. However, the occurrence of thin

(10–20 cm) bioturbated layers in the green claystones

(Fig. 3; [11]) indicates the periodic occurrence of oxic

bottom water conditions during the deposition of

green claystones.

Further information on water column redox con-

ditions can be gained from chalcophilic elements (e.g.,

Mo, Ni and Zn) that precipitate as sulfides under

euxinic conditions and certain redox sensitive ele-

ments (e.g., Mo and V) that are immobilised under

reducing conditions [44]. In a similar way, Mn, which

is mobilised under reducing (anoxic) conditions and

precipitates as oxyhydroxides under oxic conditions,

can provide information about redox conditions of the

bottom waters [45]. To evaluate the variations in

redox conditions, the abundances of Mn, Mo, V and

Zn have been normalized to aluminum (Fig. 8). Al is

mainly present in clay minerals, and although the Al

content in clay minerals can vary, normalisation to Al

is frequently used [46] to correct for fluctuations in

detrital contribution. We investigated the trace metal

content of cycles �2 (strong obliquity influence) and

2 (precession dominated) representing the two main

orbital phase relations (see Section 3.3) of the OAE2

interval at Site 603B at high resolution. The low
603B. TOC content of the bulk sediment, concentration profiles of

ntration profile of the molecular fossil isorenieratane of green sulfur

e (Ph) derived from phytoplanktonic chlorophyll. The shaded areas

(see also Figs. 3 and 7). There are no y13C values for S-bound Ph
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abundance of Mn in cycles �2 and 2 relative to the

adjacent OM-lean intervals indicates that the OM-rich

intervals were deposited under generally more reduc-

ing suboxic/anoxic conditions (Fig. 8). The difference

in Mn/Al ratios between green and black claystones

could have been further enhanced by Mn mobilisation

in the reducing anoxic OM-rich intervals and sub-

sequent reprecipitation as Mn oxyhydroxides on

reencountering oxygen at the ancient oxidation front

[45]. The high Mo/Al, V/Al and Zn/Al ratios in the

cycles �2 and 2 (Fig. 8) indicate more reducing

anoxic bottom water conditions during the deposition

of the black claystones [46,47]. A similar enrichment

in redox-sensitive trace metals is also observed for

several other black claystones from Site 603B

(Supplementary material, Table S1).

Additional evidence for different redox conditions

of the bottom water during the deposition of the green

and black claystones comes from the sedimentary

biomarker record. Oxygen exposure time significantly

affects the biomarker distribution, with an increasing

contribution of more refractory biomarkers, such as

terrestrial n-alkanes, relative to more labile bio-

markers, such as steroids, with increasing exposure

to oxygen [48,49]. The green claystones are domi-

nated by the refractory terrestrial n-alkanes, while the

labile hopanoids, steroids and lycopane are only

present in trace amounts (Fig. 5b). This is indicative

of long oxygen exposure times and, hence, oxy-

genated bottom waters [48,50]. The dominance of

labile steroids and hopanoids in the apolar fractions of

the black claystones (Fig. 5b), on the other hand,

indicates relatively short oxygen exposure times,

which is in good agreement with more anoxic bottom

waters.

To investigate whether these anoxic conditions

extended into the photic zone, the samples from

DSDP Site 603B were examined for fossil derivatives

of specific pigments (isorenieratene) of the brown-

colored strain of green sulfur bacteria (Chlorobia-

ceae). These photosynthetic bacteria require both light

and H2S for inorganic carbon fixation and are,

therefore, indicators for photic zone anoxia. At the

present day, the habitat for green sulfur bacteria is

restricted to a few euxinic basins, such as the Black

Sea [51,52]. Sinninghe Damsté and Kfster [8] showed
that during the mid-Cretaceous OAE2, these organ-

isms were also present in the proto-North Atlantic
Ocean. More recently, we showed that green sulfur

bacteria were already present in the southern part of

the proto-North Atlantic well before the OAE2 [9].

Molecular fossils of isorenieratene (e.g., isoreniera-

tane) were found in the black claystone intervals of

cycles �3, �2, 0, 2, 6 and 8 of Site 603B in

concentrations of 7–300 ng/g sediment (Fig. 3). This

indicates that sulfide-containing water sometimes

penetrated the photic zone before as well as during

the OAE2. Small amounts of isorenieratane (21 ng/g

sediment) were also found in the green claystone just

above cycle �2 (Fig. 3). We believe that the

isorenieratane in this green claystone derives from

thin TOC-rich interlayers in this green claystone

(Fig. 3).

Isorenieratane was found in cycle 2, with highest

concentrations in the center of this black claystone

while isorenieratane concentrations were below the

detection limit in the overlying green claystone

(Fig. 8). The latter is in good agreement with the

green claystones being deposited under oxic condi-

tions. The isorenieratane maximum could have

resulted from substantially higher anoxygenic produc-

tivity in the water column of the northern proto-North

Atlantic. In accordance with this, fluctuations in the

abundances of isorenieratene extracted from Holocene

Black Sea sediments were attributed to changes in

anoxygenic productivity related to fluctuations in the

position of the chemocline [53]. The abundance of

phototrophic sulfur bacteria in modern settings shows

a strong positive correlation with light intensity [54].

Thus, the apparent positive correlation between TOC

content and abundance of isorenieratane within cycle

2 could indicate that enhanced OM accumulation was

accompanied by a rise of the average position of the

chemocline (i.e., nearer to the photic zone) during its

deposition. This seems to be supported by a cooccur-

ring increase in Mo/Al ratios (Fig. 8).

3.4.2. Productivity proxies

Evidence for enhanced primary production during

the deposition of the black claystone intervals of

cycles �2 and 2 is provided by their mineralogical

composition. The black claystones contain abundant

opal CT, which is a diagenetic product of biogenic

opal (Fig. 9). Biogenic opal is predominately pro-

duced by diatoms and radiolarians in highly produc-

tive surface waters. Because opal easily dissolves



Fig. 9. Typical XRD patterns of the centre of the black claystone

interval (1130.43 mbsf [a]) and the underlying green claystone

interval (1130.56 mbsf [b]) of cycle 2 at DSDP Site 603B. The

patterns have been smoothed by a two-point moving average.
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upon sedimentation, special conditions (a high sed-

imentation rate and a high opal flux) are needed for its

preservation. Consequently, the presence of opal

indicates (but the absence of opal does not exclude)

high primary productivity. Opal CT is abundant and

even strongly dominates the mineralogical composi-

tion of some of the investigated samples from the

center of the black claystone intervals of cycles �2

and 2.

An increase in productivity could result from

changes in either growth rate or average cell size

(i.e., carbon content per cell) of the phytoplanktic

community. The degree of photosynthetic carbon

fractionation (ep) for marine phytoplankton shows a

strong negative correlation with both growth rate

and cell size [55–59]. Therefore, an increase in

productivity should be reflected in y13C values of

phytoplankton-derived organic matter. In accordance

with this, variations in y13C values for OC have

been attributed to changes in ep values, resulting

from changes in productivity [60,61]. y13C values

for inorganic carbon, which are needed to calculate

ep values, could not directly be determined due to

absence of carbonate carbon at DSDP Site 603B.

Assuming that there was no significant change in
the y13C values for dissolved inorganic carbon

during the deposition of cycle 2, the increase in

y13C values for S-bound phytane at Site 603B

(Fig. 8) records a ~1x decrease in ep values. This

decrease may have been larger because shoaling of

the chemocline discussed previously could have

introduced 13C-depleted recycled inorganic carbon

into the photic zone. Thus, it seems likely that an

increase in productivity accounts for the shift in

y13C values for the molecular fossils of phyto-

planktic origin at Site 603B. This is entirely

consistent with high opal CT levels in the black

claystone interval of cycle 2.

3.4.3. Synthesis of redox and productivity proxies

The cooccurrence of lamination, enrichment of

redox sensitive trace metals and the presence of

molecular fossils of pigments from green sulfur

bacteria indicate that the northern proto-North Atlan-

tic Ocean water column was occasionally euxinic

from the bottom to at least the base of the photic zone

(b150 m) during the deposition of the black clay-

stones (Fig. 8). In contrast, the green claystones are

bioturbated, are enriched in Mn, do not show enrich-

ments in redox sensitive trace metals and show

biomarker distributions indicative of long oxygen

exposure times, indicating more oxic water condi-

tions. At the same time, there is evidence (e.g.,

abundance of biogenic silica and significant 13C

enrichment for OC of phytoplanktonic origin) for

enhanced primary productivity during the deposition

of the black claystones.

We propose that enhanced productivity of OM was

an important factor in generating and sustaining

euxinic conditions during the deposition of the black

claystones. Enhanced primary productivity periodi-

cally overwhelmed the oxic OM remineralisation

potential of the bottom waters leading to the

deposition of OM-rich black claystones. A combina-

tion of overall sluggish circulation (possibly halother-

mal instead of thermohaline) and the tectonically

isolated nature of the proto-North Atlantic (Fig. 1)

likely facilitated the periodic development of anoxic

water column conditions [6] [Bice, personal commu-

nication]. Because the amount of oxygen used for OM

remineralisation exceeded the amount supplied by

diffusion and deep water circulation, bottom waters

became euxinic. These euxinic conditions occasion-
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ally even extended into the photic zone of the proto-

North Atlantic.

3.5. Long-term changes as a result of the OAE2

In sediments deposited during OAE2, the average

TOC contents at both sites are significantly higher

(~5%) than in older sediments (~1%; Figs. 3, 4 and 7),

while average sedimentation rates at both sites

remained approximately the same, indicating a large

increase in OC accumulation rates during the OAE2.

Assuming constant sedimentation rates throughout the

investigated sections, the average OC accumulation

rates before and during the OAE2 were determined

using the TOC contents of the bulk sediments. Prior to

the OAE2, the OC mass accumulation rates (OC

MAR) for Sites 105 (0.1 gC m�2 year�1) and 603B

(0.3 gC m�2 year�1) were significantly smaller than

the 1 and 3 gC m�2 year�1 determined for the same

interval at DSDP Site 367 and Site S13, respectively

[9]. During the OAE2, OC accumulation rates at Sites

105 (0.4 gC m�2 year�1) and 603B (1.4 gC m�2

year�1) were approximately four times greater than

prior to the OAE but still significantly smaller than for

the same interval at Sites 367 and S13 (3 and 10 gC

m�2 year�1, respectively). This increase in OM

accumulation rates at Sites 105 and 603B is accom-

panied by a substantial increase in HI values fromb80

mg hydrocarbons/g TOC before to ~270 mg hydro-

carbons/g TOC during the OAE2 [11]. However, these

values are still significantly lower than the HI values

for the OAE2 interval at Sites S13 and 367 (600–700

mg hydrocarbons/g TOC) [23,62], indicating that the

sedimentary OM in the northern proto-North Atlantic

is more refractory than in the southern part. The

sediments from Site 603B have a significantly lower

abundance of redox sensitive trace metals and

molecular fossils of green sulfur bacteria than Site

367 [9], indicating that the more refractory nature of

OM resulted from more oxic conditions in the

northern part of the proto-North Atlantic during the

OAE2. Previously, we attributed the significant

increase in marine OC accumulation rates in the

southern part of the proto-North Atlantic (Sites S13,

144 and 367) to an increase in primary productivity

[9]. As was pointed out by Schlanger et al. [63]; dthe
widespread distribution of anoxic sediments deposited

synchronously during such a short-lived event indi-
cates that such sediments are not simply the product of

coincidental local climatic or basinal water mass

characteristicsT. Therefore, it is tempting to attribute

the increase in OM accumulation rates in the northern

part of the proto-North Atlantic (Sites 105 and 603B)

also to an increase in primary productivity. At the

same time, average Mo/Al (0 to 3), Ni/Al (12 to 46),

V/Al (15 to 94) and Zn/Al (22 to 36) ratios as well as

the average concentration of isorenieratane (10 to 68

ng/g sediment) are all substantially enhanced, indicat-

ing more anoxic conditions during OAE2. This is in

good agreement with the strong reduction in the

thickness of the green claystones at both Sites 105 and

603B during the OAE2. Interestingly, the relative

contributions of metals of terrestrial origin like Al

(8.7% to 5.7%), Ti (0.46% to 0.32%) and Zr (84 to 61

ppm) are all significantly reduced in the OAE2

interval relative to the underlying sediments, which

could indicate an enhanced dilution by biogenic opal

during the OAE2. If so, this would also indicate

enhanced primary productivity. Additional data are

needed to clarify this issue.

In any case, the periodic increase in productivity

seems to have been more pronounced at Site 603B

than at Site 105, resulting in significantly higher OM

accumulation rates at the former site during the

deposition of the black claystones. Lower accumu-

lation rates of biogenic components like opal and OM

during deposition of the black claystones may also

have led to lower sedimentation rates at Site 105.

However, at both sites, the most OC-rich black

claystones as well as the thinnest green claystones

occur during phase B of the isotope excursion (i.e.,

plateau with maximum y13C values, Figs. 3 and 4).

These long-term trends most likely resulted from

global environmental changes that occurred during the

OAE2 possibly related to the formation of a deep

water connection between North and South Atlantic

basins [9].
4. Conclusions
(1) The high amplitude, short-term cyclic variations

in TOC content and HI values of the C/T interval

at DSDP Sites 105 and 603B most likely

resulted from precession-controlled changes in

productivity.
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(2) Periodically increased primary productivity led

to euxinic conditions in the water column of the

northwestern proto-North Atlantic.

(3) These anoxic conditions, which sometimes

extended to at least the base of the photic zone

(b150 m), led to enhanced preservation of

marine OM resulting in the deposition of OM-

rich black claystones.

(4) The trends at Sites 105 and 603B of continually

increasing TOC contents and HI values of the

black claystones up-section most likely resulted

from both enhanced preservation due to

increased anoxia and increased production of

marine OM as a response to the environmental

changes during the OAE2.
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from the lower continental rise off Cape Hatteras: organic

geochemistry, dinoflagelate cysts, and the Cenomanian/Turo-

nian boundary event at Sites 603 (Leg 93) and 105 (Leg 11),

Init. Rep. Deep Sea Drill. Proj. 93 (1987) 1139–1160.

[12] L. Lourens, F.J. Hilgen, W.J. Zachariase, A.A.M. Van Hoof,

A. Antonarakou, C. Vergnaud-Grazzini, Evaluation of the

Pliocene to early Pleistocene astronomical time scale, Palae-

oceanography 11 (1996) 391–413.

[13] P. Hofmann, T. Wagner, B. Beckmann, Millennial- to

centennial-scale record of African climate variability and

organic carbon accumulation in the Coniacian–Santonian

eastern tropical Atlantic (Ocean Drilling Program Site 959,

off Ivory Coast and Ghana), Geology 31 (2003) 135–138.

[14] T. Wagner, J.S.S. Damste, P. Hofmann, B. Beckmann,

Euxinia and primary production in Late Cretaceous eastern

equatorial Atlantic surface waters fostered orbitally driven

formation of marine black shales, Paleoceanography 19

(2004) DOI:10.1029/2003PA000898.

[15] R.A. Kqhnel, S.J. van der Gaast, Advances in X-ray Analysis,

Plenum Press, New York, 1993, pp. 439–449.

[16] D.H. Roberts, J. Lehar, J.W. Dreher, Time series analysis with

CLEAN: Part I. Deviation of a spectrum, Aston. J. 93 (1987)

968–989.

[17] R.B. Blackman, J.W. Tukey, The Measurements of Power

Spectra from the Point of View of Communication Engineer-

ing, Dover Publications, New York, 1958, 190 pp.

http://dx.doi.org/doi:10.1016/j.epsl.2004.09.037
http://dx.doi.org/doi:10.1029/2000Pa000569
http://dx.doi.org/doi:10.1029/2003PA000898
http://dx.doi.org/doi:10.1016/j.epsl.2004.09.037
http://dx.doi.org/doi:10.1029/2000Pa000569
http://dx.doi.org/doi:10.1029/2003PA000898
http://dx.doi.org/doi:10.1016/j.epsl.2004.09.037
http://dx.doi.org/doi:10.1029/2000Pa000569
http://dx.doi.org/doi:10.1029/2003PA000898


M.M.M. Kuypers et al. / Earth and Planetary Science Letters 228 (2004) 465–482 481
[18] D. Heslop, M.J. Dekkers, Spectral analysis of unevenly spaced

climatic time series using CLEAN: signal recovery and

derivation of significance levels using a Monte Carlo

simulation, Phys. Earth Planet. Inter. 130 (2002) 103–116.

[19] D. Paillard, L. Labeyrie, P. Yiou, Macintosh program performs

time-series analysis, EOS Trans. AGU 77 (1996) 379.

[20] J. Thurow, Cretaceous radiolarians of the North Atlantic

Ocean: ODP Leg 103 (Sites 638, 640, and 641) and DSDP

Legs 93 (Site 603) and 47B (Site 398), Proc. Ocean Drill.

Prog., Sci. Results 103 (1988) 379–418.
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