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Detailed sedimentary N isotope records from Cariaco Basin
for Terminations I and V: Local and global implications
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[1] For the last deglaciation and Termination V (the initiation of MIS 11 at around
430 ka) we report high-resolution sedimentary nitrogen isotope (6'°N) records from
Cariaco Basin in the Caribbean Sea. During both terminations the previously reported
interglacial decrease in 6'°N clearly lags local changes such as water column anoxia as
well as global increases in denitrification by several thousand years. On top of the glacial-
interglacial change, several §'°N peaks were observed during the last deglaciation. The
deglacial signal in Cariaco Basin can be best explained as a combination of (1) local
variations in suboxia and water column denitrification as the reason for the millennial-
scale peaks, (2) a deglacial maximum in mean ocean nitrate §'°N, and (3) increasing N,
fixation in response to globally increased denitrification causing the overall deglacial
8'5N decrease. In the Holocene, much of the decrease in §'°N occurred between 6 and
3 ka, coinciding with an expected precession-modulated increase in African dust
transport to the tropical North Atlantic and the Caribbean. This begs the hypothesis that
N, fixation in this region increased in response to interglacial maxima in denitrification
elsewhere but that this response strengthened with increased mid-Holocene iron input. It

remains to be seen whether the data for MIS 11 support this interpretation.
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1. Introduction

[2] In many parts of the ocean the availability of nitrogen
is an important control on primary productivity. Marine
productivity, in turn, influences the atmospheric CO, con-
tent and therefore indirectly global climate. With regard to
the large glacial-interglacial variations in atmospheric CO,,
the question of whether the size of the marine nitrogen pool
varied on these timescales therefore becomes important.

[3] The main source of nitrogen to the ocean is N,
fixation, whereas denitrification is its largest sink. Denitri-
fication occurs both in the water column where it is suboxic,
such as in the eastern tropical North and South Pacific and
the Arabian Sea, and in sediments. The current understand-
ing of the nitrogen budget and its regulation is still limited,
as several factors potentially affect the individual processes.
Globally, denitrification rates depend on organic matter
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fluxes as well as the ventilation of intermediate waters
and probably the areal extent of the shelves [Christensen,
1994]. Diazotrophic (N, fixing) organisms, on the other
hand, seem to depend on the availability of iron and/or
phosphorus [Sanudo-Wilhelmy et al., 2001; Kustka et al.,
2003; Mills et al., 2004; Deutsch et al., 2007], besides
requiring specific light and temperature conditions
[LaRoche and Breitbarth, 2005]. In addition, it has been
proposed that the two processes constitute a feedback:
When global denitrification increases, the availability of
nitrogen with respect to phosphate decreases, which might
make diazotrophic organisms more competitive, leading to
an increase in N, fixation [Redfield et al., 1963; Haug et al.,
1998; Tyrrell, 1999; Galbraith et al., 2004; Deutsch et al.,
2004].

[4] Both denitrification and N, fixation can be traced back
in time using the isotopic composition of organic nitrogen in
sediments. Denitrification results in the preferential loss of
"N, with a fractionation factor of roughly 25%o [Barford et
al., 1999], causing the remaining nitrate pool to become
progressively enriched in '°N. In systems where some
nitrate remains (i.e., most water column settings), the
enriched nitrate is consumed by phytoplankton so that
the denitrification signal is recorded in the sediments. The
preferential loss of "*N during water column denitrification
results in a mean oceanic nitrate §'°N that is around 5%o
[Sigman et al., 2000], i.e., greater than that of atmospheric
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N,, which is 0%o by definition (6"°N (%0) = ((*>N/'*N of
sample/lsN/MN of air) — 1) x 1000). The mean oceanic
nitrate §'°N appears to be mainly controlled by the relative
importance of water column and sedimentary denitrifica-
tion (the latter being associated with little isotopic frac-
tionation), with the ratio of these two fluxes currently
estimated to be 1:4 [Brandes and Devol, 2002] to 1:3
[Deutsch et al., 2004]. N, fixation introduces fixed N with
a 6N of ~0—2%o [Wada and Hattori, 1991], i.e., lower
than that of mean ocean nitrate, so that local to regional
N, fixation inputs may also be recorded in sediments.

[5] A number of high-resolution sedimentary nitrogen
isotope records for the last deglaciation exist from denitri-
fication zones, displaying increases in §'°N after the last
glacial maximum [e.g., Altabet et al., 1995; Ganeshram et
al., 1995; Pride et al., 1999; Emmer and Thunell, 2000; De
Pol-Holz et al., 2006], which suggests that the global rate of
water column denitrification is great during interglacials. In
contrast, low-resolution records from the South China Sea
do not exhibit glacial-interglacial variability and have been
interpreted to reflect an unchanged isotopic composition of
mean ocean nitrate [Kienast, 2000]. These observations can
only be explained if feedback mechanisms prevent large
changes in the marine nitrogen budget [Deutsch et al., 2004].
One possibility is the N, fixation feedback mentioned above.
The other potential feedback involves denitrification itself,
an increase in which could reduce nitrate supply to the
surface ocean and thus primary productivity, leading to
decreased oxygen demand for organic matter remineraliza-
tion [Codispoti, 1989]. To assess the importance of these
proposed feedbacks, records from N, fixation areas are
needed. However, diagenetic overprints have been reported
from sediments in low-accumulation rate settings with
oxygenated bottom waters [Altabet and Francois, 1994].
Unfortunately, such conditions characterize most regions
where N, fixation is prominent and the signal is not over-
printed by denitrification. However, there are a few excep-
tions, such as Cariaco Basin in the Caribbean Sea, which is
characterized by anoxic bottom water while being located in
a region with current N, fixation (Figure 1). The present N
cycle and N isotope dynamics of this basin have been
studied [Richards and Vaccaro, 1956; Thunell et al.,
2004], providing a basis for assessing past changes.

2. Study Site

[6] Cariaco Basin is a semienclosed coastal basin that is
up to 1400 m deep, separated from the open Caribbean by a
sill with a maximum depth of 145 m. The bottom water of
the basin is anoxic below around 300 m, and strong
denitrification occurs in the water column just above this
depth [Richards and Vaccaro, 1956; Richards and Benson,
1961; Thunell et al., 2004] (Figure 2). The oxic/anoxic
interface is sharp, leading to very slow exchange with
overlying waters. As a result, nitrate is nearly completely
consumed at the interface, such that minimal '>N-enriched
nitrate is mixed into the overlying thermocline. Sinking flux
and surface sediments record a 6'°N of 3—3.5%o, similar to
thermocline nitrate and sinking N in the subtropical North
Atlantic [Altabet, 1988; Knapp et al., 2005]. The deviation
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from a mean ocean nitrate §'°N of ~5%o presumably
reflects the importance of N, fixation in the region and/or
the Cariaco Basin itself.

[7] The geographic location of Cariaco Basin at the
current northern boundary of the seasonal movement of
the Intertropical Convergence Zone (ITCZ) results in two
distinct seasons: a rainy season in late summer/fall and a dry
season with strong, trade wind-induced upwelling in
winter/spring. The nutrient supply during the upwelling
season stimulates high productivity dominated by diatoms
[Woodworth et al., 2004].

[8] The conditions in Cariaco Basin were very different
during glacial times, when sea level was up to 120 m lower
than today. Under such circumstances, only a shallow con-
nection remained to the open Caribbean, isolating the basin
from the dense and nutrient-rich thermocline water outside.
Bioturbated sediments and benthic fauna are found in those
intervals, indicating oxygenated bottom waters [Peterson et
al., 1991] and implying that there was probably little to no
water column denitrification in the basin during glacial times.

[9] In an earlier study on sedimentary N isotope varia-
tions in Cariaco Basin [Haug et al., 1998], lower 6'°N was
observed in interglacial sections as compared to sediments
from glacial times. It was suggested that the low interglacial
values are caused by increased N, fixation in response to
increased denitrification. A question remaining in that study
was, however, whether such a feedback worked locally or
globally, i.e., whether the local or the global deglacial
increase in denitrification triggered N, fixation in the basin
and/or the surrounding area. In order to address this
question we focus on two terminations in detail, the last
deglaciation (Termination I) and Termination V at approx-
imately 430 ka before present. We assess details of the
deglacial decreases in §'°N and, for Termination I, compare
those changes to the large body of other proxy data
available for Cariaco Basin.

3. Materials and Methods

[10] For this study we used two cores from Cariaco Basin.
To examine Termination V, samples were taken from the
deep part of ODP core 1002C (119—123 m composite depth)
every 2 cm. This core was taken from the western side of the
central ridge in the basin at around 900 m depth (Figure 1).
For the last deglaciation, we used core MD03-2621,
obtained in 2003 during IMAGES cruise XI (PICASSO)
from the eastern side of the central ridge (10°40.69 N,
64°58.29 W) at a water depth of around 850 m. Samples
were taken every 2 cm in the upper 12 m of the core.

[11] The sediment in the sampled sections of core MDO03-
2621 looks very similar to that from other Cariaco Basin
cores. In the glacial sections, the sediment appears
homogenous and shows signs of bioturbation. A bright blue
clay layer occurs from 8.8—8.3 m depth (centered around
16 ka). The abrupt onset of distinct laminations was observed
at 7.9 m depth (14.5 ka), with subsequently lighter sediment
color and increased varve thickness between 6.6 m and 5.0 m
(corresponding to the Younger Dryas period). Above 5.0 m,
the again darker varves become thinner and less distinct,
although laminations are present until the top of the core.

2 0of 13



GB4019

Figure 1. Map of the Cariaco Basin, located off Venezuela
in the Caribbean Sea. Arrows depict major surface currents.
Closed symbols correspond to the locations of the cores used
for this study. Isobaths are in meters below sea level with
spacing of 200 m except for upper 300 m where spacing is
100 m.

[12] Total nitrogen (TN) content and §'°N were measured
with a Carlo-Erba CN2500 elemental analyzer coupled to a
Thermo-Finnigan DELTAplusXL mass spectrometer, using
the reference standards IAEA N1 and N2. For core MDO03-
2621, roughly one quarter of the samples were measured at
least twice, whereas for core 1002, all samples were
measured in duplicate. Precision was in most cases better
than £0.2 %o (1 SD) for §'°N and better than +£5% of the
mean value for TN. In core MD03-2621, concentrations of
total organic carbon (TOC, in weight percent) were deter-
mined by HCI addition to samples weighed into silver cups,
which were dried subsequently at 70°C without rinsing. The
samples were measured on a Eurovector elemental analyzer
with a precision of +5% of the mean.

[13] The age model for ODP core 1002C was constructed
by correlating G. ruber §'®0 from this core [Peterson et al.,
2000] to a global stack of benthic foraminiferal §'%0
[Lisiecki and Raymo, 2005]. The data and tie points are
shown in Figure 3. For the investigated sections of MDO03-
2621, the age model is based on visual correlation of several
parameters to well-dated neighboring cores using the soft-
ware AnalySeries V2.0 [Paillard et al., 1996]: Shipboard-
obtained lightness data and Ti content measured by XRF-
scanning were correlated to grayscale and Ti, respectively,
from core 1002, and TOC was correlated to TOC from core
PL07-39PC.

4. Results

[14] The TOC record from core MDO03-2621 (Figure 3)
agrees very well with that obtained previously for core
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PL07-39PC (L. Peterson, unpublished data, 1991), which
allowed using it for constructing the age model. After 20 ka,
TOC decreases from its glacial value of 3% to a minimum
of 0.5%, which coincides with the blue clay layer. At
14.5 ka, the onset of the Bolling period, a rapid increase
to ~5.5% can be seen, concurrent with the onset of clear
laminations in the core. TOC stays high, although variable,
until the onset of the Younger Dryas period, when it
suddenly drops to 2.5%. However, as earlier studies showed
[Peterson et al., 1991; Hughen et al., 1996], sedimentation
rates triple during the Younger Dryas, leading to a peak in
organic carbon accumulation rates, which will be discussed
later. The end of the Younger Dryas coincides again with a
rapid increase of TOC to values similar to the Bolling/
Allerad interval, staying high until about 9 ka. A minimum
with TOC concentrations around 4.0% is observed for the
early Holocene until around 6.5 ka, after which concen-
trations steadily increase to a present-day value of 5.8%.

[15] Like TOC, §"°N is relatively constant until 20 ka
(Figure 3), with values between 4.5 and 5.0%o. After 20 ka,
a peak occurs with maximum §'°N values of 7.5%o at 17 ka,
the increase being first gradual and then abrupt. Following a
rapid decrease to glacial values in the clay layer, 6'°N
increases again sharply with the onset of laminations to
around 6.5%o. Values are lower during the Younger Dryas,
with lowest values (around 5.0%o) in the first half of this
interval and a step-like increase to 5.5%o in the second half.
At the end of the Younger Dryas, §'°N increases to a third
peak of around 6.4%o in the Preboreal (11.5—10 ka), with a
very short maximum of 8.0%0 at 11.4 ka. Afterward, a
stepwise decrease is observed during the Holocene. Between
7.5 and 6 ka, a plateau with values similar to those from the
glacial (around 4.8%o) is apparent. Since around 3 ka, §'°N
has been steady at 3.3%o.

[16] Because of the peaks in both TOC and §'°N during
the Bolling/Allered and the Preboreal/early Holocene, it is
not clear exactly where the deglacial increase in TOC and
the decrease in §'°N begin. Nonetheless, it is clear that the
8'>N decrease occurs several thousand years later than the
TOC increase and certainly much later than the onset of
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Figure 2. Simplified sketch of the present-day nitrogen
cycle in Cariaco Basin (not to scale; see text for details).
Isotopic composition of nitrate and surface sediments are
taken from Thunell et al. [2004].
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Figure 3. Cariaco Basin low- and high-resolution records. (top) The 6'*0 of G. ruber [Peterson et al.,
2000] and global benthic § 80 stack [Lisiecki and Raymo, 2005] used for tuning (black arrows are tie
points). Low-resolution TOC and &'°N records and lamination data (1 = laminated) are from Haug et al.
[1998]. (bottom) High-resolution data from core MDO03-2621 and ODP core 1002C. Dashed lines
indicate onset of deglacial change (ambiguous for §'°N during Termination I).

laminations, which indicate the deglacial turning point in
local hydrographic conditions.

[17] For Termination V, the onset of the deglacial changes
is easier to determine because superimposed peaks are much
less pronounced (Figure 3). TN (which covaries with TOC)

starts to increase around 6 ka before the decrease in §'°N. In
these sections of core 1002C, laminations are less developed
than for the last deglaciation, which makes a comparison of
the 6'°N signal to periods of anoxia more difficult. However,
it seems that, during this termination, laminations begin
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Figure 4. The long §'°N record from Cariaco Basin [Haug
et al., 1998] in comparison with records from the Arabian
Sea (ODP core 722) [Altabet et al., 1999] and the South
China Sea (core 17954) [Kienast, 2000]. Shaded bars
indicate interglacials, and numbers are marine isotope stages.

before the increase in TOC and are interrupted by short
nonlaminated intervals during the interglacial. Compared to
Termination I, §'°N is around 1%o lower, but both the
magnitude and the duration of the deglacial §'°N decrease
are surprisingly similar during the two terminations. Features
analogous to the mid-Holocene plateau and the constant late
Holocene 6'°N are apparent during marine isotope stage
(MIS) 11 as well.

5. Discussion
5.1. Glacial-Interglacial Variability

[18] Since local conditions changed dramatically with sea
level, the glacial-interglacial §'°N variations in Cariaco
Basin could potentially have been caused by a number of
different factors, which will be briefly discussed in the
following. However, available constraints for the last de-
glaciation show that the long-term changes in §'°N are
unlikely to be due to local influences associated with sea
level rise and anoxia but are instead probably caused by
changes in N, fixation.

[19] Better-ventilated bottom water in glacial times could
have influenced §'°N through decreased denitrification
strength or stronger diagenetic alteration. The heavier glacial
8">N could be due to incomplete denitrification (compared to
complete denitrification in interglacials). However, although
denitrification occurs under suboxic conditions (below 1—
2 mg/l) [Codispoti, 1995], signs of bioturbation and the
presence of benthic fauna make it unlikely that oxygen
became adequately depleted in the water column to sustain
significant denitrification throughout the glacial periods.
Diagenetic enrichments of up to 5 %o have been observed
at sites with well-ventilated bottom water [Alfabet and
Francois, 1994], whereas usually very little alteration is
seen in anoxic settings [Pride et al., 1999; Emmer and
Thunell, 2000; Thunell et al., 2004]. However, the onset of
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anoxia clearly preceded the §'°N decrease in Cariaco Basin.
Moreover, it was associated with a sudden increase in §'°N.

[20] Incomplete nutrient utilization enriches the nitrate
pool in >N because of preferential uptake of '*N by
phytoplankton [e.g., Farrell et al., 1995; Wu et al., 1997,
Sigman et al., 1999]. If glacial upwelling was stronger,
delivering more nitrate to the surface outside the basin that
was not immediately consumed, the water advected inside
could have contained enriched nitrate. In contrast, during
interglacials, upwelling of thermocline waters occurs within
the basin, and all nitrate is consumed during the upwelling
season. Hence this difference could result in higher glacial
8'°N values in the sinking organic matter. However, one
would again expect to see the decrease when the thermo-
cline connection became established, i.e., probably at 14.5
ka. Instead, §'°N increases at that time, and the decrease
occurs much later.

[21] Contribution of terrigenous organic matter could alter
the bulk sedimentary &'°N signal, usually decreasing the
values [e.g., Peters et al., 1978; Calvert et al., 2001].
However, no significant trend in the abundance of terrestrial
biomarkers has been observed for the last 14 ka [Werne et
al., 2000]. Similarly, C/N values obtained in this study do
not show a significant difference between glacial and
Holocene values, except for the Younger Dryas and the
blue clay layer, which will be discussed later.

[22] Finally, the low Holocene §'°N in Cariaco Basin
(compared to mean ocean nitrate §'°N) suggests an influ-
ence of regional and/or local N, fixation. As proposed
earlier [Haug et al., 1998], a stronger contribution of this
process could lower the sinking flux 6'°N in interglacial
times. This is the most likely cause for the decreasing 6'°N,
whereby the time lag is an indication that it is not (or not
alone) triggered by local denitrification.

[23] When comparing the low-resolution Cariaco Basin
6N data to long records from other areas (Figure 4), a
significant time lag can also be observed between ra]pid
deglacial increases in global denitrification and the §'°N
decreases in Cariaco Basin. Both the 6'°N record from the
Arabian Sea (ODP core 722; Figure 4) [Altabet et al., 1999]
and that from the eastern tropical North Pacific (ODP core
1012; not shown) [Liu et al., 2005] show consistent patterns
of elevated §'°N in interglacials, reflecting increased deni-
trification. Thereby, 6'°N increases coincide with decreases
in global ice volume as indicated by foraminiferal §'*0 in
the respective cores. In core 722, even a slight lead of §'°N
with respect to 6'®0 has been observed [dltabet et al.,
1999]. As a way to circumvent age model artifacts, we
therefore compare the §'°N and 6'%0 records from Cariaco
Basin to assess the relative timing of N, fixation changes
and global denitrification. In some cases, the changes in
6'™0 (and denitrification zone 6'°N) occur much earlier
than the decreases in 6'°N in Cariaco Basin. For example,
during Termination V, the shift in 6'%0 of planktic forami-
nifera in Cariaco Basin coincides with the increase in TN,
around 6 ka before the §'°N decrease (Figure 3). At
Termination II (around 130 ka), the lag of 6'°N to §'%0 in
Cariaco Basin is around 4—5 ka. Since estimates of the
residence time of nitrate in the ocean currently range
between 1.5 to 3.0 ka [Gruber and Sarmiento, 1997,
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Figure 5. Deglacial change of the local conditions in
Cariaco Basin due to sea level rise. Sea level data are from
Fairbanks [1989] and Bard et al. [1990] (Barbados) and
Bard et al. [1996] (Tahiti). The hatched bar indicates
laminated sediments, reflecting the prevalence of anoxic
bottom water.

Brandes and Devol, 2002], the time lags at these deglaci-
ations seem too long to explain the &'°N signal with a
simple response of regional N, fixation to globally
increased denitrification. There are two possible explana-
tions. First, the signal of an earlier N, fixation increase
could be masked by a second process, such as a change in
the mean isotopic composition of oceanic nitrate. Second,
another stimulating factor for N, fixation (besides low N:P
ratios) could cause the delayed response, which will be
further discussed in the context of the Holocene &'°N
decrease (section 5.3).

[24] The mean N isotopic composition of oceanic nitrate
is supposed to be reflected in §'°N records from the South
China Sea [Kienast, 2000], the longest of which covers the
last 200 ka (Figure 4). Interestingly, in glacial times, both
the absolute values and the variability of the Cariaco Basin
record are similar to those in the South China Sea. Only the
negative excursions during the Holocene and the last
interglacial stand out with significantly lower values. This
suggests that in glacials at least the longer-term signal is
mainly affected by the global mean isotopic composition of
nitrate. Although the low resolution of the records and the
limitations of the age models hamper a more detailed
comparison, it is interesting to note that a peak can be
observed in the South China Sea record just before the last
interglacial (MIS 5), which is also present in the Cariaco
record. A deglacial peak in the mean isotopic composition
of oceanic nitrate has also been suggested for the last
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deglaciation and is probably related to transient changes
in the relative importance of water column and sedimentary
denitrification [Deutsch et al., 2004]. It is therefore possible
that part of the deglacial signal in Cariaco Basin reflects such
temporary changes in global nitrate isotopic composition.

[25] The high-resolution records from Cariaco Basin
allow for a more detailed assessment of this potential
influence and the relative timing of the interglacial §'°N
decreases. The records also reveal additional millennial-
scale features, such as three peaks during the last deglaci-
ation. We discuss these signals first before returning to the
timing of the N, fixation increase.

5.2. Millennial-Scale Variations During the Last
Deglaciation

[26] During the deglaciation, large changes occurred both
within Cariaco Basin (related to sea level rise) and in the
global nitrogen cycle (through increasing global denitrifi-
cation). The complicated signal of §'°N during the last
deglaciation could therefore either be caused by local
changes or be related to global N cycle changes. Most
likely, it reflects a combination of these influences.

[27] Because of the specific bathymetry of the Cariaco
Basin, we have to distinguish between two different regimes
(Figure 5): (1) glacial conditions with an isolated basin and
(mostly) oxygenated bottom water and (2) deglacial to
interglacial conditions characterized by a thermocline con-
nection to the open Caribbean and anoxic bottom water
(after 14.5 ka). In the first regime, before 14.5 ka, the
shallow sill depth of 25-40 m restricted the exchange
between Cariaco Basin and the open Caribbean, allowing
only mixed layer water to enter the basin. The result was
probably a decreased density gradient within the basin,
potentially amplified by more vigorous mixing caused by
stronger winds. In addition, climate reconstructions from
terrestrial archives indicate that the last glacial maximum
was drier than today [Bradbury et al., 1981], implying
decreased freshwater input to the basin, which would have
further reduced stratification. Finally, local productivity
might have been reduced because of decreased input of
thermocline nutrients (see discussion below). These changes
in local conditions prevented the deep basin from becoming
anoxic. The first peak in §'°N occurs under these glacial
conditions, which is at first surprising. However, several
other local proxies indicate an event at the same time. After
17.5 ka, proxies for terrestrial material (e.g., Ti [Haug et al.,
2001, also unpublished data, 1999] and detrital mass accu-
mulation rates (L. Peterson, unpublished data, 1991);
Figure 6) indicate a large pulse of terrigenous input, which
also includes the blue clay layer, represented by the mini-
mum in sediment lightness (L*).

[28] One possibility to explain the large input of terrestrial
material is the first flushing of previously exposed shelf area
due to the beginning sea level rise, which might have been
abrupt [Clark et al., 2004]. The other option is increased
freshwater input, which is supported by more negative §'%0
values of planktic foraminifera [Lin et al, 1997]. This
would also explain the event character of the terrigenous
input, which did not continue with further sea level rise.
Interestingly, a similar blue clay layer was observed off the
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