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ABSTRACT – Published proxy data for Oceanic Anoxic Event 2 (OAE 2 or Cenomanian–Turonian
Boundary Event) and other mid-Cretaceous OAEs indicate widespread anoxic bottom-water conditions.
However, increasing evidence shows that anoxia was not permanent but subject to significant fluctuations.
We have generated X-ray fluorescence elemental concentration and benthic foraminiferal assemblage
records for a short section of OAE 2 black shales from Wunstorf, northern Germany. Two intervals of low
sulphur elemental concentration are interpreted as periods of increased oxygenation of bottom waters.
This is supported by benthic foraminiferal assemblage data showing repopulation events associated with
these intervals. These repopulation events are characterized mainly by the occurrence of agglutinated taxa,
with Lingulogavelinella globosa being the only abundant calcareous species. This observation is interpreted
in terms of short-term interruptions of the otherwise anoxic bottom-water environment. Comparison with
repopulation events during OAE 1b and Quaternary sapropels make it reasonable to speculate that
short-term cooling and an associated increase in bottom-water ventilation at the NW European shelf sea
are the main trigger mechanisms for the observed repopulation events at Wunstorf. As source area for
benthic foraminifera, shallower parts of the Lower Saxony basin are proposed. J. Micropalaeontol. 30(2):
119–128, September 2011.

Supplementary material: XRF elemental concentrations and benthic foraminiferal counts, are available
at: http://www.geolsoc.org.uk/SUP18496
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INTRODUCTION
Oceanic Anoxic Event 2 (OAE 2), stratigraphically situated
around the Cenomanian/Turonian boundary, represents the
most prominent mid-Cretaceous OAE and is associated with
one of the most severe carbon-cycle perturbations of the last
120 Ma (Schlanger & Jenkyns, 1976; Arthur et al., 1988; Leckie
et al., 2002). OAE 2 occurs during the so-called mid-Cretaceous
super-greenhouse climate with sea-surface temperatures above
30(C (e.g. Huber et al., 2002; Norris et al., 2002; Wilson et al.,
2002; Forster et al., 2007; Moriya et al., 2007; Bornemann et al.,
2008) and intermediate- to bottom-water temperatures far
exceeding today’s values (e.g. Huber et al., 2002; Friedrich et al.,
2008a). The pronounced positive carbon isotope excursion
associated with OAE 2 reflects massive drawdown of organic
material into sediments due to enhanced preservation and/or
surface-water productivity (e.g. Scholle & Arthur, 1980; Arthur
et al., 1988; Kolonic et al., 2005; Hardas & Mutterlose, 2007).
One of the most characteristic features of OAE 2 is the existence
of extremely low oxygen conditions (or even anoxia) in bottom
waters (e.g. Pratt & Threlkeld, 1984; Hasegawa, 1997; Holbourn
& Kuhnt, 2002; Erbacher et al., 2005; Friedrich et al., 2006;
Gebhardt et al., 2010) and in the photic zone (Kuypers et al.,
2002; Pancost et al., 2004) throughout large parts of the ocean
basins. There is, however, increasing evidence that short-term
reoxygenation of the seafloor occurred during OAE 2. In the
western tropical North Atlantic, Friedrich et al. (2006) showed a
significant repopulation event of benthic foraminifera across the
Demerara Rise depth transect (Ocean Drilling Program, ODP,
Leg 207, off Suriname). The authors tentatively correlated this
event with the ‘benthonic zone’ of OAE 2 successions in the
Western Interior Seaway (e.g. Eicher & Worstell, 1970; Eicher &

Diner, 1985; Leckie, 1985; Leckie et al., 1998; West et al., 1998;
Keller et al., 2004) and a Bolivina-dominated biofacies in the
lower third of OAE 2 at Tarfaya, NW Africa (Kuhnt et al.,
2005). Cooling of sea-surface temperatures (SST) in the order of
several degrees (Forster et al., 2007; Sinninghe Damstè et al.,
2010) accompanied this repopulation event. In general, benthic
foraminiferal repopulation events are a common feature during
mid-Cretaceous OAEs (see discussion in Friedrich, 2010). The
best studied of these events occurred during the early Albian
OAE 1b, for which high-resolution benthic foraminiferal data
reveal a cyclic pattern of repopulation events on the order of one
event every ~5.7 ka (Friedrich et al., 2005). Some of these events
have been correlated across the Vocontian Basin (SE France)
and within the North Atlantic (Blake Plateau, Erbacher et al.,
1999; Holbourn et al., 2001a, b; Mazagan Plateau, Friedrich
et al., 2005).

The timing and duration of benthic foraminiferal repopula-
tion events and the response time of benthic foraminifera to
reoccupy formerly anoxic environments of OAEs, however, are
still poorly constrained. The high-resolution case study for the
early Albian OAE 1b indicates an estimated duration of ~500 to
1250 years for single repopulation events (Friedrich et al., 2005),
somewhat similar to benthic foraminiferal repopulation events
during Quaternary Sapropels S1, S5 and S6 (e.g. Rohling et al.,
1997; Casford et al., 2003; Schmiedl et al., 2003; Kuhnt et al.,
2007). The dataset of OAE 1b, however, does not allow a
detailed reconstruction of lead and lags between seafloor anoxia
and benthic foraminiferal repopulation events.

This study contributes to a better understanding of the
environmental change associated with short-term oxygenation
events during OAE 2 and to assessment of the response time of
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benthic foraminiferal faunas to these events. We present lower-
resolution X-ray fluorescence (XRF) elemental concentrations
of S, Si and Al (0.7 ka resolution) for the black shale interval
from the Wunstorf core (northern Germany) and benthic for-
aminiferal assemblage data (0.7 to 1.7 ka resolution) and
high-resolution XRF Si/Al ratio and sulphur elemental concen-
trations (SEC; 70 years resolution) for the main black shale
event (so-called Fischschiefer). Assuming that SEC represents
the concentration of pyrite in the sediment, we use it as an
indicator of redox conditions and, therefore, oxygenation at the
seafloor. Stable carbon isotope data as well as a compelling
cyclostratigraphy already exist for this core (Voigt et al., 2008).
This allows us to document a lead–lag relationship between
bottom-water oxygenation/ventilation and benthic foraminiferal
assemblages and to shed new light on short-term palaeoceano-
graphic changes during OAE 2.

GEOLOGICAL SETTING, MATERIALS AND METHODS
The Wunstorf core, drilled in 2006 northwest of Hannover, is
located in the Lower Saxony Basin and represents a sedimentary
succession deposited within an intra-shelf basin of the NW
European shelf sea (Voigt et al., 2008; Fig. 1). Intra-shelf basins
of this domain were spatially confined depocentres (Surlyk et al.,
2003) with accumulation of organic-rich, partly laminated mud-
stones (black shales) during OAE 2. The estimated palaeo-water
depth exceeded 100–150 m based on biofacies and sedimentary
data in northern Germany (Wilmsen, 2003).

At Wunstorf, the deposition of black shales is orbitally
forced by short eccentricity modulated precession (Voigt et al.,
2008). The OAE 2 interval consists of a 15 m thick succession of
alternating limestones, marls and black shales. Black shale
layers are typically 10–30 cm in thickness, but thicker layers (up
to 2 m) occur (Fig. 2). Black shales of the studied interval
usually show a cyclic pattern with bedding couplets starting with

laminated black shale that evolves into a marl and finally into a
light-grey limestone. Four or five of these black shale couplets
are part of a bundle that shows a decrease in black shale
thickness and an increase in carbonate content up-section,
illustrating strong orbital forcing of the Milankovitch periodici-
ties. Our study focuses on a 1.1 m thick interval (43.6–42.5 m
core depth) that represents the lower part of one of the major
packages of prominent black shale beds (43.6–41.7 m core
depth), the so-called Fischschiefer (after the occurrence of fish
remains). The Fischschiefer is characterized by two distinct
cycles of changes in the Ti concentrations derived from XRF
core scanning (Fig. 2; Voigt et al., 2008). The thickness of these
cycles is twice the thickness of regular precession couplets, where
the cycles may represent two amalgamated precession cycles or
one obliquity cycle. Changes of Ti concentrations reflect varia-
tions in the input of terrestrial material forced by orbital changes
in humidity and run-off.

Benthic foraminifera were studied in 36 samples from the
main Fischschiefer black shale layer of the Wunstorf core in a
resolution of 2 cm and 5 cm. After drying and weighing, samples
were disaggregated using 3% hydrogen peroxide solution for 30
minutes. Subsequently, samples were washed over a 63 µm mesh
and dry sieved into 63–125 µm, 125–500 µm and >500 µm
fractions. Benthic foraminifera were studied in the 125–500 µm
fraction. If necessary, samples were split and counts were
recalculated for the whole sample. Benthic foraminiferal num-
bers were calculated as individuals per gram of dry sediment.
Diversity is given in number of taxa per sample.

The elemental concentration of S, Si, P and Al of the
investigated succession was measured using the XRF Core
Scanner II located at the MARUM (Bremen University).
Measurements were made over a 1 cm2 area every 2 cm for the
low resolution and every 2 mm for the high resolution record,
using a count time of 30 seconds (expressed as elemental counts
over the measured area, e.g. S Area). Please note that XRF data
are counted elemental concentrations and, therefore, not com-
parable to average shale values.

Age and sedimentation rates of the study interval
Applying spectral analysis of downhole gamma-ray data as well
as XRF Ti elemental concentration, Voigt et al. (2008) were able
to identify a frequency ratio diagnostic for the prominent
Milankovitch frequencies of precession (21 ka) and short eccen-
tricity (100 ka). Using the dominant frequencies of precession
and short eccentricity, a cyclostratigraphic age model was
constructed for the black shale unit of the Wunstorf core,
resulting in sedimentation rates of 3.0 cm ka–1 for the studied
Fischschiefer interval (Voigt et al., 2008). The studied interval
(43.6–42.5 m core depth) therefore represents ~37 ka (approxi-
mately two precession cycles), resulting in a resolution of ~670
years and ~1670 years for our sample spacing of 2 cm and 5 cm,
respectively.

RESULTS
Low-resolution XRF elemental concentrations show pro-
nounced increases in Al and Si associated with the black shale
intervals (Fig. 2). Thereby, Si increases to values above 6000
counts whereas Al shows highest values in the lower part of the
studied succession (up to 1400 counts). Sulphur elemental
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Fig. 1. Palaeoceanographic map of the Cenomanian, with the location of
the Wunstorf core and other locations mentioned in the text (modified
after Voigt et al., 2008). Continents shown in dark grey, epicontinental
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Explanation of Plate 1.
figs 1–18. Benthic foraminifera from the Fischschiefer at Wunstorf: 1, Ammobaculites sp.; 2, Bulbobaculites sp.; 3, Dorothia filiformis; 4,
Rhabdammina sp.; 5, Ammodiscus cretaceous; 6, Rhizammina sp.; 7–8, Textularia obtusangula; 9, Textularia cf. praelonga; 10, Lagenammina sp.;
11–12, Haplophragmoides sp.; 13, Lenticulina rotulata; 14, Gyroidinoides parva; 15, 18, Lingulogavelinella globosa; 16, 17, Gavelinella dakotensis.
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concentration remains low within marls and limestones (values
between 0 and 500 counts) but increases significantly within the
black shale layers (usually values of 2000 to 6000 counts; Fig. 2).

The SEC show fluctuations between 1600 and 7500 counts
for most of the succession of the high-resolution record (43.60–
43.22 m and 42.86–42.50 m; Fig. 3). Maximum concentrations
with values up to 12 500 counts occur at 42.77 m and 42.73 m.
Between 43.20 m and 42.86 m SEC are characterized by two
intervals of values close to zero. These intervals are from
43.18–43.10 m and from 43.00–42.92 m, which are separated by
slightly increased values of 2000 to 3000 counts (Fig. 3). Si/Al
ratios for this interval are generally above 2 and are character-
ized by a significant increase to values of up to 6.8 between
43.00 m and 43.10 m. Phosphorus elemental concentrations vary
between –100 and 200 counts with highest values paralleling
high Si/Al ratios (Fig. 3).

Benthic foraminifera are barren for a large part of the studied
core interval (below 43.31 m and above 42.88 m; Fig. 4). The
number of benthic foraminiferal individuals per gram of dried
sediment (BFN) and diversity (number of counted taxa) increase
during the two intervals of lower SEC, most pronounced during
the upper one. But also below the lower low-SEC interval BFN
and diversity increase rapidly from one sample to the other at

43.31 m, 43.25 m and 43.23 m. All three samples are located just
above or within significant decreases in SEC (Fig. 4). While
BFN are generally low, with maximum numbers of 7.5 individ-
uals per gram, diversity is relatively high (up to 14 taxa) for a
laminated black shale.

Main components of the benthic foraminiferal fauna are
agglutinated taxa like Trochammina sp., Textularia (T. obtusan-
gula and T. cf. praelonga), Rhizammina sp., Rhabdammina sp.
and Dorothia filiformis among others (Fig. 5; Plate 1). The only
calcareous taxa occurring in higher abundances (>1%) is Lingu-
logavelinella globosa. While all of these taxa are abundant
during the higher low-SEC interval, only textularids and Rhi-
zammina sp. show higher abundances during the lower interval.
Assemblages below that interval are dominated by Lingulogave-
linella globosa, Rhabdammina sp. and textularids (Fig. 5).
Ammodiscus cretaceous is the only species that occurs mainly
outside of the low-SEC intervals.

DISCUSSION

Formation of the Fischschiefer black shale
The Fischschiefer black shale at Wunstorf has been suggested to
correspond with high sea-level and orbitally forced weakening
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Fig. 2. Lithology, carbon isotope stratigraphy, biostratigraphy and low-resolution (2 cm) XRF-aluminium, -silica, -sulphur and -titanium elemental
concentrations of part of the Wunstorf core succession covering OAE 2 (after Voigt et al., 2008). Grey bar indicates study interval. CIE, carbon
isotope excursion; FC, facies change; C., Calycoceras; M., Metoicoceras; N., Neocardioceras; W., Watinoceras; R. cush., Rotalipora cushmani; R.
greenh., Rotalipora greenhornensis. Titanium elemental concentrations after Voigt et al. (2008).
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or even disappearance of shelf-break fronts that allowed the
spread of oceanic surface waters onto the shelf sea (Voigt et al.,

2008). XRF elemental concentrations clearly indicate an
increase in detrital elements (Al, Ti; Fig. 2) during the

Fig. 3. High-resolution (2 mm) XRF-sulphur and phosphorus elemental concentrations and Si/Al ratio against core depth. Grey bars indicate
intervals of low sulphur element concentrations, which are indicated by lighter lithology and less abundant lamination in the core pictures.
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Fig. 4. Benthic foraminiferal assemblages and XRF-sulphur elemental concentrations of the studied interval against core depth: (a) benthic
foraminiferal number as individuals per gram; (b) diversity as total number of taxa per sample. Grey bars indicate intervals of low sulphur element
concentrations.
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Fischschiefer deposition that represents two obliquity or amal-
gamated precession cycles (Voigt et al., 2008). This suggests an
increase in the amount of terrigenous supply triggered by
orbitally driven changes in humidity and/or runoff from the
hinterland, leading to enhanced productivity and the establish-
ment of an estuarine shelf circulation in the NW European shelf
sea. This favoured black shale formation in the deeper parts of
the shelf sea basins where bottom-water ventilation was prob-
ably diminished and oxygen was consumed by enhanced
organic-matter flux to the seafloor (see also discussion in Voigt
et al., 2008).

The proposed scenario for the formation of the Fischschiefer
was, however, not a stable system but shows internal variability.
Within the Fischschiefer succession itself, two intervals of lighter
sediments can be distinguished that are also characterized by a
significant decrease in SEC (Fig. 3).

Characterization of black shale interruptions
Black shales are generally deposited under oxygen-depleted
conditions and, therefore, allow for the reconstruction of

bottom-water and sediment redox conditions. Enrichment of
redox-sensitive (e.g. Fe and S) and sulfide-forming trace metals
provide the opportunity to reconstruct the dynamics of biogeo-
chemical element cycles and corresponding bottom-water redox
conditions during the formation of black shales (e.g. Böttcher
et al., 2006; Brumsack, 2006; Hetzel et al., 2009). Hydrogen
sulfide formed by dissimilatory sulfate reduction transforms
reactive iron into iron sulfides, mainly pyrite (FeS2). Assuming
that most of the sulphur occurring in the investigated Wunstorf
black shales is captured as pyrite (Sageman & Lyons, 2004;
Takashima et al., 2011), SEC measured by XRF is used as an
indicator of redox conditions and, therefore, oxygenation at the
seafloor. Based on this assumption, two intervals of low SEC
have been identified within the Fischschiefer interval (Fig. 3).
The assumption that these intervals of low SEC reflect more
oxygenated bottom-water conditions is supported by sedimen-
tological observations, such as less abundant lamination or
lighter colours of the sediment (see core picture in Fig. 3).
Intervals with higher SEC are characterized by laminated inter-
vals, interpreted herein as sedimentological evidence for anoxic
bottom-water conditions.

Benthic foraminiferal assemblages show a significant reaction
to these two intervals of proposed higher oxygen concentration.
During both intervals, the formerly anoxic sediment (repre-
sented by high SEC, laminated dark sediment, and absence of
benthic foraminifera) is characterized by increasing numbers of
benthic foraminifera and higher diversity (Figs 4, 5). The
presence of benthic foraminifera indicates a significant distur-
bance of the formerly anoxic seafloor. Increased oxygen concen-
trations allowed the benthic foraminifera to repopulate the
seafloor for short time intervals. Outside the two low SEC
intervals, benthic foraminifera declined and disappeared rapidly
due to restoration of oxygen-depleted bottom-water conditions.
The occurrence of benthic foraminifera in two intervals preced-
ing the lower interval of low SEC indicates that oxygen
increased for a short time. Both peaks in benthic foraminiferal
abundances and diversity follow after an interval of low SEC
and indicate very short periods of slightly higher oxygen con-
centration at the seafloor. It can be assumed that, in contrast to
the two longer repopulation events up-section, these intervals
were only brief snapshots of more oxygenated bottom waters
that are recognized in the benthic foraminiferal assemblages but
were not imprinted in the geochemical record. This would mean
that palaeontological and geochemical signals are working on
different time-scales during the deposition of these sediments, as
proposed by former studies on mid-Cretaceous OAEs (Jiménez
Berrocoso et al., 2008; Friedrich, 2010).

Benthic foraminiferal taxa that characterize the repopulation
events at Wunstorf are typical taxa of organic-rich and oxygen-
depleted black shale environments. Textularids are a typical
component of low-diversity OAE 2 black shale assemblages (e.g.
Jarvis et al., 1988; Koutsoukos et al., 1990; Kuhnt & Wiedmann,
1995; Hart, 1996; Paul et al., 1999). Elongated agglutinated
foraminiferal taxa, such as Rhabdammina and Rhizammina, are
described from oxygen-depleted sediments of different mid-
Cretaceous black shales including OAE 2 (e.g. Coccioni &
Galeotti, 1993; Kuhnt & Wiedmann, 1995; Erbacher et al., 1998;
Friedrich et al., 2003). In Italian sections, species such as
Rhabdammina cyclindrica or Rhizammina indivisa are main
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components of a low diversity assemblage that occurred just
below OAE 2 and are therefore interpreted as being tolerant to
bottom-water anoxia (Coccioni et al., 1995). Thin-walled agglu-
tinated taxa, such as Rhizammina, were also pioneer colonizers
of sediments just above OAE 2 black shales barren in benthic
foraminifera from the abyssal North Atlantic (Kuhnt, 1992).
Two agglutinated taxa that also characterize the studied succes-
sion, Trochammina sp. and Dorothia filiformis, are described
from Cretaceous sediments deposited under low-oxygen con-
ditions (e.g. Nyong & Ramanathan, 1985; Koutsoukos et al.,
1990; Tronchetti & Grosheny, 1991). From the Vocontian Basin
(SE France), a fauna dominated by Trochammina is described
from Aptian and Albian black shales (Erbacher et al., 1998;
Friedrich et al., 2003). The genus Dorothia is generally suggested
to be an indicator of meso- to eutrophic bottom-water con-
ditions (e.g. Koutsoukos & Hart, 1990; Coccioni & Galeotti,
1993; Friedrich et al., 2003) and is common also in other
black shale intervals at Wunstorf (Kuhnt & Wiedmann, 1995).
The only calcareous species, Lingulogavelinella globosa, occurs
in a low-diversity assemblage with only three calcareous taxa
left during OAE 2 in a borehole section in SE Poland and,
therefore, suggests adaptation to low-oxygen conditions (Peryt
& Wyrwicka, 1991), an interpretation that is supported by other
studies (e.g. Jarvis et al., 1988; Koutsoukos et al., 1990; Hart,
1996; Paul et al., 1999).

Timing of repopulation events
The available orbital time-scale for the Wunstorf core (Voigt
et al., 2008) allows not only for reconstruction of the duration of
single repopulation events but also for a detailed reconstruction
of leads and lags between bottom-water oxygenation (as indi-
cated by SEC) and occurrence of benthic foraminifera. Using
the age model of Voigt et al. (2008), durations of the intervals
with low SEC are 3.2 ka and 3.7 ka (Fig. 6). Given our 2 cm
sampling resolution around these intervals (resulting in a sample
spacing of 660 years), the observed repopulation events associ-
ated with these intervals are slightly shorter for the lower
interval and slightly longer for the higher interval (Fig. 6). For

the lower interval of low SEC (43.18–43.1 m), benthic foraminif-
era lag low SEC by 330 years and lead increasing SEC by 900
years. This results in a time span of approximately 2 ka for the
lower repopulation event. For the higher interval, benthic
foraminiferal abundances lead the decrease by 900 years, while
lagging the increase in SEC by 1300 years, which accounts for a
significantly longer time span of approximately 6 ka for this
repopulation event. All calculated durations are maximum esti-
mates based on the 660-year sample spacing. The observed
short-term occurrences of benthic foraminifera before the lower
interval of low SEC lag distinct decreases in SEC by 1650 years
and 800 years, respectively (Fig. 6), possibly indicating different
reaction times of the palaeontological and geochemical signals
(see discussion above). These estimates, however, are biased by
the higher sample spacing of 5 cm in this interval, resulting in a
sample spacing of 1.66 ka.

Comparison with other repopulation events
Benthic foraminiferal repopulation events during OAE 2 have
been described from the Western Interior Seaway (e.g. Eicher &
Worstell, 1970; Eicher & Diner, 1985; Leckie, 1985; Keller et al.,
2004), the tropical Atlantic Ocean (Friedrich et al., 2006) and
Tarfaya (southern Morocco; Kuhnt et al., 2005), but none of
these studies allows a reliable estimate of the duration of the
repopulation events due to either low sampling resolution, lack
of tuned age models, or both. If the estimated sedimentation
rates for ODP Sites 1258, 1260 and 1261 at Demerara Rise
(western tropical North Atlantic; Erbacher et al., 2005) are used
to calculate the duration of the observed repopulation events in
the lower third of OAE 2 (Friedrich et al., 2006), a duration of
approximately 60–80 ka can be shown. Low sampling resolution
and the pronounced, open-ocean oxygen minimum zone at
Demerara Rise (Erbacher et al., 2004, 2005; Friedrich et al.,
2006, 2008b), however, hinder a reliable comparison with the
shelf-sea setting represented by the Wunstorf core.

A comparable study of benthic foraminiferal repopulation
events has been done on the early Albian OAE 1b. The
reconstructed duration of 2 ka and 6 ka for repopulation events
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in the Wunstorf core is, however, slightly longer. During OAE
1b, a total of eight cyclic repopulation events were described
with an estimated duration of ~500 to 1250 years (Friedrich
et al., 2005).

If compared to geologically younger oxygen-depleted sedi-
ments, the Mediterranean sapropels, the estimated duration of
repopulation events during OAE 2 at Wunstorf is also slightly
longer. Benthic foraminiferal repopulation events occurred
repeatedly in Quaternary sapropels of the Eastern Mediterra-
nean Sea and lasted up to 300 years for sapropel S1 and
300–1600 years for sapropels S5 and S6 (sapropel S1: Rohling
et al., 1997; Casford et al., 2003; Kuhnt et al., 2007; sapropels S5
and S6: Casford et al., 2003; Schmiedl et al., 2003). This
somewhat shorter duration might be related to the overall
shorter duration of Quaternary sapropels (3–6 ka; Rohling
et al., 1997; Casford et al., 2003; Schmiedl et al., 2010) compared
to OAE 2 (430–600 ka; Sageman et al., 2006; Voigt et al., 2008).

Given the relatively short response time of a somehow
diverse benthic foraminiferal fauna to repopulate the formerly
anoxic bottom-water environments at Wunstorf (several hun-
dreds of years), a nearby refuge for these species has to be
inferred. For Quaternary sapropels, Casford et al. (2003)
showed that benthic foraminifera are able to repopulate the
deeper, formerly anoxic, eastern Mediterranean Basin within
<50 years. Thereby, benthic foraminifera invaded the deeper
basin from more oxygenated locations like shallower shelf
waters or locations that are under the influence of at least
sporadic oxygenation around the eastern Mediterranean Sea
(e.g. Casford et al., 2003). An invasion of benthic foraminifera
from shallower, more oxygenated environments is also a likely
mechanism to explain the short response time of our observed
repopulation events during OAE 2. Such environments occur in
the shallower parts of the Lower Saxony Basin and the Müns-
terland Cretaceous Basin, where the OAE 2 interval lacks black
shale sedimentation (e.g. Hilbrecht & Dahmer, 1994; Voigt
et al., 2006). Similarly, all sections where benthic foraminiferal
repopulation events have been described during OAEs 1b and 2
are close to shallow shelf sea areas around the Atlantic Ocean
(e.g. Eicher & Worstell, 1970; Erbacher et al., 1999; Holbourn
et al., 2001a; Friedrich et al., 2005, 2006). These shallow shelf
seas and/or deeper settings below the oxygen minimum zone in
case of the tropical North Atlantic could have served as source
areas for the repopulation of former anoxic seafloor environ-
ments.

Trigger mechanisms of repopulation events and
palaeoceanographic implications
Despite having different durations and ages, repopulation events
of OAE 1b and the Mediterranean sapropels show remarkable
similarities in terms of palaeoceanographic and palaeoclimatic
trigger mechanisms. The repopulation events described for OAE
1b are proposed to show ventilation of intermediate to deep
waters due to short-term cooling and reduced humidity in the
source areas of water-mass formation under the monsoonal
climate system of the mid-Cretaceous low latitudes (e.g.
Erbacher et al., 2001; Herrle et al., 2003a, b; Friedrich et al.,
2005). Thereby, these authors postulate an increase in low-
latitude deep-water formation via enhanced evaporation, lead-
ing to the observed bottom-water oxygenation as indicated by

the occurrence of benthic foraminifera. During formation of
Quaternary sapropels S1, S5 and S6, the generally warm and
humid climate conditions are interrupted by short intervals of
cooling that are proposed to initiate deep-water formation and
re-ventilation of deep-sea ecosystems (Rohling et al., 1997;
Myers & Rohling, 2000; Casford et al., 2003; Schmiedl et al.,
2003, 2010; Kuhnt et al., 2007).

Temperature estimates for the Wunstorf core are not avail-
able. However, there are remarkable similarities between the
studied succession at Wunstorf and the sections in the Vocon-
tian Basin (OAE 1b) and the Mediterranean Sea. All three
represent marginal sea settings that are characterized by the
formation of organic-rich sediments under increasingly humid
conditions (at Wunstorf indicated by the increased supply of
detrital elements during Fischschiefer formation). In all sections
it is proposed that increased fresh-water supply and subsequent
stratification of the water column caused decreased deep-water
formation and thus low O2 concentrations at the seafloor (e.g.
Rohling et al., 1997; Herrle et al., 2003a; this study). These
similarities and the co-occurrence of cooling and repopulation
events during OAE 1b and the Quaternary sapropels might
suggest a similar cause–reaction relationship for the observed
repopulation events in the Wunstorf area. Increased formation
of local bottom-water masses on the NW European shelf sea
could have led to short-term ventilation of the deeper parts of
the Lower Saxony Basin and, therefore, enabled benthic
foraminifera to repopulate the formerly anoxic seafloor.
Thereby, Si/Al ratios and P elemental concentrations remain
high even during the repopulation events (Fig. 3). Assuming
Si/Al reflect biogenic production of silica (e.g. Wedepohl, 1971;
Dickson et al., 2010) and using P as productivity proxy (e.g.
Föllmi, 1996), these high values indicate a constantly enhanced
productivity. This suggests seafloor ventilation rather than
reduced organic matter supply as the main trigger for the
observed repopulation events.

Overall, the repeated occurrence of benthic foraminiferal
repopulation events in Cretaceous OAEs makes a strong
argument for severe short-term perturbations of the general
palaeoclimatic and palaeoceanographic trigger mechanisms
responsible for bottom-water anoxia in open-ocean and shelf sea
environments.
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