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At two locations in the Atlantic Ocean (DSDP Sites 367 and 530) early to middle Cretaceous organic-carbon-rich
beds (“black shales”) were found to have significantly lower 8'°N values (lower "N /!N ratios) than adjacent
organic-carbon-poor beds (white limestones or green claystones). While these lithologies are of marine origin, the black
strata in particular have 8N values that are significantly lower than those previously found in the marine sediment
record and most contemporary marine nitrogen pools. In contrast, black, organic-carbon-rich beds at a third site
(DSDP Site 603) contain predominantly terrestrial organic matter and have C- and N-isotopic compositions similar to
organic matter of modern terrestrial origin.

The recurring '*N depletion in the marine-derived Cretaceous sequences prove that the nitrogen they contain is the
end result of an episodic and atypical biogeochemistry. Existing isotopic and other data indicate that the low BN
relative abundance is the consequence of pelagic rather than post-depositional processes. Reduced ocean circulation,
increased denitrification, and, hence, reduced euphotic zone nitrate availability may have led to Cretaceous phyto-
plankton assemblages that were periodically dominated by N,-fixing blue-green algae, a possible source of this
sediment 1> N-depletion. Lack of parallel isotopic shifts in Cretaceous terrestrially-derived nitrogen (Site 603) argues
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that the above change in nitrogen cycling during this period did not extend beyond the marine environment.

1. Introduction

The existence of beds rich in organic carbon
(OC) within Cretaceous marine sedimentary se-
quences has received considerable attention with
regard to the paleoceanographic circumstances un-
der which these reoccuring strata were formed
(e.g. [1-2]). Such beds can contain up to 50% dry
weight OC, in contrast to interbedded lithologies
that contain less than 0.5% OC. These and other
geochemical differences between OC-rich and
OC-poor strata have been used to infer periodic,
widespread enhanced preservation of terrestrial
and (or) marine organic matter under reoccurring
anaerobic sedimentary environments.

A recent study [3] of the stable isotope abun-
dance of Cretaceous organic carbon concluded
that Cretaceous marine photosynthesis fractionat-
ed carbon isotopes more than in most of the
recent ocean. In an attempt to find independent
evidence for differences between modern and
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Cretaceous marine biogeochemical processes, we
turned to measurement of >N /!N ratios. The
purpose of this paper is to document differences
we have found in N isotope abundance between
(1) Cretaceous OC-rich and OC-poor strata, and
(2) Cretaceous OC-rich sediments and sediments
of other ages; and to discuss how these differences
may be related to historic changes in marine N
cycling,

2. Methods

2.1. Site and sample selection

For this study we chose samples of interbedded
OC-rich and OC-poor carbonate strata of
Neocomian age from Deep Sea Dirilling Project
(DSDP) Sites 367 and 603 in the eastern and
western basins of the North Atlantic Ocean re-
spectively, and OC-rich and OC-poor claystones
of Albian to Coniacian age from DSDP Site 530
in the Angola Basin South Atlantic Ocean (Fig. 1).

This article is a U.S. government work, and is not subject to copyright in the United States.
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Fig. 1. Map of the Atlantic and adjacent continents at 100 Ma (after Sclater et al. [48]) showing locations at DSDP Sites 367, 503, and
603. Generalized stratigraphic columns for each of the sites also are shown. Age ranges for samples used in this study are shown in
brackets to the right of each stratigraphic column. The letters signify Cretaceous stages.



Carbon isotopic and other geochemical measure-
ments suggest that the organic matter in the
Neocomian carbonates from Sites 367 and 603
represent predominantly marine and terrestrial end
members, respectively, of organic matter entering
the Early Cretaceous North Atlantic Ocean [3].
During the Cretaceous these two sites were located
in very different geographic, oceanographic, and
climatic settings; strong upwelling probably typi-
fied the region off the predominantly arid north-
west African coast at Site 367 and more humid
conditions with terrestrial runoff from poorly
drained, coal-forming coastal wetlands of eastern
North America are recorded at Site 603 [4]. The
black claystones at Site 530 in the southern Angola
Basin recorded the variable influx of organic
matter into a predominantly red-clay depositional
environment [5]. The accumulation of organic
matter at Site 530 reached a maximum near the
Cenomanian-Turonian boundary, a period of
known increased world-wide accumulation and
burial of marine organic matter [6]. The Ceno-
manian/Turonian section at Site 530 should,
therefore, contain a record of predominantly
marine production in a marginal upwelling regime
within a partly restricted proto-South Atlantic
Ocean (Fig. 1).

2.2. Nitrogen isotope analyses

A total of 1-5 grams of dried, powdered sedi-
ment sample were acidified with an excess of SN
HCl and the resulting solution dried at 60°C.
Subsamples weighing 50-150 mg of each acidified
sample were then loosely encased in precombusted
silver foil and placed in a precombusted quartz
tube (7 mm id., 30 cm long, one end sealed).
Approximately one gram each of precombusted
CuO and Cu particles (30 mesh) also was placed
in the tube and the contents placed under vacuum
for about four hours. The tubes were then sealed
using a gas-oxygen torch, and heated to 800°C for
six hours in a muffle furnace. The N, gas pro-
duced was then cryogenically purified and mano-
metrically measured. The stable-nitrogen isotope
abundance in each gas sample was analyzed using
a Nuclide 6-60 isotope-ratio mass spectrometer.
By convention, the 1*N /!N ratio of each sample
is reported as the relative per mil difference be-
tween the sample ratio and the ratio of N, in air.
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That is:
8N (%o) = [ R(sample) /R (air) — 1] X 1000

where R =" N /1*N. The analytical precision (SD)
of these measurements is +0.2%. Each N, gas
sample was scanned for the presence of NO (mass
30) and O, (mass 32). These masses were never
found in concentrations significantly above back-
ground, indicating that the sediment nitrogen had
been quantitatively converted to N, and that there
was negligible contamination from atmospheric
sources during sample/gas handling.

3. Results and discussion

The most striking and obvious results of the
8N analyses are that many of the Cretaceous
samples have 8'°N values that are lower than
those of most forms of particulate nitrogen in the
modern aquatic-sedimentary N-cycle, and that the
most OC-rich sediments have the lowest 8N
values (Table 1, Fig. 2). The majority of our
Cretaceous samples clearly have lower 8°°N and
8'3C values than plankton from Peru coastal up-
welling areas, North Pacific particulate organic
matter (POM), Holocene shelf sediments from the
U.S. Atlantic margin, and Holocene to Miocene
sediments from the Southern California border-
land (Fig. 3). Many of our Cretaceous 85N values
are also below those encountered in Permian coals
[7} and Precambrian kerogens [8]. There are few
examples of negative 8N values in modern
marine particulate or sediment nitrogen, whereas
most of our OC-rich Cretaceous samples have
negative 8°N values.

The 8'°N of total nitrogen (TN) and other
geochemical parameters for the DSDP Atlantic
Cretaceous samples (Table 1) indicates that the
source and(or) diagenetic history of nitrogen is
significantly different between adjacent relatively
OC-rich and OC-poor layers. The depletion in '*N
of most of our Cretaceous samples, and of OC-rich
layers in particular, shows that the conditions
under which the source of the sediment N formed
(source effects) or the conditions of post-deposi-
tional, diagenetic alteration were different than in
most modern to ancient marine sediments. Which
of these effects, N source or N diagenesis, are then
reflected in the sediment N isotope abundances
we have observed?
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TABLE 1

Lithology, sample identification, and 8'>N (this report); and ancillary data from Dean et al. [3] and unpublished

Sample description Site Core-sec-int %Corg Atom. Index ? s13¢C 8N %CaCO,
(RE) C/N (%0) (%o) (XRF)

Laminated black marlstone 367 25-4-117 2.38 30 265 -279 0.12
Laminated black marlstone 367 26-1-88 2.82 21 376 -277 —1.67
Laminated black marlstone 367 26-2-63 224 27 263 —28.0 0.58
Laminated black marlstone 367 26-3-70 2.79 25 312 —28.1 —-1.07
Laminated black marlstone 367 26-3-110 1.78 24 344 —28.3 0.21
Bioturbated white limestone 367 25-3-64 0.07 30 200 -27.0 5.02
Bioturbated white limestone 367 25-3-130 0.07 27 171 -27.3 2.33
Bioturbated white limestone 367 26-2-50 0.04 - 225 —274 3.15
Bioturbated white limestone 367 26-2-50 0.04 - 225 —-274 2.77
Bioturbated white limestone 367 26-2-70 0.08 21 112 —-27.7 2.77
Bioturbated white limestone 367 26-3-13 0.06 19 150 —27.3 2.98
Black claystone 530 87-4-80 7.75 25 315 -27.6 —1.28 2.1
Black claystone 530 95-2-127 12.61 26 318 —26.3 —-1.75 2.5
Black claystone 530 97-3-70 19.00 27 457 -273 —2.50 12.0
Black claystone 530 97-3-70 19.00 27 457 -273 —2.68 12.0
Black claystone 530 98-3-128 6.72 26 572 -271 —1.98 1.3
Black claystone 530 105-4-10 2.95 28 396 -27.0 -1.19 7.8
Green claystone 530 87-4-64 0.24 11 6 -26.7 4.19 32
Green claystone 530 88-3-84 0.23 12 212 -27.6 3.44 1.6
Green claystone 530 90-3-55 0.26 10 130 —269 5.72 28.2
Green claystone 530 96-1-70 0.15 15 40 —27.6 312 4.7
Green claystone 530 97-3-85 0.32 20 16 -26.9 1.70 8.7
Green claystone 530 97-3-85 0.32 19 16 -26.9 1.45 8.7
Homogeneous black

claystone 603 57-1-86 2.06 25 25 —-24.4 2.30 17.7
Homogeneous black

claystone 603 63-5-128 2.74 30 23 —253 3.33 14.2
Homogeneous black

claystone 603 64-5-46 1.61 28 30 —253 1.73 18.6
Homogeneous black

claystone 603 65-4-107 1.81 28 25 —251 2.46 11.2
Homogeneous black

claystone 603 75-2-48 1.58 28 37 —24.7 1.58 24.6
Homogeneous black

claystone 603 75-2-61 1.43 30 36 —24.8 2.27 259
Laminated limestone 603 57-1-80 1.41 20 115 —26.7 -0.05 78.9
Laminated limestone 603 57-1-93 1.57 22 126 —26.5 —0.66 75.9
Laminated limestone 603 65-4-48 0.43 34 20 —25.6 3.75 82.9
Laminated limestone 603 66-3-32 0.54 20 35 —-26.0 2.07 721
Laminated limestone 603 75-2-70 1.07 30 62 —255 1.42 66.2

a

mg hydrocarbon/g OC.

3.1. Diagenetic effects

Recent marine sediments typically contain
0.01-0.1% nitrogen by weight, and downcore de-
creases In TN commonly are observed (e.g. [9]).
Much of the initial organic nitrogen (ON) reach-
ing the sediment/water interface is apparently
lost during early diagenesis (e.g. [10]). In modern
to Miocene marine sediments, the 8°N of TN
ranges between O and 13%.,, with most values

clustering between 4 to 8%o (Fig. 2 and 3). It is
frequently assumed that the TN isotopically
analyzed is derived mainly from ON, and, indeed,
8'°N wvalues of kerogen nitrogen are similar to
those of sediment TN (e.g. [11]).

Biological utilization /diagenesis of organic
matter can sometimes induce N isotope fractiona-
tion under laboratory conditions (e.g. [12,13]).
These studies imply that microbial breakdown of
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Fig. 2. Ranges of values of 8'*N for selected oceanic nitrogen pools (modified from Libes [49]). Values for OC-rich Cretaceous
samples ( > 1% OC, carbonate-free dry wt.) and 530 and for OC-poor ( < 0.4% OC) samples from Sites 367 and 530 are from Table 1.

sedimentary organic matter could enrich or de-
plete the residual organic matter in '"N. It is
likely, however, that the nitrogen remaining in our
Cretaceous samples has retained a N isotope sig-
nature which is close to that of the original ON.
Clay-rich sediments and sedimentary rocks can
have significant adsorption capacities for in-
organic nitrogen (IN) compounds, particularly
NH, and NH; (e.g. [14,15]), but these IN species
generally have 8"°N values that are not signifi-

5
' E ISOTOPIC COMPOSITION OF

ORGANIC CARBON
AND NITROGEN

KEROGEN
DSDP SITES 467-468
SOUTHERN
y CALIFORNIA BORDERLAND
(Holocene to Miocene)

oF %
[ ||—

PERU
PLANKTON

7 | DSDP SITES 367-530 P \
5| WHITE AND GREEN ;..l} _________ NORTH
: PACIFIC POM
1

U.S.’ATLANTIC COAST
SEDIMENTS

G 15N (%o, air)

o DSDP SITE 603
ALL

DSDP SITES 367-530
BLACK

-5 " L L t L 1 L ! L 1 s J
~29 -27 -25 -23 -21 -19 -17

6 13 Corg (%0, PDB)

Fig. 3. Ranges of paired values of 8N and 8'*C for Peru
phytoplankton [49], North Pacific particulate organic matter
(POM) [34,49,50], Holocene continental shelf sediments [11,27],
Holocene to Miocene kerogen, Southern California Border-
land, DSDP Sites 467 and 468 [20], and Cretaceous OC-rich
and OC-poor strata, DSDP Sites 367, 530, and 603 (Table 1).

cantly different from those of the source ON (e.g.
[16,17]). Increasing thermal maturation tends to
produce heavier 8N values (e.g. [17]), yet our
Cretaceous samples probably were not affected by
post-depositional temperature changes since none
of these sequences has been exposed to burial
temperatures higher than 60°C.

In pelagic sediments and sedimentary rocks
that are low in OC, whole-rock C/N ratios may
be low because of significant adsorbed IN derived
from bacterial degradation of organic matter [14].
On the other hand, OC-rich strata may have rela-
tively high C/N ratios as a result of selective loss
of nitrogeneous organic compounds and a rela-
tively limited adsorption capacity of the inorganic
matrix. For this reason, whole-rock and kerogen
C/N ratios are not strictly comparable, and the
whole-rock C/N ratios cannot be used effectively
to determine the source or even the relative extent
of preservation of the organic matter in ancient
sediments [15]. In relatively OC-poor, clay-rich
strata, therefore, adsorbed IN might be the pre-
dominant form of nitrogen. Data of Waples [15]
and references summarized within suggest that the
clay-rich insoluble residue of most pelagic marine
sediments has the capacity to adsorb up to 0.5%
by weight of exchangable and free IN. Our light-
colored, bioturbated OC-poor samples contain no
more than 0.03% TN, with C/N ratios that aver-
age 18.4 (+6.6). On the other hand, the dark-
colored, OC-rich samples (> 1% OC) contain more
than 0.04% TN and have C/N ratios averaging
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26.2 (£2.3). Based on the preceding, we conclude
that most of the N analyzed in our OC-rich Creta-
ceous samples i1s ON, and that the OC-poor sam-
ples may contain significant amounts of IN,
though probably derived from the diagenesis of
associated ON.

There are several other N isotope fractionation
effects that may be relevant to our samples. The
first effect is the possible fractionation of nitrogen
isotopes upon adsorption onto or within clay
minerals. Such a mechanism would favor prefer-
ential uptake of “NH; onto clays (e.g. [18]),
resulting in lowered TN 8'°N values in such clay-
rich strata. However, in the case of our samples,
those most likely to contain adsorbed *NH; , the
OC-poor limestones and claystones, have higher
8'°N values than do the OC-rich sediments. NH,
volatilization /diffuston has been shown to result
in preferential removal of *NH, from dry sedi-
ment or soil and 8'°N enrichment in the residual
NH; (e.g. [17,19]). Sweeney and Kaplan [16]
found porewater ammonium 8N values were
similar to the 8*N of associated sediment ON,
with little change in ammonium §°N with sedi-
ment depth. This suggests that there is little net
isotope effect associated with ammonium genera-
tion, adsorption, or vertical diffusion in marine
sediments.

This approach can be extended to evaluate the
possibility of post-depositional isotope effects by
looking for progressive increases or decreases in
isotope abundance through sediment sequences
likely to have undergone significant diagenesis. If
cumulative diagenetic isotope effects have oc-
curred, increasingly large deviations in sediment
8'°N should be encountered. In fact the Creta-
ceous sequences we have analyzed (Table 1) as
well as those examples of recent to Precambrian
age do not show consistent or progressive changes
in sediment 8N as a function of sediment
depth/age (e.g. [8,11,20,21,49]). The results of
Simoneit and Mazurek [20] are particularly in-
structive because their data are for sediments as
old as Miocene from locations on the Southern
California Borderland that have experienced sig-
nificant microbial reworking including methano-
genesis. Values of 8'°N in their samples of OC-rich
sediment of Miocene to Recent age range from 3.4
to 11.8%o, similar to modern sediment values, yet
there is very little overlap between their §'°N (and

8'°C) values and those in our Cretaceous samples
(Fig. 3). Also, there are no significant downcore
variations in 8'°N that might suggest cumulative
diagenetic changes, and there is no significant
relationship between kerogen H/C ratios and TN
8N values. The kerogen samples from the South-
ern California Borderland with the highest H/C
ratios in kerogen also are characterized by the
highest §'°N values, opposite to the relationship
that we observed for our Cretaceous samples (Ta-
ble 1). We conclude that processes other than
post-depositional alteration are most important in
controlling N-isotope abundance in the sediments
we have analyzed and in marine sediments in
general. This is a conclusion also recently reached
by Rigby and Batts [7] in their interpretation of N
isotope abundances in Cretaceous oil shales.

3.2. Source effects

The majority of samples of both black and
white lithologies at Site 367 and black and green
lithologies at Site 530 are dominated by marine
organic matter of varying preservation as indi-
cated by (1) variable, but not low, values of HI
(Table 1); (2) similar 8'*C values in both litholo-
gies at each site (e.g. [3]); and (3) other organic
geochemical and petrographic criteria (e.g. [22,23]).
In contrast, the organic matter at Site 603 is
mainly of terrigenous origin on the basis of optical
[24] and other organic geochemical parameters
[25]. This interpretation is strengthened by the
inorganic geochemical character of the sequence
as well as the sedimentary structures [26]. The C
and N isotope values for these Cretaceous ter-
restrially-derived sediments are, therefore, equal
to or higher than those of Cretaceous marine-de-
rived sediments (Fig. 3), which is much different
from the situation today in which values of §'°N
and 8"C generally are lower in terrestrial than
marine-dominated sediments (e.g. [11,27]).

The C and N isotope compositions of organic
matter in the laminated brown to white limestones
at Site 603 are, one the other hand, transitional
between those of the 603 black claystones and
those of the black, OC-rich lithologies at Sites 367
and 530 (Fig. 3). On the basis of these and other
data [26], we interpret the organic matter in the
limestones at Site 603 as a mixture between marine
and terrestrial end-members. Cretaceous ter-
restrial organic matter then is apparently char-



acterized by 8°N values of between +1 and
+ 4% and 8'3C values of —24 to — 26%o, whereas,
marine organic matter had a range of 8'°N values
of —3 to +5% and a range of 8C values of
about —26 to —29%o.

We are impressed with the fact that the nitro-
gen in all of the OC-rich strata (i.e. black litholo-
gies from Sites 367 and 530), are isotopically
lighter than marine sediments found elsewhere in
the modern and ancient marine sedimentary re-
cords. This raises the possibility that the early
Cretaceous pelagic N cycle (as a source of sedi-
ment N) operated differently than at other times.
We consider below several water column scenarios
that may explain the observed low §'°N values for
our Cretaceous samples, and the dark OC-rich
lithologies in particular.

The largest isotopic fractionation involving
marine nitrate occurs during denitrification (e.g.
[28]) which, in an oceanic setting, is most preva-
lent within the sub-oxic waters of a mid-water
oxygen minimum zone (OMZ). Denitrification
produces N,O, molecules that are enriched in
14N, leaving the remaining nitrate reservoir en-
riched in '°N, i.e. isotopically heavier. Therefore,
during deposition of Lower to middle Cretaceous
strata in general, and the more OC-rich beds in
particular, an expanded and intensified OMZ (e.g.
[29,30]) should have resulted in isotopically heavier
nitrate. If this nitrate was upwelled into the surface
waters and utilized by phytoplankton (primarily
dinoflagellates and coccoliths), the resulting par-
ticulate organic matter should be isotopically
heavier reflecting the heavier nitrate source. Be-
cause such a scenario produces elevated rather
than low sediment 8°N, denitrification and sub-
sequent isotopic changes to the nitrate pool fol-
lowed by phytoplankton uptake and sedimenta-
tion are not indicated by the sediment >N deple-
tions we observe.

The lower 8'°N values in the black marlstones
and claystones could be interpreted as repre-
senting periods of higher biological N isotope
fractionation due to low biologic nitrate demand
(low productivity) relative to nitrate availability.
Such conditions might occur under light or phos-
phate limitation, as suggested by Wada [12]. How-
ever, if there was an abundant supply of nitrate
(relative to demand), it is difficult to see how
phosphorus limitation could occur. This is because
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there is no simple mechanism of decoupling avail-
ability of phosphate from that of nitrate other
than by denitrification discussed above. There 1is
no evidence for a high rate of incorporation of
phosphate into deep-sea sediments during the
Early to middle Cretaceous (e.g. [31]), nor can we
envision a mechanism by which the influxes of
inorganic phosphorus and nitrogen from erosion
may have been decoupled. It is therefore difficult
to explain the large N isotope difference between
the OC-rich vs. -poor beds simply by changing the
rate of productivity (and N isotope fractionation)
of nitrate-utilizing phytoplankton in the water-
column.

In this regard, the 8N of particulate organic
material trapped in the modern Sargasso Sea varies
seasonally with an approximate amplitude of 2.5%o
[32]. There is a significant correlation between the
815N of organic matter and the calculated flux of
organic matter to the sediment traps in that study,
with lowest 8'°N values (+0.5%0) corresponding
to times of highest organic-matter flux rates. Al-
tabet and Deuser [32] attribute the lighter §'°N
values to periodically greater concentrations of
nitrate during seasonal overturn and mixing
through the thermocline, and the heavier values to
gradual nitrate depletion (and isotopically heavier
residual nitrate) during times of low overturn.
This explanation might be applied to our data
except that the amplitude of the overall N isotope
changes in our data is more than a factor of two
larger, and the 8!'°N values of the black beds are
much lower than their lowest values. We conclude
that neither N isotoptc enrichment during draw-
down of nitrate nor changes in the 8"°N of nitrate
supplied from deeper waters can adequately ex-
plain the N isotopic differences between the OC-
rich and -poor sediments we measured.

The above discussion presumes that nitrate is
the primary inorganic nitrogen source for plank-
ton production, while nitrogen sources other than
nitrate can be important in the contemporary oce-
an. Under such circumstances NH; , urea, or N,
can be utilized as an N source for primary produc-
tion (e.g. [33]). Lack of data makes it difficult to
speculate as to what isotopic abundances may be
characteristic of NHj - or urea-based plankton
communities. However, in the north Pacific Oce-
an, Mullin et al. [34] and Saino and Hattori [35]
found lower plankton §'°N values when nitrate
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was not the dominant form of nitrogen assimi-
lated. Aside from NH] formation being favored
under reducing conditions associated with an ex-
panded OMZ, it is not clear if utilization of these
N species was relevant to the Cretaceous marine
N cycle and subsequent sediment formation.

As an alternative, we suggest that extensive
denitrification in largely anoxic or suboxic OMZ
and slow deep-water turnover greatly reduced the
supply of available combined nitrogen to Atlantic
surface waters. Under such circumstances, N,-fix-
ing species (blue-green algae or cyanobacteria)
may have become important in the phytoplankton
community. The blue-greens usually are less abun-
dant than other photosynthetic organisms in non-
nitrate-limited temperate marine environments
[36], but it has been shown that blue-green algae
in tropical and subtropical seas contribute isotopi-
cally light N to the organic pool there [37,38].
Marine blue-green algae Oscillatoria spp., as well
as other plants /microbes associated with N, fixa-
tion have biomass §!°N values ranging from —4
to +1%o (e.g. [18,38)]) overlapping the §!°N range
of Cretaceous OC-rich sediment (Fig. 2). We
speculate, therefore, that under conditions of re-
duced nitrate availability, phytoplankton capable
of using an alternate source of nitrogen such as N,
may have become quantitatively important, the
sedimentary remains of which are the source of
the sediment >N depletion we have encountered.
N, fixation was also invoked by Rigby and Batts
[7] to explain low 8'*N values they found in
Australian Cretaceous-age oil shales. Such an in-
crease in N,-fixing species may have occurred
within a total phytoplankton community whose
production, because of low nitrate availability,
was much reduced as suggested by Bralower and
Thierstein [39].

The black laminated marlstones at Site 367
contain predominantly amorphous organic matter
(e.g. [22]), which may be characteristic of sediment
having a blue-green algal source. Coccolith re-
mains are much less abundant in these marlstones
than in the intervening white limestones. Occa-
sional thin, white laminae of coccolith debris do
occur, however, in the black strata, suggesting that
calcareous nannoplankton were present in the
surface water, but only occasionally were supplied
with utilizable nitrogen to produce coccolith-rich
sediment layers. Apparently there is little dif-

ference in composition or degree of preservation
of coccolith assemblages between the two litholo-
gies which have 35-65% CaCOj; [40,41), suggest-
ing that low carbonate production rather than
increased carbonate dissolution produced these
marlstone beds.

The possibility that blue-green algae may have
been important primary producers during deposi-
tion of Cretaceous black shales, at least in the
Atlantic ocean, was suggested by Berger and Roth
[42] following a model proposed by Piper and
Codispoti [43]. These researchers discussed the
possibility that extensive denitrification decreased
nitrate availability of plankton during times of
widespread anoxia in oceanic deep-water masses.
They reasoned that the concentration of dissolved
phosphate in seawater should increase sufficiently
to cause widespread inorganic precipitation of
apatite because phosphate was not utilized by
phytoplankton due to depletion of nitrate. In their
model, major economic phosphorite deposits
should thus correspond to “Oceanic Anoxic
Events” (OAE’s) [44]. However, Arthur and
Jenkyns [31] have shown that, in the Cretaceous,
phosphorites and OAE’s do not coincide. Hence,
even though dissolved seawater phosphate con-
centrations may have been relatively high during
extensive Early Cretaceous denitrification phases,
there was no important phosphate mineral forma-
tion then. In fact, we would argue that the possi-
ble diminished productivity associated with blue-
green algae communities also decreased the possi-
bility for transfer of phosphate to sediments and
phosphate mineral formation.

The 8'°N values in both the bioturbated lime-
stones (Site 367) and green claystones (Site 530)
are significantly higher than those in the black
marlstones and claystones, and more closely over-
lap the range of 8N values for modern marine
organic matter (Figs. 2 and 3). The limestones and
claystones thus appear to record historically “nor-
mal” conditions of increased oxygenation of
deep-water masses, an increased supply of nutri-
ents, particularly nitrate, to the surface waters and
higher phytoplankton productivity.

At Site 367 and 530 some of the organic matter
may have been redeposited by turbidity currents
from shallower sites of accumulation on the shelf
and slope under the influence of an expanded and
intensified OMZ [5,30,45,46]. During the Creta-



ceous, both Sites 367 and 530 were located along
west-facing, low-latitude continental margins along
which wind-driven upwelling of deeper water is
expected (e.g. [4,47]). Therefore, these environ-
ments were likely characterized by profound vari-
ations in productivity due to the influence of
climatic fluctuations on upwelling intensity, ex-
pansion and intensification of the OMZ, and
supply of nitrate to surface waters.

Site 603, on the other hand, seems to have
experienced low marine productivity overall, and
a supply of terrestrially-derived organic matter
that was transported by turbidity currents to deep
basinal sites of accumulation [26]. The more
pelagic phases at Site 603 (white limestones) have
low concentrations of organic matter, but the iso-
topic composition of that organic matter is similar
or transitional to that of organic matter in the
black marlstones and claystones (Table 1). The
relative isotopic constancy within the terrestrially
dominated Cretaceous strata from Site 603, and
the isotopic similarity between this material and
land-derived nitrogen in contemporary marine
sediments [11,27] suggests that the presumed epi-
sodic changes in marine N biogeochemistry en-
countered at Sites 367 and 530 did not coincide
with analogous changes on land.

4. Conclusions

The unusually low 8'°N found in early to mid-
dle Cretaceous beds rich in marine organic matter
from two separate eastern Atlantic Ocean basins
1s an unambiguous indication that the nitrogen
contained in these strata are the end result of
biogeochemical processes that substantially differ
from those that operated on the nitrogen con-
tained in (1) intervening organic-poor strata, and
(2) younger marine sediments. Lack of compara-
ble isotope abundances in diagenetically altered
marine sediments, and lack of progressive, down-
core 8°N decreases in Cretaceous and younger
sediment sequences make it very unlikely that
post-depositional isotopic alterations are responsi-
ble for this reoccurring sediment N depletion.
Alternatively, several lines of evidence indicate
that the N isotope abundance of the source organic
matter is the overriding determinant of the sedi-
ment 8'°N we and others have measured. If this is
so, episodic changes in pelagic nitrogen biogeo-
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chemistry are indicated by the alternating mod-
erate to low 8'°N values in the Cretaceous marine
sediment sequences analyzed. Such changes may
be directly related to historic variation in euphotic
zone nitrate availability and utilization as in-
fluenced by rates of denitrification, upwelling, and
deep-water turnover. During times of reduced
nitrate availability, N, fixation may have provided
an alternate N source for plankton, the character-
istic !> N-depleted remains of which may compose
the bulk of the sediment N encountered in OC-rich
Cretaceous strata. In contrast, the coccolith-rich,
bioturbated limestones and claystones interbedded
between the above strata seem to record condi-
tions of increased upwelling, bottom water oxy-
genation, and surface-water nutrient availability.
Lack of isotopic difference between contemporary
terrestrially-derived marine sediments and ter-
restrially-supplied Cretaceous sedimentary materi-
al from the western Atlantic (Site 603) argues that
the presumed historic changes in Cretaceous
marine N biogeochemistry did not extend to the
terrestrial environment. The geographic and his-
toric extent of the sediment N isotope variations
we have observed and their paleoceanographic
significance deserve further study.
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