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Abstract. During the oceanic anoxic event 2 (OAE 2) inthe 1 Introduction

Mid-Cretaceous Period, widespread black shale (BS) forma-

tion occurred, reflecting perturbations in major biogeochem-

ical cycles. Here we present geochemical and biomarker datt) the Mid-Cretaceous Period, elevated concentrations of
of the OAE 2 from a shelf setting situated at about 100-CO2 created a greenhouse world with elevated tempera-
150 m water depth (Wunstorf, Germany). Our data supporfures and reduced oceanic circulation. As a result, oceanic
that processes inducing BS deposition were related to orSediments recorded several organic-rich black shales (BS)
bital cyclicity in Wunstorf and that they were not restricted during so-called Oceanic Anoxic Events (OAEs; Schlanger
to the time of the OAE 2 carbon isotope excursion. Corre-a8nd Jenkyns, 1976). Two mechanisms or the combination of
lations of total organic carbon (TOC) asd®N and high these processes were proposed as responsible for BS forma-
relative abundances of functionalized hopanoids (includingtion’ enhanced bioproductivity and/or enhanced preservation
2-methylated structures) suggest that BS were formed durof organic matter as a result of anoxic conditions (e.qg., Arthur
ing times of imbalanced nutrients with high phosphorus in-€tal., 1988; Jenkyns, 2010; Mort et al., 2007). One of the best
puts and increased cyanobacterial nitrogen fixation. Period§tudied OAE occurred at the Cenomanian-Turonian bound-
of BS formation were also characterized by enhanced growty (~93.5Ma), and its global impact is evident from a pos-
of dinoflagellates and bacteriovorous ciliates, the latter supitivé carbon isotope excursion (CIE) in carbonate and total
porting the presence of a stratified water body. The lack oforganic carbon (TOC), most likely reflecting increased car-
biomarkers specific for green sulfur bacteria excludes photid?0n burial due to enhanced biological production (Jarvis et
zone euxinia during OAE 2 in Wunstorf. Conflicting matu- al., 2011, and references therein).

rities and biomarker distributions in kerogen and extractable Numerous geochemical and biomarker studies on regional
organic matter and, interestingly, a negative correlation of the2nd global aspects of OAE 2 BS formation were published in
diagenetically resistant 2-methyl hopane hydrocarbons Withthe.last decades. Stable carbon isotope_ ratios .of chlorophyll-
TOC indicate a complex depositional setting at Wunstorf. derived phytane support thaCO, was high during OAE 2
This might have been induced by high continental runoff dur- (Freeman and Hayes, 1992; van Bentum et al., 2012) with
ing BS formation and the accompanying mobilisation of re-@ pCOz almost 5 times higher than modern values (max-

fractory OM from the shelves and near shore areas. imizing at 1750 ppm). As a key aspect explaining the en-
hancedpCO;, massive CQ emissions due to the eruption

of the Caribbean Large Igneous Province (CLIP) were sug-
gested (Sinton and Duncan, 1997; Turgeon and Creaser,
2008). Following these enhanced g£@©oncentrations, an
extensive greenhouse climate developed with surface ocean
water temperatures of more than 30 to°85(calculations
based on the TEX86 proxy; Forster et al., 2007; Sinninghe
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AR : ~ Y ". There exists a considerable number of contributions to
= v il | b | . open oceanic OAE 2 occurrences from ODP sites (e.g.,
s T o T Kuypers et al., 2004) and onshore occurrences (e.g., Tsikos
’] .S Saxony':. R = et al., 2004), but there is no knowledge so far on micro-
| \ Yy ~Basin ! . bial communities and their contribution to BS deposition
: . D N / : in palaeo-shelf settings with comparatively moderate water
[ r ------ < S Qﬁ depths. Here, we present biomarker data from the Wunstorf
: T Ir\-Anglo-Paris : Q core (Lower Saxony, Germany), deposited at water depths
: Armorica | (Basin QaT d-Eu:ropéan - around 100-150 m water depth (Wilmsen et al., 2005) on the
; RN i | island , central European shelf, possibly the shallowest OAE 2 BS
it - ... |\ e recorded so far.
o = ': :. We concentrate in particular on functionalized lipids, as
;)c,d‘"‘ ; '. these biosignatures are less prone to allochthonous transport
. ' ; processes due to their lower diagenetic stability compared
! ': ". to the commonly reported suites of hydrocarbon biomarkers.
[Jland area [ shelf sea Moreover, biomarkers covalently linked to the major pool of
[ deep sea [ shallow shelf organic matter in sediments (kerogen) were analyzed in or-

der to obtain data on organisms whose contributions to sed-
Fig. 1. Paleoceanographic situation at the Cenomanian-Turoniaiments is usually negatively biased when working solely on
Boundary and the sampling site (Wunstorf; modified after Voigt et €xtractable biomarkers. The aim of our study is a better un-
al. (2004). The working area is indicated by dot and arrow). derstanding of (i) major sources of OM; (ii) biogeochemical
factors which controlled BS formation; and (iii) whether high
TOC reflect rather enhanced productivity or preservation of
OM deposited during OAE 2. Furthermore, interpretations
Damse et al., 2010). Exciting findings of green sulfur bacte- from the shallow setting in Wunstorf may also bridge the gap
ria biomarker indicate that local photic zone euxinia existedto a better understanding of the controls and effects of BS
— suggesting stagnant or sluggish ventilated oceans with aformation in the Proto-North Atlantic, the most prominent
extension of the oxygen minimum zone (OMZ) at least pe-trap of organic carbon in the OAE 2.
riodically into the photic zone (e.g., Pancost et al., 2004;
Sinninghe Damét and Koster, 1998). Moreover, nitrogen-
fixing cyanobacteria were recognized as key players duringg  Geologic setting and previous works
black shale formation (Kashiyama et al., 2008; Kuypers et
al., 2002, 2004; Ohkouchi et al., 2006). A major argumentThe village of Wunstorf is located ca. 25 km WNW of Han-
for cyanobacterial nitrogen fixation as a process supportingnover (Germany), and Cenomanian to Lower Turonian strata
primary production under low N/P conditions are high 2- were drilled in 2006 (Erbacher et al., 2007; TK 25 Wun-
methyl hopane occurrences in the central North Atlantic dur-storf, no. 3522, 523.9420N, 9°28.8240E; Fig. 1). Dur-
ing OAE 2 (Kuypers et al., 2004). However, in other OAE 2 ing the Cenomanian, this area was part of a wide Eurasian
settings, 2-methyl hopanoids were not found (in Livello Selli epicontinental shelf sea, ranging from the shelf break west
and Livello Bonarelli BS), although porphyrin nitrogen in of England right onto the Russian Platform. It developed due
the respective rocks was most likely also mainly sourced byto the worldwide Cenomanian transgression, which caused
cyanobacteria (Kashiyama et al., 2008). In a recent studystepwise drowning of wide continental areas (Fig. 1) and
an elegant explanation for theN-depleted biomass, and the progressive establishment of nutrient-depleted shelf seas
chlorophyll derivatives in particular, accompanied by the par-(Gale et al., 2000; Wilmsen et al., 2005). In basinal/subsident
tial lack of cyanobacterial biomarkers was presented. Basedreas of the former north German shelf seas (Fig. 1), black
on the study of nitrogen stable isotope ratios of porphyrinsmarlstones with TOC contents up to ca. 2.5 % (throughout
and on modeling approaches, it was suggested that a signithe text referred to as black shales, BS) deposited in al-
icant proportion (about 80 %) of tht’N-depleted biomass ternation with white nannofossil-rich limestones during the
has an algal and not cyanobacterial origin (Higgins et al.,OAE 2 (C/T boundary event) and locally well into the Lower
2012). Higgins et al. (2012) suggested a nitrogen cycle inTuronian.These rocks are lithostratigraphically united in the
which 1°N-depleted biomass from diazotrophic cyanobacte-Hesseltal Formation (Fig. 2). The Hesseltal Formation oc-
ria was mineralized to N[H in the anoxic bottom waters. cursin Westphalia and Lower Saxony (Hiss et al., 2007). Lat-
Upwelling then brought this isotopically distinct ammonia erally, the Hesseltal Formation grades into red shell-detrital
(~ —1%o) to the surface, where it was preferentially con- limestones of the &lde Formation, reflecting deposition on
sumed by algae and transferred with its bacterial signaturéntra-shelf swells at water depths of only some tens of me-
into the sediments. ters (Wiese, 2009). The black/white cyclicity in the Hesseltal
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Formation is the expression of an orbital modulation of depo- 513 % vPDB
sition (Voigt et al., 2008a; Fig. 2). There are numerous works 20 5 >0
on its lithology, sedimentology, stratigraphy and macrofauna
(Breitkreutz et al., 1991; Hilbrecht and Dahmer, 1994; Kri-
wet and Gloy, 1995; Voigt et al., 2006a, 2008a; Wood and
Ernst, 1998), and recently, the Wunstorf section and the Wun-
storf core (Fig. 2) were studied in detail by means of stable
isotope geochemistry, orbital geochronology, inorganic geo-
chemistry and palynology (Hetzel et al., 2011; Linnert et al.,
2010; Prauss, 2006; Voigt et al., 2008a). ]
It needs to be emphasized that the definition of the OAE 2
is related to the well-documented positive OAEc&bon E
isotopeexcursion (OAE 2-CIE). In Wunstorf, the shift back ==
to pre-OAE 2-CIEs'3C values occurs at about 36 m (Fig. 2). Wia'==|g| 4|«
However, BS also developed after the excursion, and the las""*
BS can be identified as a thin layer around 26 m already well V7 =
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3.1 Sample material and sample preparation

Upper Cenomanian

The cooled core samples were taken in 2011 at the IODP core
repository in Bremen. Rock samples were then kept frozen
until analyses. The samples were homogenized by grinding
and aliquots were taken (see Fig. 2 for sampling depths) for
bulk geochemical analyses and lipid extraction. e

Brochterbeck Fm

R cushmani - Rotalipora

pre-excursion record

3.2 Bulk analysis (C/N/S) ands°N Fig. 2. Stratigraphy of the Wunstorf core used for the study and
813C 4 (from Voigt et al., 2008a). Arrows (and codes) mark sam-
Homogenized aliquots of the sample were analyzed for bulkPling positions.
C/N/S using a Hekatech Euro EA CNS analyzer. To deter-
mine the contents of TOC and carbonate carbag {5 each
sample was also analyzed after acidification with hydrochlo-
. . 15n; : ) . X
e s o (5 CAAYC hyapyOis (Y2 experinents were con
IRMS, Delta plus, Thermo Finnigan) ducted on selected samples using a system built by Strata
' ' ' Technology Ltd. (UK), which was manufactured based on
the principals of catalytic HyPy (Love et al., 1995; Snape
et al., 1989). This technique allows the cleaving of cova-

About 609 of freeze-dried sediments were extensively exJent bonds under a high hydrogen pressure with only mi-
tracted with dichloromethane/methanol (DCM/MeOH; 1/1; nor artificial maturation (Love et al., 1995; Snape et al.,
v/v) using ultrasonication. An aliquot of the combined ex- 1989). Commonly, to about 0.5g of rigorously Soxhlett ex-
tract was acetylated and analyzed for hopanols includingracted rock powder (24 h; DCM/MeOH; 1/1) about 50 mg
32,35-anhydrobacteriohopanetetrols (anhydroBHTs). Acety@mmonium dioxydithiomolybdate [(NH2MoO,S;] cata-
lation was performed using a mixture of acetic acid anhy-lyst were added. The pressure and flow rate pf¢re set
dride and pyridine (1:1, v:v, 5CC for 1h and overnight at at 15MPa and 5Imin' respectively. The temperature was
room temperature). The pyridine/acetic acid anhydride mix-Programmed as follows: Heating from ambient temperature
ture was then dried under vacuum. Another aliquot was sept0 250°C at 300°C min~*, then to 500C at 8°C min*. The
arated by column chromatography into a hydrocarbon (F1) pyrolysates were collected on a pre-extracted silica gel trap,

a ketone (F2), and an alcohol and polar fraction (F3; detailsvhich was immerged in dry ice. Pyrolysates were then sep-
are described in Blumenberg et al., 2009). arated into saturated and aromatic hydrocarbons using a pre-

viously described method (Blumenberg et al., 2012) and an-
alyzed by GC-MS (see below).

3.4 Catalytic hydropyrolysis (HyPy)

3.3 Extraction and fractionation

www.biogeosciences.net/9/4139/2012/ Biogeosciences, 9, A13R-2012
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3.5 Gas chromatography—mass spectrometry (GC-MS) 4 Results
and gas chromatography-combustion isotope ratio
mass spectrometry (GC-C-IRMS) 4.1 Bulk geochemical data

The hydrocarbon fractions (extract and after HyPy) and therigure 3 shows the amounts of total organic carbon (TOC)
ketone fractions after extraction were analyzed by GC—-MScompared to theé13Ceqr reported by Voigt et al. (2008a).
(Varian CP-3800 gas chromatograph coupled to a 1200LBoth are well-correlated. However, highest TOC abundance
mass spectrometer), and peaks were assigned by compasf 1.8 % was found in the sample taken at 33.10 cm (W1-
ing mass spectra and retention times with published dat®) well above the OAE 2-CIE (Fig. 2). Similar values were
and/or reference compounds. Gammaceran-3-one (tetrahyound in BS layers in between, whereas the lowest val-
manone) was identified by comparison with published massyes correspond to 10W3C¢ar, With TOC as low as 0.07 %
spectra (e.g., Barakat and Yen, 1990), and by co-injectionjowermost sample; W1-1). Thus, BS formation is generally
with an authentic standard. The system was equipped withinked to positives'3Ceqrp values. TOC/S ratios were mostly
a fused silica column (Phenomenex Zebron ZB-5MS, 30 m,jowest at times of increased TOC values (TOC/S: 1 to 2.5),
0.25 pum film thickness, i.d. 0.32 mm). It was used as carrietpyt were generally low in the upper OAE 2. In the lower
gas, and the temperature programme was@(@3min) to  OAE 2 and above (at 20.08 cm; W1-11) values exceed 20.
310 (held 25 min) at 6C min~*. The MS source was oper- Figure 3 also demonstrates TOC/N ratios aheN values,
ated at 200C in electron impact mode at 70 eV ionisation which are both negatively correlated. Cross plotting of TOC
energy. Fractions were injected on column using a PTV in-ands!°N demonstrates a good negative correlation (Fig. 4).
jector. The injector was initially held at 8@ for 0.2 min

and then heated at 18C min~! to 320°C (held for 15min). 4.2 Extractable biomarkers

Biomarkers were commonly analyzed in total ion current

mode (from 50 to 650 amu; TIC), and for selected hydrocar-The highest abundance of biomarkers was found in the
bon fractions by selected ion monitoring (SIM) of nine ions plack shales. Total ion chromatograms (TIC) of the hy-
(total cycle time 0.9s), and by multiple reaction monitoring drocarbon (F1) and ketone (F2) fraction of one repre-
(MRM) with a total cycle time of 1.6 s per scan for 16 tran- sentative sample — taken within the OAE 2 (W1-9) —
sitions (see Blumenberg et al., 2012, for details). Argon wasare shown in Fig. 5. In addition te-alkanes, hydrocar-
used as the collision gas. The collision energy wa® eV. bons consist of sterenes, hopenes, and homohopanes in
To analyze GC-amenable acetylated polyfunctionalizedthe F1. Homohopanes were dominated by(),218(H)-
lipids (i.e., anhydroBHTSs), high temperature GC was per-homohopane, while higher homohopanes of up tg C
formed on a CP-3800 GC connected to a Saturn 2000 lofyere only present in trace amounts (not visible in TIC,
Trap (both Varian). The GC was equipped with a VF5-HT Fig. 5). The relative amounts of:gto Cas homohopanones,
(15m length, 0.32mm ID, 0.1 um film thickness; tempera- however, were higher than for homohopanes, but high-
ture program for HT-GC-MS was 1 min at 35G; from 500 est relative amounts were also found forg{R),218(H)-
200°C at 15°C min~* (held for 1 min), from 200 to 256C  homohopanone. The latter suggests pentafunctionalized bac-
at 10°Cmin—1 (held for 1 min), and from 250 to 35C at teriohopanepo|yo|s as amajor source, Wh||§a—'r),21'3(H)_
5°Cmin~* (held for 8 min). The ion trap and transfer line homohopane has most likely the ubiquitous tetrafunctional-
temperatures were 178 and 350C, respectively. Anhy-  jzed BHPs as an origin (Farrimond et al., 2000). The dis-
droBHTs were identified in comparison with pUb”ShEd massStribution of homohopanoids is mostly comparable between
spectra (Bednarczyk et al., 2005) and MRMs specific forhydrocarbon and ketone fractions [order of abundances ex-
desmethyl and ring A methyl hopanoids. Elution charac-emplified for W1-9 in Fig. 6; ketones (diagenetically re-
teristics of 2- and 3-methylated hopanoids on the VF5-HT|ated hydrocarbons in bracketspsH31-one $AH30) ~
column were tested by analysing acetylated extracts includggH32-one BAH31)> BBH30-one BAH29)]. Additional
ing 2- and 3-methylated diplopterol and BHT (frdBeijer-  hopanes, also resembling higher maturities (particutayby
inckia indicaandGluconacetobacter xylinumAs shown in - jsomers), were found in the hydrocarbon fraction (Fig. 6).
Fig.7, 2-methyl hopanoids elute slightly before and 3-methylsjightly eluting before 18(H),218(H)-hopanone, another
hopanoids after the desmethylated analogue. S?R€ val-  Cy-pentacyclic triterpenanone was observed, which was
ues of selected Compounds were also analyzed. Details of thﬂentified as tetrahymanone (Syn_ gammacerane-3-one)_
analytical procedure can be found elsewhere (Blumenberg et To detect polyfunctionalized bacteriohopanepolyols
al., 2010). (BHPs), high temperature GC-MS of acetylated total lipid
extracts were performed. In most samples, anhydroBHT
was found, while the common bacteriohopanetetrol (BHT)
was lacking (example of a HT-GC-MS TIC shown in
Fig. 7). In BS samples, high abundances of H),215(H)-
trishomohopanol, 2- and 3-methylated anhydroBHT, and a

Biogeosciences, 9, 4138153 2012 www.biogeosciences.net/9/4139/2012/
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Fig. 5. Biomarkers in the extractable organic matter of sample W1-
9 (total ion chromatograms of the hydrocarbons (F1) and the ketone
(F2) fraction). Compounds with C represent steroids, H hopanes,
and T unknown triterpenoids. Numbers refer to the carbon skeleton.
Anumber ox — doyble bond positiond= unknown).

Fig. 4. Cross plot ofs15N bulk values with TOC concentrations,
indicating that black shale formation is linked to increasing impor-
tance of nitrogen fixation (decreasiad®N). p-values represent a
Spearman rank order correlation.

trifunctionalized anhydroBHT#/z 449, tentatively identi-
fied from comparisons with published mass spectra in Talbot Various tocopherol derivatives, most likely of photoau-
et al., 2005) were observed. These biomarkers were fountotrophic origin, were present in BS samples. Sterenes con-
only in low amounts or they were under detection limit in sisted mainly of cholestane and 24-ethylcholestane deriva-
non-BS samples, respectively. Ring A methylated hopanoidgives. Steroidal ketones were also observed in similar dis-
were also present in other fractions (in hydrocarbons andribution as sterenes in the hydrocarbons. However, al-
ketones). though dinosterane was also observed in trace amounts,
relative abundances of dinostanonex,@B,24-trimethyl-
BSa-cholestane-3-one) were much higher. Figure 3 shows

www.biogeosciences.net/9/4139/2012/ Biogeosciences, 9, A13¥R-2012
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Imbalanced nutrients as triggers for black shale formation

Table 1. Maturities of biomarkers released by catalytic HyPy.

Sample Rc Cy2S/IR  1®-hopane/(1B-mor.
(MPI-1)  (for C32) + 17«-hopane)

W1-10 1.06 - -

W1-9 (BS; above OAE2) 1.65 0.9 0.26°

wi1-8 0.94 - -

W1-3 (BS; OAE 2) 1.08 0.8 0.3#

BS=black shale@ peak to late oilP immature (after Killops and Killops, 2005),
— = below detection limit. For position of the samples refer to Fig. 2.

the relative distribution of hopanones (cyanobacteria) to
steroidal ketones (algae) and dinostanone (dinoflagellates)
to steroidal ketones. Except for sample W1-1, both corre-
late excellently, demonstrating highest relative abundance of
bacteria and dinoflagellates during deposition of BS. Anhy-
droBHTs (maximum 280 nggt TOC) and 1B(H),218(H)-
trishomohopanol (maximum 330ngl TOC) were also
highest during BS deposition. Based on the relative occur-

(exemplified). In the upper part hydrocarbons (F1) and ketonegence of 2-methylated versus non-methylated hopanoids, 2-
(F2) in the extractable organic matter are shown. In the lowermethyl hopanoid indices (Summons et al., 1999) were cal-
part hydrocarbons released from the kerogen are presented (makulated for the different fractions. The 2-methyl hopane in-
ing up more than 95% of the total lipid OM in the samples). dices for hydrocarbons were from 12 to 24 % high (Summons
*22,29,30-trisnorhopane-21-one was tentatively identified based oret al., 1999). Interestingly, the lowest 2-methyl hopane in-

published data (Barakat and Yen, 1990)=22,29,30-trinor-18-
neohopane, Tra 22,29,30-trinor-1@-hopane. Compounds with H

represent hopanes and T unknown triterpenoids. Numbers refer t

the carbon skeleton. Greek letters abbreviate H isomerisation at ca
bon atoms 17 and 21.

o
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Fig. 7. Hopanols in the F3 of sample W1-3 (exemplified) shown

TIC

m/z 191

dices were calculated for BS horizons. Using anhydroBHTSs,
lower 2-methyl hopanoid indices of up to 4% were calcu-
fated, and maxima correlated positively with the TOC con-
tents (Fig. 8a). This is contrary to 2-methyl hopane indices

calculated from hydrocarbons (Fig. 9).

The presence of isorenieratene and other carotenoids from
green sulfur bacteria was tested by using SIM and MRM.
Neither isorenieratane nor other related carotenoids were
found in the kerogen and in the extractable organic matter.

813C values of biomarkers were also analyzed, but are not
shown in detail. Values were not depleted# (maximiz-
ing at—35 %0 VPDB). Values of biomarkers in samples taken
within the upper OAE 2 demonstrated slight enrichments in
13C compared to the samples below and above the OAE 2
(up to 5 %o difference).

4.3 Composition of kerogens

The Soxhlett extracted residues of selected samples (W1-3,
W1-8, W1-9, and W1-10) were subjected to catalytic hy-
dropyrolysis (HyPy) to release covalently bound biomark-
ers from the macromolecular matrix. Generally, the relative
abundance of GC-amenable kerogen-bond hydrocarbons (ex-
emplified for W1-9 shown in Fig. 10) was found to be about

as total ion chromatogram (TIC) and as selected ions specific fon( times higher than that of the extractable OM, demonstrat-

hopanols £:/z 191) and ring A-methylated hopanola (z 205).
The largest peak in the suite of anhydroBHTs is the common
178(H),218(H)-anhydroBHT.

Biogeosciences, 9, 4139453 2012

ing a significant portion of OM to be non-amenable to classi-
cal extraction approaches. Distributions of kerogen-released
biomarkers were found to be characteristic to each sample fa-
cies and in part strongly different to the bitumens. The matu-
rity of the samples was calculated on the relative abundance
of phenanthrene and methylphenanthrerdggMPI-1)] and

www.biogeosciences.net/9/4139/2012/
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were found to be high (Table 1). It was much higher thanthe kerogen is indigenous to autochthonous production (e.g.,
the maturity calculated from biomarkers in the bitumen (not 88H31; Fig. 6). In accordance with an allochthonous compo-
shown), where aromatic hydrocarbons were absent. Maturinent in the kerogen, 2-methyl hopanes were not found in the
ties in different compound classes of the kerogen were als&erogen-compounds which were abundant in the bitumen.
different. For instance, much lower values for S isomerisa-Tricyclic triterpenoids were found neither in the extractable
tion at G of hopanes (0.15) than expected from maturities OM nor after HyPy. Diasteranes were not detected in any of
in the aromatics (expected 0.6) were found. Hopanes releasdtie samples, demonstrating the majority of steranes to be im-
from the kerogen also contath-isomers along with more- mature.

tanes B,«; Fig. 6), a feature, which also does not fit to the

much higher maturities calculated from aromatic hydrocar-

bons. This indicates that only a portion of the hopanes in
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pristane nC.,

nC, F1 increases (Lehmann et al., 2002), a potential explanation for

(saturates) the relatively highs°N observed in non-BS in Wunstorf.
However, at the same time, TOC/N ratios were also observed
to increase (Lehmann et al., 2002), the opposite to what we

nCs observed in the Wunstorf core (Fig. 3). We therefore surmise
ALl ] N that bulk§1°N in Wunstorf record those from primary pro-
o bl T duction and low values to represent enhanced nitrogen fixa-
ety e F2 tion (e.g., Sachs and Repeta, 1999). The high rglative abur_1—
bipenyls = 0 methyl- (aromatics) dances of 2-methyl anhydroBHTs suggest a biogeochemi-

phenanthrenes / chrysene

cal situation preferring 2-methyl hopanoid producers (and/or
production). Commonly, cyanobacteria are regarded as a
source for 2-methyl hopanoids (Summons et al., 1999). How-
ever, other sources for 2-methyl hopanes are also known.
These include methanotrophic, methylotrophic and soil bac-
teria (Bisseret et al., 1985; Renoux and Rohmer, 1985; Bravo
Fig. 10. Total ion chromatograms (TICs) of the saturate and aro-et al., 2001). For the Wunstorf BS, a methanotrophic ori-
matic fraction of the BS sample W1-9. HyPy released about 5 timesgin is unlikely because none of the hopanoids demonstrated
more aromatic than saturated hydrocarbons. 13C_depletions, which are common for biomasses produced
by methanotrophic bacteria (e.g., Jahnke et al., 1999). Soil
bacteria are also unlikely because 2-methyl anhydroBHT
5 Discussion was highest when other marine primary producers flour-
ished (e.g., dinoflagellates; see discussion below). An anoxy-
5.1 Sources for organic matter during BS deposition in  genic phototrophic bacteriurRhodopseudomonas palustris
the OAE 2 at Wunstorf was also reported as a source for 2-methyl hopanes, accom-
panied by tetrahymanol and 2-methyl tetrahymanol (Klee-
Our biomarker data show that bacteria and organic-walledmann et al., 1990; Rashby et al., 2007). In Wunstorf, an ox-
dinoflagellates (and, less important, calcareous nannoplankidation product of the & pentacyclic triterpenoid tetrahy-
ton) are the main sources of extractable organic matter in thenanol (Kleemann et al., 1990; Ten Haven et al., 1989),
BS (independent of whether they formed during the OAE 2gammaceran-3-one, is present in high amounts, but 2-methyl
or later). Bacterial OM is evidenced by the occurrence oftetrahymanol is lacking. Therefore, ciliates are the most
hopanoids, including functionalized structures (hopanoneslikely major source of tetrahymanol the Wunstorf sediments
hopanols and 32,35-anhydrobacteriohopanetetrols (anhy¢Ten Haven et al., 1989), which commonly graze at inter-
droBHTSs)). The most common bacteriohopanepolyol (BHP),faces of stratified water bodies (Sinninghe Damst al.,
bacteriohopanetetrol (BHT), and other BHPs were not found1995; Ten Haven et al., 1989). Moreover, this also points
in Wunstorf, most likely because they were already degradedat cyanobacteria as the major contributors of 2-methylated
AnhydroBHTs are diagenetically relatively stable and arefunctionalized hopanoids (although methylotrophs can not
products of bacteriohopanepolyols (Bednarczyk et al., 2005pbe excluded). To get further insights into the importance
Schaeffer et al., 2008, 2010). Despite the relatively high sta-of specific cyanobacterial groups during OAE 2 BS forma-
bility of anhydroBHTS, there is only one report of anhy- tion, ratios of the different classes of BHPs were calcu-
droBHT in rocks older than the Cenozoic (from the Gorodis- lated based on hopanone distributions. Generally, hexafunc-
che; Upper Jurassic; Bednarczyk et al., 2005), and thugionalized BHPs degrade preferentially tgghopanones,
the findings here represent the second oldest record of thipentafunctionalized to £3-hopanones and tetrafunctional-
biomarker. ized to Gy-hopanones (Rohmer et al., 1984). Particularly
Among ring A methylated functionalized hopanoids, 3- the second and most likely also the first, are specific for
methylated structures were found to be most abundantyanobacteria (Talbot et al., 2008, and references therein).
(Fig. 7). 3-methyl hopanoids were reported from aerobicAlthough the database for the plots is low, we plotted the rel-
methanotrophic and acetic acid bacteria (Rohmer et al., 1984ative abundance of diagenetical products of pentafunctional-
Zundel and Rohmer, 1985). In all fractions of the extractableized (G1) and hexafunctionalized ¢2) hopanoids against
OM, 2-methyl hopanoids were partially abundant (including §1°N. Surprisingly, both relationships are positively corre-
anhydroBHTSs; Fig. 7) with 2-methyl hopane indices of more lated (Fig. 8c; exemplified shown forz@, demonstrating
than 20 %. Moreover, the abundance of 2-methyl anhydroB4ower abundance of respective source bacteria during periods
HTs correlates negatively with buid®N (Fig. 8), which it-  of possibly high nitrogen fixation activity. If major sources
self correlates well with TOC (Fig. 4). Bulk!>N can be af-  for both BHP classes also originated from cyanobacteria,
fected by diagenetic overprint. It was demonstrated that durthey had apparently different sources than those of 2-methyl
ing laboratory experiments under oxic conditions bifRN

dimethyl-
naphthalene
\
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hopanoids, which appear to be related to high nitrogen fixa-allochthonous degraded terrestrial organic matter, which is
tion. commonly highly aromatic due to the input from lignin (e.g.,
Dinosterol (and the degradation products dinosterane ovan de Meent et al., 1980). An allochthonous source may
dinostanone; 4,23,24-trimethyl-&-cholestane-3-one) is an indeed explain parts of the aromatics, particularly because
excellent biomarker for dinoflagellates (Summons et al.,maturities calculated from MPI-1 are too high to fully reflect
1987). In accordance with bacterial hopanoids and in contrasimmature autochthonous biomacromolecules from microal-
to algae producing 4-desmethyl steroids (e.g., calcareougae (Table 1) and because of differences between biomarker
nannoplankton), dinosterol-producing dinoflagellates weredistributions in kerogen and extracts (e.g., lack of dinoster-
found to be highly abundant in most of the samples, andane and 2-methyl hopanes in HyPy products). However, an
the relative abundance of dinostanone compared to steroidautochthonous origin of the aromatic portion of the macro-
ketones correlates well with BS formation (Fig. 3). A good molecular OM is also likely. Aromatic subunits are occa-
adaptation of specific dinoflagellates to the conditions duringsionally reported from biomacromolecules of marine alga,
OAE 2 and particularly during BS formation was also ob- such asChlorella (Derenne et al., 1996), dinoflagellate rest-
served in micropaleontological studies (Linnert et al., 2010;ing cysts (Kokinos et al., 1998; although recently questioned
Prauss, 2006). In these studi€dyclonephelium membra- by Versteegh et al., 2012), and acritarchs (Arouri et al., 2000;
niphorum which is thought to flourish in abundance under Marshall et al., 2005). All these groups were recorded from
harsh surface-water conditions induced by anoxia (MarshalWunstorf (Prauss, 2006) and are good candidates for an input
and Batten, 1988), was reported to dominate the dinoflagelef aromatic units into the kerogen matrix. Notwithstanding
late community. Further indications for high contributions of the definite origin, our data suggest that, along with bacteria,
algae to the OM of the Wunstorf BS in general come from algae also contributed significantly to OM in the Wunstorf
HyPy data of kerogens. The relative abundance of HyPy reBS.
leased biomarkers was about 20 times higher than the ex-
tractable OM. HyPy of selected Wunstorf samples released.2 Triggers for high organic carbon accumulation
aliphatic hydrocarbons with carbon numbers from 12 to 37
(Fig. 10). The respective distributions are different than thoseGeochemical data suggest that BS formation in Wunstorf oc-
in the related extractable organic matter, which is a commorcurred under bottom-water suboxia (and anoxia in the upper
feature in immature rocks (e.g., Love et al., 1998, and ref-sediment; Hetzel et al., 2011). Our data also suggest that pe-
erences therein), mirroring different sources for the majorityriods with high productivity most likely induced anoxia in
of bitumen and macromolecular organic matter in respectivethe bottom-waters during BS deposition. Periodical anoxia is
rocks. A mixture of allochthonous and autochthonous por-supported by a lack of bioturbation (Hilbrecht and Dahmer,
tions in the macromolecular OM is also likely for the Wun- 1994) and of benthic foraminiferas (Friedrich et al., 2011),
storf samples (see below). High abundances of aliphatic hyand low ratios of TOC to sulfur (Fig. 3), of which the lat-
drocarbons in the kerogen, only slight even over odd predomter is indicative of euxinia (Berner, 1984; Morse and Emeis,
inances of carbon chain numbers in thalkanes, and a vir-  1990). Moreover, it is also shown that protective mechanisms
tual absence of acyclic isoprenoids like phytane and pristanef the macromolecular organic matter from clay minerals are
has been frequently reported from biomacromolecules of calimportant factors for the high abundance of OM, particularly
citrant aliphatic biomolecules from specific algae. These in-for BS (Salmon et al., 2000). However, this process appears
clude the freshwater algaRotryococcus brauniand ma-  to be of minor importance for OAE BS as SEM-EDS study
rine microalgae (e.g., Berkaloff et al., 1983; Derenne et al.,revealed respective organic matter to be mainly composed
1992). In Wunstorf, however, palynomorphs Bétryococ-  of fragments and “chunks” and not of finely dispersed ma-
cus were low in numbers (Prauss, 2006; M. Prauss, perterial on clay layers (Ohkouchi et al., 2003). Supportive for
sonal communication). We therefore favor marine algae asnainly production-induced anoxia in Wunstorf is the finding
the major source for alkyl dominated kerogens at Wunstorf.of distinct communities reflected in BS and interbedded cal-
Abundant algae in the Wunstorf setting were the Chloro-careous nannoplankton limestones. BS-specific is an increase
phyta Pterospermopsisnd TasmanitegPrauss, 2006). The in cyanobacteria over calcareous nannoplankton (enhanced
latter, however, is less likely sinClasmaniteproduces tri-  hopanone/steroidal ketones and 2-methyl anhydro BHTSs ra-
cyclic triterpenoids (Greenwood et al., 2000), which were ab-tios; Fig. 8a, b), dinoflagellates (dinostanone; Fig. 3) and cil-
sent in Wunstorf. Algae might have also contributed to theiates (tetrahymanone; Fig. 8d). Although not mirrored by the
aromatic hydrocarbons bond in the kerogen. In the organicusually algal-derived 4-desmethylated steroidal ketones, al-
rich samples W1-3 and W1-9, aromatic hydrocarbons werggal OM was also higher during BS formation. This is in-
highly abundant and shared similar distributions with mainly dicated by the high amounts of most likely algal derived
low molecular weight HCs and a prominent underlying un- biomacromolecules released by catalytic HyPy. Together,
resolved complex mixture (see Fig. 10). In these samplesthis may be indicative of a productivity-induced formation
the aromatic parts of the kerogen may be interpreted in twoof BS due to biogeochemical short-term triggers of enhanced
ways or a mixture of both origins: mainly as an input of growth of these organisms (e.g., by enhanced input of P from
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Fig. 11.Biogeochemical situations prevailing during black shale and carbonate deposition at Wunstorf in the context of other OAE 2 settings.
The changes in N/P ratios are given in relationship to the Redfield ratio (16/1). The scenario of enhanced nitrogen fixation and temporal photic

zone anoxia for the Central N Atlantic was inferred from previous reports (Kuypers et al., 2002, 2004; Sinninghe &aht&ster, 1998;
Pancost et al., 2004). APB: Anglo-Paris Basin; MCBindterland Cretaceous Basin; LSB: Lower Saxony Basin.

continental run-off). A respective scenario for the OAE 2, methyl hopane indices (and, thus, indices as well) were influ-
also including enhanced growth of algae, has recently beeenced by strong inputs of allochthonous organic matter. This
presented (Higgins et al., 2012). Moreover, in addition to theadded degraded material rich in (hopanoid) hydrocarbons but
two above mentioned scenarios, a third trigger is apparentith low 2-methyl hopane abundances. This situation ob-
in Wunstorf: a significant input of allochthonous OM. As al- scured the autochthonous OM contributions, which were in-
ready described above, 2-methyl hopanoids were found irdeed rich in 2-methylated functionalized hopanoids (Fig. 8a).
almost all samples and fractions analyzed but they were abk addition, the maturities within the kerogen bond biomark-
sent in biomarkers released from the kerogen by catalytic hyers and in comparison with extractable OM were also con-
dropyrolysis. This situation was also observed for dinosterolflicting. Maturities calculated on aromatic hydrocarbons are
derivatives. Moreover, the relation of 2-methyl hopane hy-much higher than those calculated on the freely extractable
drocarbon indices to TOC demonstrates lowest values durhopanes. Together this indicates that — along with consid-
ing times of high TOC accumulation (Fig. 9a). As shown erable autochthonous algal OM — parts of the biomacro-
from 2-methyl anhydroBHT (Fig. 8a), this does not corre- molecules were transferred to the intra-shelf depression in
spond with lower production of 2-methyl hopanoids during Wunstorf (Fig. 11). Due to the recalcitrant nature of kero-
these times. More likely, the samples showing the highest 2gen (Hedges, 1992), mature kerogen can be transported over

Biogeosciences, 9, 4138153 2012 www.biogeosciences.net/9/4139/2012/



M. Blumenberg and F. Wiese: Imbalanced nutrients as triggers for black shale formation 4149

long distances. Thus, it is simple to derive the OM, e.g., fromimbalanced nutrients” or “settings with low N/P ratios” in
the Bohemian Massive. There, expanded estuary and fluvialelation to the Redfield ratio characterizes the system better
valleys drowned during the Upper Cenomanian transgressioas eutrophic or oligotrophic.
(Ulicny et al., 1997), and the transgressive surge might have As shown in Fig. 4, there is a good correlation between
reworked considerable amount of organic matter. 815N and TOC, independent of whether the sample were de-
posited during OAE-2 or afterwards. This is clear evidence
5.3 The OAE 2 in the Wunstorf setting — a biogeo- that BS were formed in a setting with imbalanced nutrients
chemical productivity scenario (low N/P ratios) and high nitrogen fixation activity (Sachs
and Repeta, 1999). The correlation of 2-methyl anhydroB-
This study points to further problems in interpreting OAE 2 HTs with decreasing!®N strongly suggests the occurrence
from shelf settings. Looking at the Hesseltal Formation as de-of cyanobacteria capable of nitrogen fixation. This has been
posited in Westphalia and Lower Saxony (Germany) in spe-also suggested for other OAE 2 settings (Kuypers et al., 2002,
cial or other OAE 2 in general, BS are often interpreted to2004; Ohkouchi et al., 2006). Likewise, dinosterol and its
represent eutrophic conditions in conventional views (Hadraglerivates indicate that dinoflagellates also bloomed on im-
and Mutterlose, 2007; Linnert et al., 2010), while the white balanced nutrients. Subsequent release of nutrients from the
intercalated calcareous nannofossil limestones are — as iremineralization of this OM most likely triggered growth
the case of the underlying Brochterbeck Formation (Fig. 2)of other primary producers (indicated by high abundances
— seen to result from biomineralisation in oligotrophic sur- of algal-derived biomacromolecules), which is supportive
face waters (Linnert et al., 2010; Wilmsen et al., 2005). of a currently presented model (Higgins et al., 2012). In
These terms, however, are misleading as they are simply northe opening North Atlantic, similar to the Wunstorf setting,
quantitatively/non-proportionally used to indicate low and productivity-induced BS formation was reported (Kuypers
high availabilities of nutrients irrespective of its composition et al., 2002), and the occurrence of isorenieratane indicates
and its origin (internal cycling vs. continental run-off). at least temporary photic zone euxina (Pancost et al., 2004;
In the case of the Wunstorf area, the nearest coasts anflinninghe Dam& and Koster, 1998; Fig. 11). In Wun-
the shelf edge were hundreds kilometers away during thestorf, biomarkers specific to green sulfur bacteria (Summons
deposition of the Brochterbeck Formation (Fig. 1). As the and Powell, 1986) were not found (isorenieratene or other
OAE 2 is associated with a transgressive pulse of about 25 ncarotenoids; as well as degradation products). Thus there is
within only 80 to 180 kyr. (MVoigt et al., 2006b), the coast- no evidence of photic zone euxinia/anoxia in Wunstorf. In-
lines migrated rapidly further away from the Wunstorf area, stead, foraminiferal (Friedrich et al., 2011) and ichnologi-
minimizing the nutrient input by rivers or by upwelling even cal (Hilbrecht and Dahmer, 1994) data indicate a fluctuating
more. Thus, the depositional area should have been charagposition of the oxycline between a shallow redox potential
terized by a persisting highly N-limited biosedimentary sys- discontinuity layer (in the sediment) and the lower part of
tem like the Brochterbeck Formation with very high internal the water column. In the latter case, the occurrence of the
recycling rates as observed in today’s open oceanic settingsxycline within the water body results in stratification. A
(e.g., Duarte and Aguist2011). However, the OAE 2 is as- stratified water column then acts as an additional boost for
sociated with a sedimentary phosphorus peak (Hetzel et alincreased growth of bacterial nitrogen fixers compensating
2011; Mort et al., 2007), also in settings without BS devel- losses from microbial denitrification (Deutsch et al., 2007)
opment (e.g., the Helvetic Shelf; Westermann et al., 2010)and/or anaerobic ammonium oxidation (anammox) in anoxic
Parts of the P excursion in BS settings can be explained byvaters. Such a situation is indicated, since tetrahymanone, a
a decreasing retention potential of P in organic rich depositdbiomarker for ciliates grazing at oxic-anoxic interfaces (Sin-
(Mort et al., 2007). On the other hand 6kl et al. (2011, ninghe Dams et al., 1995; Ten Haven et al., 1989; Thiel
with references therein) suggested that the volcanogenic higkt al., 1997), and 2-methyl hopanoids from cyanobacteria
pCO; led to increased continental silicate weathering dur-show similar correlations againét®N (Fig. 8a, d). More-
ing OAE 2 and an increased phosphorus load to the oceansver, considering 3-methyl anhydroBHTs as indicative for
Assuming an approximately constant N availability in near- methanotrophs or methylotrophs, the high abundances in BS
shore settings, this excess phosphorus could not be metabéurther support a stratified water body with high C1 sub-
lized and was transported in large quantities over the shelstrate turnover. Irrespective of oxygen deficiency close to the
into distal settings without being consumed, leading to lowsea floor, the upper water column was well-oxygenated as
N/P conditions, compared to the Redfield ratio of 16 Im- demonstrated by well-developed oceanic food webs repre-
balanced, high phosphorus and low nitrogen availability insented by, e.g. fish and ammonites (Breitkreutz et al., 1991).
distal shelf and open oceanic settings triggered bacterial ni- If we assume that phosphorus run-off fueled the BS gen-
trogen fixation. Thus, the introduction of bioavailable nitro- esis, then we also need to consider a less imbalanced N/P
gen species into the open oceanic N-limited settings fueledatio (compared to Redfield ratio) during the deposition of
bioproductivity, leading finally to BS deposition Thus, in our the white nannofossil-rich limestones intercalated between
biogeochemical model, the application of the term “highly the BS intervals. Clearly, the alternation of black and white
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beds is an expression of orbital control (Voigt et al., 2008b),origin. Together this supports a — perhaps in the OAE 2
and this is also suggested for the concomitant Bonarelli Levelvidespread — situation where remineralized cyanobacterial
in Italy (Mitchell et al., 2008). If we consider maximum BS OM boosted the growth of eukaryotic primary producers.
development and photic zone euxinia during warm phase§ his situation and other features are excellently mirrored in
of the OAE 2 and its absence during cooling stages (e.g.depositions of the Wunstorf setting, where the rapid alterna-
Plenus Event; van Bentum et al., 2012), a scenario as irtions of black shales and limestones allow detailed studies of
Fig. 11 is likely, showing a lowering of phosphorus supply controls and consequences of biogeochemical changes dur-
during cool stages due to (i) less continental run-off; (ii) lessing the OAE 2.
pronounced anoxia; and (iii) a deepening of the oxic-anoxic
transition zone in the Central North Atlantic. The persis-
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