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Abstract

We determined both the nitrogen and carbon isotopic compositions of nickel-chelated deoxophylloerythroetioporphy-
rin (Ni DPEP), a major sedimentary porphyrin extracted from the Livello Selli and Livello Bonarelli black shales deposited
in the western Tethys Sea during mid-Cretaceous oceanic anoxic events (OAEs). Based on empirical isotopic relationships
between the tetrapyrrole nuclei of chlorophylls and photoautotroph cells, we estimate that the mean nitrogen isotopic com-
position of the entire photoautotrophic communities during these periods ranged from �2‰ to +1‰. This result strongly
suggests that N2-fixation was an important primary process in photoautotrophic production during these OAEs. The esti-
mated carbon isotopic composition of the photoautotrophs was elevated (between �20‰ and �22‰) relative to typical
Cretaceous examples, indicating as much as a 5‰ reduction in the magnitude of carbon isotopic fractionation associated
with photosynthesis during OAEs in the western Tethys Sea. This anomaly can be well explained if cyanobacteria were the
dominant producers because they commonly conduct b-carboxylation and/or active transport of carbon substrates, result-
ing in reduced carbon isotopic fractionation. We therefore conclude that diazotrophic cyanobacteria were the dominant
components of primary production during OAE-1a and OAE-2 in the western Tethys Sea.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction

The global deposition of dark-colored carbon-
rich organic sediments (i.e., ‘‘black shales”)
occurred repeatedly during mid-Cretaceous oceanic
anoxic events (OAEs; Schlanger and Jenkyns, 1976).

0146-6380/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.orggeochem.2007.11.010

* Corresponding authors. Address: Institute for Research on
Earth Evolution, Japan Agency for Marine-Earth Science and
Technology, 2-15 Natsushima-cho, Yokosuka 237-0061, Japan.
Tel.: +81 468 67 9805; fax: +81 468 67 9775.

E-mail addresses: chiro@jamstec.go.jp (Y. Kashiyama),
nohkouchi@jamstec.go.jp (N. Ohkouchi).

Available online at www.sciencedirect.com

Organic Geochemistry 39 (2008) 532–549

www.elsevier.com/locate/orggeochem

Organic
Geochemistry



Author's personal copy

The paleoenvironment and ocean dynamics of these
unusual OAEs have been investigated in an effort to
understand their cause and consequences. Previous
arguments have commonly called for one of the fol-
lowing two mutually exclusive mechanisms in
explaining the formation of apparently anaerobic
deep water and the accompanying exceptional pres-
ervation of organic matter: amplified biological pro-
duction by upwelling, and oceanic stagnation
(Pederson and Calvert, 1991; Arthur and Sageman,
1994).

Previous studies have identified an unusual
aspect of the surface water ecology during OAEs;
namely, the significant contribution of cyanobacte-
ria to primary production. Ohkouchi et al. (1997)
determined the nitrogen isotopic composition of
bulk samples from the Livello Bonarelli black shale
deposited during OAE-2 (latest Cenomanian). The
authors concluded that the low observed d15N val-
ues (�2‰ to +0.6‰), in combination with a great
abundance of hopanoids, reflected N2-fixation by
cyanobacteria. Recently, Kuypers et al. (2004) sug-
gested that cyanobacteria were the major primary
producers during OAE-1a (early Aptian) in the
Tethys Sea and Pacific Ocean (DSDP Site 463)
and during OAE-2 in the proto-North Atlantic, as
deduced from previous findings of the abundance
of 2-methylhopanoids, a cyanobacterial lipid bio-
marker (Summons et al., 1999). Dumitrescu and
Brassell (2006) also suggested a major contribution
of cyanobacterial organic matter to OAE-1a black
shale from the Pacific Ocean (Shatsky Rise, ODP
Leg 198), again based on an abundance of 2-meth-
ylhopanoids. More recently, Ohkouchi et al.
(2006) made a robust argument for the significant
contribution of diazotrophic cyanobacteria during
OAE-2, as deduced from the d15N values of
sedimentary porphyrins (chlorophyll-derived com-
pounds).

The present study reports on both nitrogen and
carbon isotopic data for sedimentary porphyrins,
providing further constraints on the photic zone
environment during mid-Cretaceous OAEs.
Although sedimentary porphyrins are potentially
derived from both chloropigments and hemes (Tre-
ibs, 1936; Baker and Louda, 1986; Boreham et al.,
1989; Ocampo et al., 1989; Callot and Ocampo,
2000), those observed in pelagic sediments are
likely to have been derived mainly from chloropig-
ments produced as antenna pigments by marine
photoautotrophs (Baker and Louda, 1986; Keely
et al., 1990; Eckardt et al., 1991). Such porphyrins

retain the original isotopic compositions of the
chloropigments, thereby strongly reflecting the iso-
topic compositions of the source photoautotrophs
(Hayes et al., 1987; Boreham et al., 1989, 1990;
Ocampo et al., 1989; Popp et al., 1989; Chicarelli
et al., 1993; Keely et al., 1994; Ohkouchi et al.,
2006). Specifically, the nitrogen isotopic composi-
tion of photoautotrophs reflects the nitrogen sub-
strate and its process of assimilation during
growth, thereby making such data useful in recon-
structing the nitrogen cycle of paleo-oceans (e.g.,
Sachs and Repeta, 1999a; Sachs et al., 1999b;
Ohkouchi et al., 2006; York et al., 2007). For
example, Chicarelli et al. (1993) reported a low
nitrogen isotopic composition for various porphy-
rins from the Triassic Serpiano oil shale, and
inferred that N2-fixing cyanobacteria were the pre-
dominant primary producer within the paleoenvi-
ronment. The carbon isotopic composition of
photoautotrophs also reflects the nature of carbox-
ylation processes and related physiological, taxo-
nomic, and environmental factors (e.g., Popp
et al., 1989; Hayes, 1993; Bidigare et al., 1997;
Pancost et al., 1997; Pagani et al., 1999a,1999b,
2002). Isotopic analyses of sedimentary porphyrins
therefore provide a crucial tool in elucidating the
physiology of photoautotrophs, their role in bio-
geochemical cycles, and the paleoenvironment of
the surface ocean.

In the present study, we analyzed two represen-
tative OAE black shales deposited in the western
Tethys Sea: the Livello Selli and Livello Bonarelli
black shales, corresponding to OAE-1a (early
Aptian) and OAE-2 (latest Cenomanian), respec-
tively. These two OAEs are of great significance
because of their global distribution (see Kuroda
and Ohkouchi, 2006 and references therein). In
the present work, we report on the carbon
and nitrogen isotopic compositions of nickel-
complexed deoxophylloerythroetioporphyrin (Ni
DPEP), one of the major porphyrins found in
these shales. The chemical structure of DPEP indi-
cates that it can potentially be derived from most
varieties of chloropigments; in practice, however,
it represents chlorophyll a, which is the sole quan-
titatively important chloropigment produced by
virtually all of the oxygenic photoautotrophs as
their major antenna pigment. Therefore, we regard
the nitrogen and carbon isotopic compositions of
DPEP to reflect the mean values of the entire
photoautotrophic community in the paleo-ocean.
Based on isotopic data for Ni DPEP, we discuss
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the physiology of the photoautotrophs and associ-
ated biogeochemical cycles in the western Tethys
Sea during the mid-Cretaceous OAEs.

2. Geological setting and samples

The Livello Selli and Livello Bonarelli black
shales, which consist dominantly of organic rich
pelagic shale, occur within a thick mid-Cretaceous
chalk bed. The Livello Selli shale and associated
chalk make up the Marne a Fucoidi Formation,
while the Livello Bonarelli shale and associated
chalk make up the Scaglia Bianca Formation. These
formations, together with underlying and overlying
strata, constitute the Early Jurassic–Paleogene pela-
gic carbonate sequence (1300–2000 m thick) of the
Marchen Apennines, central Italy (Cresta, 1989;

Coccioni and Luciani, 2004; Kuroda et al., 2005).
At the time of deposition, the basin was located in
the center of the western Tethys Sea (Arthur and
Premoli Silva, 1982).

The Livello Selli black shale is recognized as one
of the representative layers of OAE-1a, whereas the
Livello Bonarelli black shale corresponds to OAE-2
(Schlanger and Jenkyns, 1976; Jenkyns, 1980;
Arthur et al., 1990; Kuroda et al., 2007). Both
OAE-1a and OAE-2 are known for the worldwide
deposition of organic-rich anaerobic sediments,
not only throughout the entire western Tethys but
also in the North and South Atlantic, Western Inte-
rior Seaway, and Central Pacific (Pratt, 1984; Schl-
anger et al., 1987; Philip et al., 1993, 2000; Meyers
et al., 2001; Kuroda and Ohkouchi, 2006). OAE-2
also marks the largest biotic crisis during the

Study site

Marche

94 Ma

b

a

Gorgo Cerbara

Cantiano

Gubbio

Acqualagna

Urbania

Schéggia

Pióbbico

0 10 km

Fig. 1. (a) Paleogeography of the mid-Cretaceous (94 Ma; after Scotese and Golonka, 1992), showing the study area. (b) Locality maps of
the Gorgo Cerbara section.
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Mesozoic Era (Hallam and Wignall, 1999). Positive
excursions of the carbon isotopic composition of
sedimentary carbonates and organic matter are
known across these OAE intervals, interpreted to
reflect the enhanced sequestration of 13C depleted
organic carbon into the sediment (Schlanger and
Jenkyns, 1976; Jenkyns, 1980; Arthur et al., 1987,
1988).

The samples analyzed in the present study were
collected from the Gorgo Cerbara section, Marche,
central Italy (Fig. 1). In the studied section, the Liv-
ello Selli black shale is 200 cm thick, consisting of
alternating centimeter scale layers of dark organic
rich shale and greenish gray shale (Fig. 2a). The
sample obtained from this unit is organic rich black
shale obtained from the upper part of the section
(Fig. 2a). The Livello Bonarelli black shale is 100–
120 cm thick in this section, and consists of alternat-
ing centimeter scale layers of dark organic rich shale
and light organic poor shale/siliceous shale sepa-
rated along sharp boundaries (Fig. 2b). The lithol-
ogy and stratigraphy of this section is described in
detail by Kuroda et al. (2005). Four organic rich
layers of siliceous black shale (Levels A–D in
Fig. 2b) within the Livello Bonarelli black shale
were sampled and analyzed in this study.

3. Experimental

3.1. Isolation and purification of Ni DPEP

Isolation and purification of Ni DPEP were con-
ducted according to the method described by Kash-
iyama et al. (2007), with slightly modified HPLC
conditions. The pulverized sediments were Soxhlet
extracted with chloroform/methanol (70:30, v/v)
for �72 h. The total lipid extracts were separated
into seven fractions using silica gel column chroma-
tography. Unwilling components other than Ni por-
phyrins concentrated in the third subfraction were
removed by reversed phase open column chroma-
tography prior to HPLC. Individual porphyrins,
including Ni DPEP, were then isolated by a dual
step HPLC (Kashiyama et al., 2007) to avoid chro-
matographic isotopic fractionation (Filer, 1999). In
the first step separation in the reversed phase condi-
tion (described below), a fraction containing the
entire peak of Ni DPEP was isolated (Fig. 3a). Here,
co-eluting or closely eluting porphyrins were still
contained in the fraction. Ni DPEP was then com-
pletely isolated from these impurities with base line

resolution by the second step separation in the nor-
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Fig. 2. Stratigraphic columns of (a) the Livello Selli black shale
and (b) the Livello Bonarelli black shale at the Gorgo Cerbara
section, Marche, Italy. Sedimentary porphyrins within black shale
were analyzed at 172–178 cm from the base of the Livello Selli and
from four discrete stratigraphic levels within the Livello Bonarelli:
Level A: 2–5 cm, Level B: 20–25 cm, Level C: 67–72 cm, and Level
D: 84–89 cm, as measured from the bottom of the shale.
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mal phase condition (Fig. 3b; described below).
Kashiyama et al. (2007) demonstrated that such a
fraction obtained after both reversed and normal
phase HPLC does not contain any impurities other
than co-eluting porphyrins, as based on observa-
tions using an evaporative light scattering detector
(ELSD; Polymer Laboratories, PL-ELS 2100).

The purity of the isolated Ni DPEP was assessed
in both HPLC chromatograms and NMR spectrum.
Based on the area of the absorption chromatogram
(at 392 nm), the purity of the isolated Ni DPEP was
estimated to be better than 98%. Furthermore, an
1H NMR spectrum of the isotopically analyzed Ni
DPEP was clean, demonstrating the absence of
any impurities (Fig. 4).

The HPLC system (Agilent 1100 series) com-
prised a binary pump, on-line degasser, autosam-
pler, total temperature controller for HPLC
columns (i.e., column oven; Selerity Technologies
Inc.; The POLARATHERMTM Series 9000), and
an on line photodiode array detector (DAD), as well
as being optionally equipped with a fraction collec-
tor and a mass selective detector (MSD) connected
via an atmospheric pressure chemical ionization
(APCI) interface. The system was coupled to a per-
sonal computer on which Agilent Chemstation soft-
ware was installed.

In the reversed phase HPLC, the analyses were
performed using three analytical scale columns
(ZORBAX SB-C18, 4.6 � 250 mm; 5 lm silica par-
ticle size) connected in series with a guard column
(ZORBAX SB-C18, 4.6 � 12.5 mm; 5 lm silica
particle size) set in front. The isocratic mobile
phases were acetonitrile/water/acetic acid/pyridine
(95:5:0.5:0.5, v/v). The column oven temperature
program and flow rate are summarized in Table
1a. In the normal phase HPLC, analyses were per-
formed using five analytical scale columns (ZOR-
BAX Sil, 4.6 � 250 mm; 5 lm silica particle size)
connected in series with a guard column (ZORBAX
Sil, 4.6 � 12.5 mm; 5 lm silica particle size) set in
front. The isocratic mobile phases were n-hexane/
acetone/acetic acid/pyridine (97:3:0.5:0.5, v/v), and
the flow rate was 1 ml min�1. The column oven tem-
perature program in the normal phase HPLC is
summarized in Table 1b.

3.2. Identification of chemical structure

Ni DPEP was identified conclusively from chro-
matographic analysis with reference to our DPEP
standard. The standard was originally obtained as
VO complex from the middle Miocene Onnagawa
Formation (Kashiyama, 2006) and structurally

a

30 40 50 60
Retention Time (min)

Ni DPEP(C32)

Ni C32 ETIO

Ni C31 CAP

Ni C31 ETIO

Ni C30 CAP

Ni C30 ETIOs

Ni C29 ETIO
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N

N N

N

Ni

25 30 35 40 45
Retention Time (min)

Ni DPEP(C32)b

Fig. 3. Representative reversed and normal phase HPLC/DAD chromatograms (at 390 nm) of the Ni alkylporphyrins fraction (sample
from the Livello Selli). (a) Reversed phase HPLC is the first step in the isolation of DPEP. The shaded fraction was collected and further
separated by (b) normal phase HPLC, in which DPEP was separated from other porphyrins by base line resolution and collected for
isotopic analysis (shaded fraction).
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determined by X-ray crystallography (Fig. 5)1

before being transmetallated as Ni complex. The
structures of other porphyrins (Fig. 3a) were tempo-
rarily estimated based on mass spectra, UV–Vis
spectrum, and relative retention time. Identification
was well supported by the 1H NMR spectrum of
DPEP isolated from the present samples (Fig. 4).

3.3. Isotopic analyses

Nitrogen and carbon isotopic compositions were
determined by ThermoFinnigan Delta plus XP iso-
tope-ratio mass spectrometry coupled to a Flash
EA1112 automatic elemental analyzer via a Conflo

III interface (EA/IRMS; Ohkouchi et al., 2005).
Nitrogen and carbon isotopic compositions are
expressed as conventional d-notation. Isotopic com-
positions were calibrated against a laboratory stan-
dard compound with known isotopic compositions
of d15N = +0.86‰ and d13C = �34.17‰ (Ni etio-
porphyrin I; Aldrich Chemical Co., Milwaukee,
WI, USA).

The purified Ni DPEP and Ni etioporphyrin I
standard were dissolved in chloroform and placed
onto pre-cleaned tin capsules. After chloroform
was evaporated, the capsules were carefully folded
with forceps prior to analysis. Various quantities
of the Ni etioporphyrin I standard were analyzed
interspersed with the samples. The analytical preci-
sion of the isotopic compositions attributable to
instrumental conditions were estimated to be 0.24–
0.34‰ for nitrogen and 0.16–0.44‰ for carbon
(2r; ranges reflect the precision determined on dif-
ferent days). Analytical errors associated with the
separation and purification procedures were
assessed by repeating the procedures for triplicate
samples from Level D of the Livello Bonarelli.
The standard deviations of the three independent
experiments were 0.82‰ for d15N and 0.20‰ for
d13C (2r). Thus, the inclusive analytical errors for
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Fig. 4. Six hundred megahertz 1H NMR spectrum of DPEP isolated as in Fig. 3 and used for isotopic analysis (dissolved in CDCl3 with
TMS).

1 Crystal data for vanadyl DPEP: C33H35Cl3N4OV, fw 660.97,
monoclinic, space group P21/c (#14), a = 12.7744(9)Å,
b = 14.0984(8)Å, c = 18.1511(11)Å, b = 110.1851(16)�, V =
3068.2(3)Å3, Z = 4, MoKa radiation (k = 0.71075Å), Dcalc =
1.431 g cm–3, l(MoKa) = 6.182 cm–1, 43060 measured reflections,
6954 unique reflections [Rint = 0.090], 6954 reflections included in
the refinement, R = 0.0671 [I > 2r(I)], wR = 0.2054 (all
reflections). Crystallographic data for the structural analysis
of vanadyl DPEP has been deposited with the Cambridge
Crystallographic Data Centre (CCDC No. 652174). Copies of
this information can be obtained free of charge from www.ccdc.
cam.ac.uk.
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the obtained data were 0.8‰ for nitrogen and 0.4‰
for carbon (2r).

The standards employed for nitrogen and carbon
were atmospheric N2 (AIR) and the Peedee Belem-
nite (PDB), respectively. In the present work, we
define isotopic fractionation between the substrate
and product (e) as follows:

� ð‰Þ � 103½ðdsubstrate þ 1000Þ=ðdproduct þ 1000Þ � 1�
� dsubstrate � dproduct

4. Results and discussion

4.1. Nitrogen and carbon isotopic compositions of Ni

DPEP

Fig. 3 shows a representative chromatogram of
reversed phase HPLC for the nickel porphyrin frac-
tion. The major components do not differ among all
samples of the Livello Selli and Livello Bonarelli
black shales, but they do vary in their relative
amounts. Ni DPEP (C32) is the most abundant
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Fig. 5. X-ray crystal structure of vanadyl DPEP. Dark red block crystals of C30H30N4OV were grown by vapor diffusion (methanol into
CHCl3 solution). A single crystal with the approximate dimensions of 0.15 � 0.12 � 0.07 mm was then mounted on a glass fiber.
Measurements were made on a Rigaku RAXIS RAPID imaging plate area detector using graphite monochromated Cu Ka radiation.

Table 1
Gradient programs for column oven temperature and flow rate

(a) Reversed-phase HPLC (b) Normal-phase HPLC

Time (min) Temperature (�C) Flow rate (ml/min) Time (min) Temperature (�C) Flow rate (ml/min)

0 40 1.0 0 35 1.0
10 40 1.0 10 35 1.0
50 80 1.8 60 45 1.0
60 80 1.8 70 45 1.0
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nickel porphyrin in all of the analyzed samples (15–
20% of the total nickel porphyrins), and C31 cyclo-
alkanoporphyrin (CAP) is the second most abun-
dant. Other major components, in general
descending order of abundance, included C31 etio-
porphyrin type porphyrins (ETIO; i.e., no cycloalk-
ano side chain), C30 CAP, two varieties of C30

ETIO, C29 ETIO, C28 ETIO, C32 ETIO, and C33

CAP.
Table 2 summarizes the carbon and nitrogen iso-

topic compositions of the isolated Ni DPEP from
the analyzed samples of black shale. The nitrogen
isotopic composition of the Ni DPEP showed char-
acteristically negative d15N values, ranging from
�6.6‰ to �3.9‰. A systematic trend is observed
in the d13C values of Ni DPEP among the four
stratigraphic levels of the Livello Bonarelli: d13C
is most strongly negative at the base (�20.5‰;
Level A), showing an upward increase of nearly
3‰ to Level D. This trend correlates exactly with
the positive excursion observed for the d13C values
of bulk organic matter in this section (Kuroda
et al., 2007; Fig. 6), probably recording a global
d13C variation due to the enhanced burial rate of
13C depleted organic carbon during OAE-2 (Kur-
oda et al., 2007).

4.2. Estimates of carbon and nitrogen isotopic
compositions of paleo-photoautotrophs

We reconstructed the mean d15N and d13C values
of the entire photoautotrophic community, which
we assumed to be represented by Ni DPEP, based
on the isotopic differences empirically observed
between the tetrapyrrole nuclei of chlorophylls and
the whole cell organic matter reported elsewhere
(Ohkouchi et al., 2006, 2007). Because the tetrapyr-
role nuclei were synthesized via a unique biosyn-
thetic pathway in all photoautotrophs after
condensation of eight molecules of 5-aminolevulinic
acid (ALA; Beale, 1995), relatively simple isotopic
relationships were expected between the cells of

photoautotrophs and chlorophylls, and hence
between paleo-photoautotrophs and DPEP.

As concluded by Ohkouchi et al. (2006), the tet-
rapyrrole nuclei are depleted in 15N by 4.8 ± 1.4‰
(1r, n = 20) relative to the cell, reflecting intermo-
lecular nitrogen transfer along the synthesis of
ALA from glutamate catalyzed by glutamate-1-semi-
aldehyde aminotransferase (Mau and Wang, 1988;
Mayer et al., 1993). In contrast, the d13C value of
the tetrapyrrole nuclei is enriched in 13C by
1.8 ± 0.8‰ (1r, n = 18) relative to the cell (Ohkou-
chi et al., 2007). The isotopic composition of the tet-
rapyrrole nuclei is expected to be preserved after
diagenetic modification before being preserved as
DPEP. Thus, we conclude that DPEP is depleted
in 15N by approximately 4.8‰ and enriched in 13C
by approximately 1.8‰ relative to its source photo-
autotrophs in the paleo-ocean. Fig. 7 shows the
reconstructed mean isotopic compositions of carbon
and nitrogen for the entire photoautotrophic com-
munity. Characteristically low values of d15N for
the entire community are estimated from the low
values of Ni DPEP for all of the horizons within
the Livello Bonarelli (�2‰ to 0‰) and Livello Selli
(+0.9‰).

4.3. Biogeochemical significance of nitrogen isotopic

composition

The estimated d15N values are substantially lower
than those observed for common photoautotrophic
communities in modern oceans in which nitrate is
the major substrate for new photoautotrophic pro-
duction. Because nitrate is generally used up in the
surface ocean, the d15N value of the photoautotro-
phic cell largely reflects that of nitrate. In the mod-
ern subsurface ocean, the nitrogen isotopic
composition of nitrate ranges from +5‰ to +7‰,
but may reach �+13‰ in regions of upwelling
(Miyake and Wada, 1967; Liu and Kaplan, 1989;
Sigman et al., 2000; Sutka et al., 2004). These ele-
vated d15N values in oceanic water are attributed
to biological denitrification that selectively removes
14NO�3 as N2 or N2O (Cline and Kaplan, 1975; Liu
and Kaplan, 1989; Brandes et al., 1998; Altabet
et al., 1999; Barford et al., 1999; Voss et al., 2001;
Sigman et al., 2003). In practice, the d15N values
of POM from surface water range from, for exam-
ple, +3‰ to +8‰ in the southwest Indian Ocean
(Altabet and Francois, 1994) and from +4‰ to
+16‰ in the upwelling region of the eastern tropical
Pacific (Saino and Hattori, 1987; Altabet et al.,

Table 2
Nitrogen and carbon isotopic compositions of Ni DPEP

d15N (‰) d13C (‰)

Livello Selli �3.9 �18.9
Livello Bonarelli
Level A �4.9 �20.5
Level B �5.6 �19.6
Level C �6.6 �17.9
Level D �5.5 �18.0
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1999; Voss et al., 2001). Therefore, our low d15N
value for photoautotrophs (�2‰ to +1‰) cannot
be explained in this context unless unusually low
d15N values of nitrate (�0‰) are assumed.

To explain the low d15N values recorded in the
present study, we considered the following two pos-
sibilities. First, we explored the possibility of nitrate
assimilation under excess nitrate surface water,
which could occur when photoautotrophic produc-
tion is limited by factors other than nitrate availabil-
ity. Isotopic fractionation associated with nitrate
uptake (e = �10 to �4; Wada and Hattori, 1978;
Waser et al., 1998; Needoba et al., 2003) may have
resulted in a significant depletion of 15N for photo-
autotrophic cells relative to the substrate (e.g.,
�+6‰ in the modern ocean). In such a case, the
d15N value of photoautotrophic cells would poten-
tially lie in the range recorded for the Livello Selli
and the Livello Bonarelli (�2‰ to +1‰).

Second, we considered N2 fixation as the source
of nitrogen for new production, as observed in
nitrate deficient oligotrophic water in the modern
ocean. In detail, the nitrogen introduced to the net
photosynthetic system in the oligotrophic ocean is
derived mainly from N2 fixers, which results in mean
d15N values of photoautotrophs ranging from �2‰
to 0‰. These values overlap exactly with the range
of estimated d15N values for the entire photoauto-
trophic community of the Livello Bonarelli (�2‰
to 0‰) and are similar to the value obtained for
the Livello Selli (�+1‰).

If the second scenario was indeed the case, there
are two reasons to suggest that the major diazo-
trophs could have been cyanobacteria: (1) the
quantitatively significant precursor of DPEP is
expected to be chlorophyll a, the major antenna
pigment of virtually all oxygenic photoautotrophs;
and (2) among diazotrophic photoautotrophs, only
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cyanobacteria inhabit aerobic environments and
synthesize chlorophyll a. Indeed, the bloom forming
diazotrophic cyanobacteria Trichodesmium are
major primary producers in many areas of the mod-
ern oligotrophic ocean, where they contribute to the
supply of new nitrogen in the surface water (Capone
et al., 1997, 2005; Carpenter et al., 1997; Karl et al.,
1997; Davis and McGillicuddy, 2006). Diazotrophic
unicellular cyanobacteria have also been reported in
the oligotrophic ocean, potentially contributing to
the nitrogen cycle in this environment (Zehr et al.,
2001; Montoya et al., 2004).

4.4. Biogeochemical significance of carbon isotopic

composition

Further constraints on the physiology of photo-
autotrophs can be inferred from the carbon isotopic
composition of sedimentary porphyrins. Based on
the d13C values of DPEP, we estimated the d13C val-
ues of the photoautotrophic biomass in the western
Tethys Sea to have been approximately �21‰ dur-
ing OAE-1a and between �22‰ and �20‰ during
OAE-2. A 3‰ positive shift in the d13C values of the
photoautotrophic biomass was observed in the
lower level of the Livello Bonarelli black shale

(Fig. 6), mirroring the observed trends in bulk
organic matter, carbonates (Fig. 6), and other bio-
markers (Kuroda et al., 2007), and hence presum-
ably recording the 3‰ positive shift in the d13C
values of dissolved inorganic carbon. The observed
positive shift records the recovery from the abrupt
negative shift at the base of the black shale within
the ‘‘maximum plateau phase” of OAE-2 (Kuroda
et al., 2007). Regardless of the isotopic perturba-
tions of the carbon substrate, the estimated values
of overall isotopic fractionation during photosyn-
thesis (ep values) show only minor variation within
the Livello Bonarelli black shale (Table 3).

In addition to the present data, Pancost et al.
(2004) reported a d13C profile for methyl ethyl
maleimide – a decomposed product of chloro-
phylls/porphyrins – from the Livello Bonarelli black
shale of the Monte Petrano section, located just
10 km southeast of the Gorgo Cerbara section ana-
lyzed in the present study. Ohkouchi et al. (2007)
suggested that alkyl maleimides from geological
samples should be somewhat depleted in 13C relative
to porphyrins because the carbons at the methine
bridges of porphyrin structure removed in the course
of maleimide generation tend to be enriched in 13C
relative to the rest of the carbons in the structure.

Reconstructed mean isotopic compositions of
           the entire photoautotrophic communities
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circles represent the approximate ranges of the mean isotopic compositions for the photoautotrophic community, as reconstructed from Ni
DPEP for each stratigraphic level.
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In this context, the d13C values of maleimide
reported by Pancost et al. (2004) (�23‰ to �20‰)
are largely consistent with our d13C data for DPEP
(�21‰ to �18‰).

Analyses of porphyrins as well as phytane and
pristane from other basins reveal relatively negative
d13C values for the photoautotrophic biomass dur-
ing background intervals prior to and following
Cretaceous OAEs (Hayes et al., 1989, 1990; Kuy-
pers et al., 1999, 2001, 2004). In fact, this line of evi-
dence is the main theoretical basis for
interpretations of elevated P CO2

during the Creta-
ceous (e.g., Dean et al., 1986; Popp et al., 1989;
Freeman and Hayes, 1992; Tajika, 1998). In partic-
ular, Kuypers et al. (1999, 2002, 2004) reported the
d13C values of sulfur bound phytane (��30‰) from
immediately below OAE-2 black shales in North
Atlantic sites. The sulfur bound phytane was pre-
sumably derived from the phytyl group of chloro-
phylls (Kohnen et al., 1992). Because the phytyl
group is depleted in 13C by approximately
4 ± 1.9‰ (n = 18) relative to the cell (Ohkouchi
et al., 2007), the d13C value of the photoautotrophic
biomass was estimated to be ��26‰. Similar esti-
mates have been obtained for pre- and post-OAE-
2 sediments of the Western Interior Seaway (the
Greenhorn Formation), based on both the isotopic
analyses of total nickel porphyrins (Hayes et al.,
1989) and derivatives of phytol (phytane and pris-
tane; Hayes et al., 1990).

These previous workers all showed that during
OAE-2, d13C values increased, typically to a greater
extent than inorganic carbon records, such that

estimated ep values decreased. Namely, d13C values
of photoautotrophic biomass were raised up to
�24‰ to �21‰ in the North Atlantic (estimated
from d13C of sulfur bound phytane: �28‰ to
�25‰; Kuypers et al., 1999, 2002, 2004) and
�28‰ to �27‰ in the Western Interior Seaway
(estimated from d13C of nickel porphyrins: �26‰
to �25‰; Hayes et al., 1989). This has been attrib-
uted to either lower P CO2

levels (Arthur et al., 1988;
Freeman and Hayes, 1992) and/or increased algal
growth rates (Kuypers et al., 2002).

We observed even higher d13C values for photo-
autotrophic biomass in the western Tethys Sea
(�22‰ to �20‰) compared to these previous stud-
ies (�28‰ to �21‰). This suggests significantly
lower ep values in the western Tethys Sea relative
to other geographical sites. A reduced ep value can
be attributed to environmental factors that control
[CO2(aq)], including atmospheric P CO2

and sea sur-
face temperature (SST), or physiological factors.
Atmospheric P CO2

is an unlikely explanation,
because that would clearly affect all sites, regardless
of geographical location. Lower ep values could be
due to lower [CO2(aq)] and therefore reflect elevated
SST (Popp et al., 1989; Jasper and Hayes, 1990;
Freeman and Hayes, 1992; Rau et al., 1992; Franc-
ois et al., 1993). However, to explain the 6–7‰ dif-
ference between our calculated ep values and those
in the Western Interior Seaway, for example, Teth-
yan SSTs must have been >30 �C greater than those
in the Western Interior Seaway. That is unlikely,
and we suspect that the low ep values in the western
Tethys Sea were caused mainly by the physiological

Table 3
Observed and estimated values of various carbon isotopic terms

dDPEP (‰) (observed) dcell (‰) (estimated1) dc (‰) (observed) dd (‰) (estimated2) ep (‰) (estimated3)

Livello Selli �18.9 �21 4 �5 � �4 �16 � �17
Livello Bonarelli

Level A �20.5 �22 �0.8 �9 �13 � �14
Level B �19.6 �21 1.7 �7 � �6 �15
Level C �17.9 �20 1.8 �7 � �6 �13 � �14
Level D �18.0 �20 1.6 �7 � �6 �13 � �14

In calculating the ep values, the d13C value of CO2(aq) (dd) was estimated based on that of carbonates (dc). The dc values for the Livello
Bonarelli were estimated from carbonates sampled from the same sections (Fig. 6). Given that the sampling level of the Livello Selli is
devoid of carbonate, we adopted the dc value of 4‰ obtained from the limestone immediately above the Livello Selli at the same locality.
The equilibrium isotopic discriminations between CO2�

3 and HCO�3 (eb/c) and between HCO�3 and CO2(aq) (ed/b) were calculated based on
the relationships determined by Thode et al. (1965) and Mook et al. (1974). We considered wide ranges for estimates of sea surface
temperature, �26 (±4) �C and �30 (±4) �C for OAE-1a and OAE-2, respectively (Schouten et al., 2003; Jenkyns et al., 2004; Forster et al.,
2007), and sea surface salinity of 34‰.
1: dcell = dDPEP � 1.8 (‰).
2: dd = dc + (db/c + dd/b) = dc + ([653.627/(T � 233.45)2] + 0.22) + (24.12 � 9866/T) (‰); after Thode et al. (1965) and Mook et al. (1974).
3: ep = dcell � dd (‰).
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characteristics of the photoautotrophs rather than
[CO2(aq)].

It has been well demonstrated that elevated
growth rates of photoautotrophs result in lower ep

values (e.g., Bidigare et al., 1997; Pancost et al.,
2004). The ep values estimated in the present study
for the western Tethys Sea (13–17‰; Table 3) are
in fact comparable to values observed under the
present day low P CO2

conditions (Bidigare et al.,
1997,1999). Under the elevated P CO2

setting of the
mid-Cretaceous (Freeman and Hayes, 1992; Tajika,
1998), explanation of the observed anomaly requires
an exceptionally high growth rate of photoauto-
trophs, which should be comparable to those
observed in areas of strong upwelling (e.g., the mod-
ern Peru margin; Bidigare et al., 1997).

Alternatively, the observed anomaly could be
explained by the effects of specific biogeochemical
processes that may have been characteristic of par-
ticular taxa. Lower ef values could have resulted
from the presence of phosphoenolpyruvate carbox-
ylase (PEPC), an alternative carboxylation enzyme
(i.e., b-carboxylation; Descolas-Gros and Fontugne,
1985, 1990; Raven, 1997). In carboxylation by
PEPC, 13C enriched bicarbonate ion is used as a
substrate; consequently, the apparent isotopic frac-
tionation (relative to CO2(aq)) is as low as �5‰
(e.g., Smith and Epstein, 1971; O’Leary et al.,
1992). The lower ep values could also have resulted
from enzymatically catalyzed active transport of
CO2ðaqÞ=HCO�3 into the cell (Sharkey and Berry,
1985; Fogel and Cifuentes, 1993; Goericke et al.,
1994; Hinga et al., 1994; Pancost et al., 1997; Raven,
1997).

4.5. Paleoecology of the prevailing photoautotrophs

Here, we demonstrate that the combined evi-
dence of the estimated nitrogen and carbon isotopic
compositions of photoautotrophs constrains the
characteristics of their unique ecology and physiol-
ogy, which are potentially related to the deposition
of organic rich black shales during OAEs. Specifi-
cally, we infer that diazotrophic cyanobacteria were
the dominant primary producers during OAE-1a
and OAE-2 in the western Tethys Sea.

The nature of the nitrogen isotopic record points
to two mutually exclusive environments: nitrate
assimilation in excess nitrate surface water and N2

fixation in nitrate deficient surface water. The for-
mer condition is incompatible with the lower ep val-
ues estimated based on the d13C values of Ni DPEP,

as photoautotrophic production in excess nitrate
surface water in the modern ocean is characterized
by significantly higher ep values. For example, the
modern Southern Ocean to the south of the polar
front zone (55–65�S) is a region with excess nitrate
in the surface water, and the ep value associated with
photosynthesis is higher than that observed at lower
latitudes, partially because of the ecological require-
ments of photoautotrophs under these conditions
(Popp et al., 1998,1999). This is in contrast with
the cases for the Livello Selli and Livello Bonarelli,
for which the magnitude of isotopic fractionation
(ep) is lower than that expected for a high P CO2

world. Thus, we conclude that during both
OAE-1a and OAE-2 in the western Tethys Sea,
the nitrogen utilized by the photoautotrophic
community was supplied mostly via N2 fixation by
cyanobacteria.

Meanwhile, the lower ep values obtained in the
present study suggested either a highly elevated
growth rate of photoautotrophs that is expected in
upwelling center or a physiological expression of
photoautotrophs resulting in a diminished ef value.
The former does not agree with the evidence from
the nitrogen, however, because biomass produced
in the upwelling center should generally have a rel-
atively elevated d15N value reflecting 15N enriched
nitrate supplied from the deep water. On the other
hand, the latter possibility is indeed concordant to
the suggestion from nitrogen isotopic compositions
that cyanobacteria were the major photoautotrophs
during the mid-Cretaceous. Previous reports state
that the d13C values of field collected Trichodesmi-

um, a bloom forming marine cyanobacterium, tend
to be lower, probably as a result of relatively minor
isotopic fractionation during CO2 uptake (Calder
and Parker, 1973; Wada and Hattori, 1991; Carpen-
ter et al., 1997). In an unusual case, Carpenter et al.
(1997) reported d13C values of –12.9 ± 1.1‰ (1r,
n = 10) for Trichodesmium cells from the southeast
North Atlantic and the northwestern Caribbean
Sea within stratified oligotrophic surface water,
indicating a ep value of >�10‰. Such an apparently
small degree of isotopic fractionation suggests b-
carboxylation by PEPC and/or active transport of
the carbon substrate, which would have fueled their
rapid growth in generating blooms.

PEPC is known to be an important carboxylation
enzyme for cyanobacteria (Colman, 1989; Tabita,
1993). Sakata et al. (1997) reported that the tetra-
pyrrole nuclei of chlorophyll a within the cyanobac-
terium Synechocystis was 2.7‰ enriched in 13C
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relative to the cell, which is larger than the value we
proposed in the present study. In explaining this
enrichment, the authors suggested that the synthesis
of oxaloacetate (a precursor of glutamate in the
TCA cycle) from the b-carboxylation of phospho-
enolpyruvate by PEPC results in 13C enriched gluta-
mate, and thus 13C enriched tetrapyrrole nuclei. If
carboxylation by PEPC was an important process
during the mid-Cretaceous, our estimate of the
d13C values of the photoautotrophs could be some-
what lower than the actual d13C values; hence, the
actual ep values are lower than the apparent esti-
mate. Even if the actual ep values were a few per
mil higher, they are still lower than the expected val-
ues for ordinary photosynthesis. Thus, PEPC
related b-carboxylation by cyanobacteria could
potentially have had the following dual effects that
contributed to the apparently lower ep values: (1)
the synthesis of relatively 13C enriched tetrapyrrole
nuclei of chlorophylls, and (2) a reduction in the
overall degree of carbon isotopic fractionation.

Moreover, cyanobacteria commonly adopt the
active transport of CO2ðaqÞ=HCO�3 to elevate intra-
cellular [CO2(aq)], thereby compensating for the low
affinity of the Rubisco of cyanobacteria for CO2

(Kaplan et al., 1980; Ogawa, 1993; Kaplan and
Reinhold, 1999; Badger and Spalding, 2000; Ogawa
and Kaplan, 2003); however, it is not clear to what
degree the active transport and b-carboxylation
contribute to the carbon assimilation of cyanobacte-
ria in the natural environment. Greater understand-
ing in this regard is required to make more detailed
interpretations based on the available carbon isoto-
pic evidence.

5. Conclusions and implications

We estimate that the mean nitrogen isotopic
compositions of the entire photoautotrophic com-
munities in the western Tethys Sea during OAE-1a
and OAE-2 were in the range from �2‰ to +1‰.
This finding suggests that the nitrogen assimilated
during the new production of photoautotrophs
was either supplied by nitrate in excess nitrate sur-
face water or N2 fixation by diazotrophic cyanobac-
teria in nitrate deficient surface water. The
estimated mean d13C values of the entire photoauto-
trophic communities during both OAEs were rela-
tively elevated compared to other sites, indicating
reduced carbon isotopic fractionation during car-
boxylation by photoautotrophs in the western
Tethys Sea. The obtained values are significantly

lower than those expected under normal photoauto-
trophic physiological conditions assuming Rubisco
carboxylation and the diffusion of CO2(aq) sub-
strate into the cells. Such a small degree of carbon
isotopic fractionation is incompatible with photoau-
totrophic growth in excess nitrate environments;
however, it is compatible with cyanobacterial pri-
mary production, whereby b-carboxylation and/or
active transport of the carbon substrates could have
resulted in the observed diminished degree of car-
bon isotopic fractionation.

The importance of cyanobacteria in primary pro-
duction has also been reported from the North
Atlantic. Kuypers et al. (2004) reported elevated
concentration of 2-methyl hopanoids, the bio-
marker specifically derived from membrane lipids
of cyanobacteria, from both OAE-1a and OAE-2
of the North Atlantic as well as western Tethys sites,
suggesting the substantial contribution of pelagic
cyanobacteria. In contrast, we did not observe 2-
methyl hopanoids in the Livello Selli and Livello
Bonarelli black shales. We suspect that the cyano-
bacteria that dominated primary production in the
western Tethys Sea could have lacked 2-methyl
hopanoids, as these lipids have only been reported
from about half of the cyanobacterial species inves-
tigated to date (Summons et al., 1999).

The dominance of diazotrophic cyanobacteria as
primary producers strongly suggests the occurrence
of nitrate deficient oligotrophic surface water,
because cyanobacteria conduct energetically expen-
sive N2 fixation when nitrate is deficient in the ambi-
ent water. A likely oceanographic condition in this
regard is stratification of the water column, which
acts to suppress the supply of nutrients from deep
water to the surface. In the modern ocean, diazo-
trophic cyanobacteria primarily inhabit the upper
euphotic zone in the stratified oligotrophic oceans
of tropical and subtropical regions, occasionally
forming extensive blooms (e.g., Marumo and
Asaoka, 1974; Carpenter and McCarthy, 1975; Car-
penter, 1983; Carpenter and Romans, 1991; Capone
et al., 1997; Dupouy et al., 2000; Capone et al.,
2005).

The results of the present study clarified the fact
that the production of diazotrophic cyanobacteria
(and possibly the production of algae supported
by nitrogen supplied from the diazotrophic cyano-
bacteria) contributed to the sequestration of atmo-
spheric CO2 into the studied black shale, although
further studies at other sites are required to gain a
full understanding of the mid-Cretaceous OAEs.
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These OAEs can be viewed as global scale, cata-
strophic disturbances of biogeochemical cycles,
especially of the carbon and nitrogen cycles. Photo-
autotrophic primary production plays a central role
in this regard, driving these cycles by photochemical
energy. An understanding of biogeochemical pro-
cesses mediated by photoautotrophs is therefore of
crucial importance; in this context, compound spe-
cific isotopic studies of sedimentary porphyrins rep-
resent a promising approach.
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