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the case that the 6'°N of nitrate and sinking N increased to
extremely high levels. We suggest that the 6'°N of diatom
N was elevated past the allowed range of the integrated
product equation of Rayleigh fractionation (see above)
because of the origin of the nitrate in those environments.
The nitrate was originally upwelled further to the North,
where it underwent partial algal consumption and "N
enrichment before being mixed southward in the mixed
layer (Fig. 5b). Thus, the 6'°N of the nitrate source at sites
5GC and RC13-259 was already greater than that of the
deep water supply. This scenario is analogous (although
not necessarily equivalent) to assuming the instantaneous
equation of the Rayleigh model. According to the
instantaneous equation and a range in ¢ of 5-7%o, the
0'°N change in the range of 7-10%o observed at 5GC and
RC13-259 would indicate an approximately 60-90%
change in nitrate consumption. In this context, AZ core
sites that show less change in 0'°N across the deglaciation
(MD84-552 and 101277-10PC, Figs. 1 and 3), are thought
to be closer to the region of upwelling and/or less affected
by interaction with the summer ice edge (Fig. 5b), such that
a smaller fraction of nitrate was consumed, albeit
potentially somewhat more than today, in the case of
MDg4-552.

The two critical observations originally leading to the
hypothesis of Antarctic stratification during the last ice age
were: (1) lower opal and biogenic barium rain rates,
suggesting lower export production in the glacial Antarctic
(Kumar et al., 1993, 1995; Frank et al., 2000; Chase and
Anderson, 2001; Chase et al.,, 2003) and (2) higher
sedimentary N isotopes suggesting more complete nitrate
consumption in glacial Antarctic (Francois et al., 1993,
1997). The hypothesis for the more polar Antarctic posed
here is based largely on the N isotopes, and it remains to be
determined whether productivity proxies support it as well.
This uncertainty derives from a currently unclear picture of
the spatial pattern of glacial/interglacial change in the
proxies. For instance, in RC13-259, opal concentration and
accumulation show no apparent connection to the varia-
bility in 6'°N within the glacial interval (Fig. 3), while in
5GC, opal concentration and opal accumulation maintain
an anti-correlation with 6'°N within the glacial interval.
Beyond this, there are fundamental uncertainties about the
significance of these proxies. For instance, the lower opal
accumulation rates may have resulted at least partially
from a decrease in the degree of silicification due to greater
Fe availability, a possibility that is supported by 6°°Si data
from RC13-259 (Brzezinski et al., 2002).

In addition, a recent examination of the diatom
assemblage changes in the Atlantic sector of the AZ
concluded that the greater abundance of Chaetoceros
resting spores in glacial sediments reflects more complete
major nutrient consumption during the LGM, while the
greater abundance of radiolarian C. davisiana resulted
from a greater organic carbon flux to depth, both
associated with the expansion of the productive sea ice
environment (Abelmann et al., 2006). They interpret the

lower glacial opal fluxes (and higher fluxes in the
Subantarctic) to reflect the northward shift in the high
opal-low carbon ecosystem associated with F. kerguelensis;
that is, they do not take opal (or barium) flux to be a
reliable indicator of organic carbon flux. Using this
separate dataset, Abelmann et al. (2006) proposed a
scenario similar to ours, where the expansion of glacial
sea ice and the associated iron fertilization of the surface
drove an increase in production associated with annual
retreat of the ice edge that would have resulted in
considerable nutrient and CO, drawdown within the
Atlantic sector of the AZ. While we cannot speak to the
different interpretation of the productivity proxies, our
0'°N data do indicate extreme degrees of nitrate drawdown
during the LGM, as the authors deduced from the
increased presence of Chaetoceros spores. However, the
8'3C of diatom-bound organic C suggests that even the ice
margin-related algal growth during the last ice age was not
as rapid as Holocene algal growth rates (Singer and
Shemesh, 1995), so we question their proposal of increased
export production. Our own expectation for the meridional
gradient in Antarctic export production is not completely
clear, as we have argued that the waters south of the
SACCEF were characterized by less nitrate supply but more
complete consumption of that supply than the Antarctic
waters further north.

The late Holocene rise in diatom-bound 6'°N at RC13-
259 and 5GC is one aspect of the records that is not well fit
by our hypothesis, especially the amplitude of the change in
RC13-259 (Fig. 3). To the extent that an increase is present
at the sites that record the largest variation in 6'°N during
the glacial and that are closest to the SIZ, this change may
reflect a change in nitrate supply and demand roughly as
hypothesized for the last ice age. Evidence exists for
increased presence of ice in the late Holocene. Weight % of
IRD in Atlantic Sector sediment core TTNO057-13 (53°S)
declines sharply upon deglaciation to a minimum in the
early Holocene and then increases to near LGM concen-
trations at ~5ka (Hodell et al., 2001). The increase in IRD
may represent the transition from the Holocene climatic
optimum to the relatively cooler Neoglaciation and an
expansion of winter sea ice (Shemesh et al., 1994; Hodell et
al., 2001). This IRD increase was accompanied by a decline
in 5'800pal, suggesting an increase in halocline strength at
that time (Shemesh et al., 1994). Thus, the late Holocene
0N increases in RC13-259 and 5GC may indicate an
increase in the degree of nitrate consumption, associated
with reduced nitrate supply (from a freshening-induced
reduction in wintertime vertical mixing) and/or better
conditions for algal nitrate assimilation (ice-borne iron and
shoaling of the mixed layer). The greater Holocene '°N
increase in at RC13-259 than in 5GC may relate to its
location just downstream of “‘iceberg alley,” the track of
floating ice from the Weddell Sea that is shed off the
Antarctic Peninsula; with a neoglaciation, this region may
have been particularly susceptible to ice-driven changes.
Alternatively, the difference between RC13-259 and SGC
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may be better interpreted as a large-scale interbasin
difference, with the Atlantic receiving more aeolian
deposition. The site of RC13-259 appears to be one of
the non-coastal Antarctic regions with the greatest seasonal
nitrate drawdown, of roughly 12puM (Conkright, 2002),
and the Levitus et al. (1994) mixed layer climatology also
identifies it as having an anomalously shallow summer
MLD for a site so far from the continent (Kara et al.,
2003). These observations are qualitatively consistent with
an impact of melting ice at this site today. Still, the
maximum 8'°N values during the Holocene are similar to
the maximum during the LGM, yet we do not think this
AZ site is as nutrient-deplete today as we have proposed
for the AZ south of the SACCF during the LGM. Thus, in
the context of our hypothesis, we do not understand the
Holocene 8'°N increase in RC13-259 at a quantitative
level.

4. Conclusions

The modern spatial distribution of diatom-bound 6'°N
along 170°W, with a 3.4%o increase southward from the
APF, is best explained by more complete nitrate consump-
tion combined with a lower isotope effect of nitrate
assimilation toward the South. Both effects are thought
to be related to the shoaling of summertime mixed layer.
This suggests a role for seasonal sea ice in determining both
the degree of nitrate consumption as well as its isotopic
expression as recorded in the sediments.

New downcore diatom-bound §'°N data suggest an ice
age AZ characterized by greater spatial gradients in
physical and biogeochemical conditions than we observe
today, with the SACCEF arising as a potentially important
mid-Antarctic front. We envision an AZ where year-round
density stratification greatly reduced winter mixing, so that
the nutrient supply to the surface was limited to wind-
driven upwelling, which was located at the Antarctic
Divergence close to the modern APF and bounded to the
South (as it is today) by the SACCEF. In this scenario,
nitrate supply to the polar Antarctic occurred through
lateral mixing with waters from the region of upwelling.
The summertime marginal ice zone was associated with the
region south of the SACCF, with continued upwelling near
the Polar Front precluding extensive summertime ice in
that region. The summertime marginal ice in the polar
Antarctic encouraged the consumption of this limited
nutrient supply from the North through the summertime
input of atmospheric Fe accumulated in the ice over the
winter, as well as through shoaling of the summertime
mixed layer. The extremely high diatom '°N was caused
by a high degree of nitrate consumption and the "N
enrichment of the surface nitrate supply from the North by
previous algal consumption. This high nutrient consump-
tion in the polar Antarctic would have enhanced the
previously proposed decrease in CO, evasion due to
density stratification of the AZ (see Sigman and Haug,
2003 for a box model comparison of the CO, decreases due

to Antarctic stratification with and without increased
nutrient consumption).

Clearly, much work is required to test this view of the
glacial Antarctic. Modern evidence for spatial gradients in
¢ suggest that temporal changes in ¢ cannot be ruled out as
a source of variation. The diatom §'°N proxy itself requires
extensive testing in the modern ocean. With regard to the
paleoclimate data, the distribution of N isotope changes is
currently far too sparse to yield a clear picture, and records
from south of the modern SACCF are badly needed.
Finally, a more thorough understanding of the spatial and
temporal heterogeneity in the modern Antarctic must
accompany the effort to evaluate the potential for spatial
variability in the response to climate forcing and its
significance for atmospheric CO,.
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