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The isotopic composition of diatom-bound 
in Southern Ocean sediments 

nitrogen 
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and Jean-Francois Gaillard 4 

Abstract. Treatment of diatom microfossils from Southern Ocean sediments with hot perchloric acid leaves a "diatom- 
bound" N fraction which is 0-4%0 lower in •5•5N than the bulk sediment, typically 3%0 lower in recent Antarctic diatom 
ooze. Results from Southern Ocean surface sediments indicate that early diagenetic changes in bulk sediment N content 
and •5•5N are not reflected in diatom-bound N, suggesting that diatom-bound N is physically protected from early 
diagenesis by the microfossil matrix. A meridional transect of multicores from the Indian sector of the Southern Ocean 
shows a northward increase in the •5•5N of diatom-bound N, suggesting that diatom-bound •5•SN, like bulk sedimentary 
•SlSN, varies with nitrate utilization in the overlying surface waters. The •SlSN of diatom-bound N is 3-4%0 higher in 
glacial age Antarctic sediments than in Holocene sediments, supporting the hypothesis, previously based on bulk 
sediment •5•SN, that nitrate utilization in the surface Antarctic was higher during the last ice age. While there are 
important uncertainties, the inferred range of utilization changes could potentially explain the entire -80 ppm amplitude 
of observed glacial/interglacial variations in atmospheric CO2. 

1. Introduction 

Field and laboratory studies show that isotopic fractiona- 
tion during nitrate uptake links the degree of nitrate consump- 
tion by phytoplankton to the isotopic composition of nitrate, 
suspended particulate N, and the sinking N flux in marine sys- 
tems [Wada and Hattori, 1978; Wada, 1980; Altabet and 
McCarthy, 1985; Altabet et al., 1991; Francois et al., 1992; 
Nakatsuka et al., 1992; Altabet and Francois, 1994a; Montoya 
and McCarthy, 1995; Pennock et al., 1996; Wu et al., 1997; 
Waser et al., 1998]. In the case of a finite nitrate pool the pref- 
erential uptake of •4N nitrate relative to •SN nitrate by phyto- 
plankton causes the •5•5N of nitrate to increase as a function of 
"nitrate utilization," the fraction of the initial nitrate supply 
which is consumed (•5•N, in permil versus atmospheric N 2 = 
{[(•SN/•4N)samp•e/(•SN/•4N)atm ] - 1 }'1000). Because nitrate is typi- 
cally the ultimate N source in nutrient-replete marine ecosys- 
tems, progressive nitrate utilization causes a parallel increase 
in the •5•5N of newly formed biomass N. 

In the Southern Ocean the nitrate utilization/N isotope link 
has been most explicitly studied through isotopic measure- 
ments of nitrate, which have demonstrated that the •5•5N varia- 
tions of nitrate in the surface layer are dominated by a quantita- 
tively consistent correlation with nitrate utilization [Signtan, 
1997]. The •5•5N of nitrate increases into the surface layer, in 
concert with the decrease in nitrate concentration due to nitrate 

•Woods Hole Oceanographic Institution, Woods Hole, Massachu- 
setts. 

2Now at Department of Geosciences, Princeton University, Prince- 
ton, New Jersey. 

3Center for Marine Science and Technology, University of Massa- 
chusetts, New Bedford. 

4Department of Geological Sciences, Northwestern University, 
Evanston, Illinois. 

Copyright 1999 by the American Geophysical Union. 

Paper number 1998PA900018. 
0883-8305/99/1998PA900018512.00 

uptake by phytoplankton [Sigman et al., 1997; D.M. Sigman 
et al., The •5•5N of nitrate in the Southern Ocean, 2, Nitrate 
supply and uptake in surface waters, submitted to Global 
Biogeochem. Cycles, 1998b, hereinafter referred to as Sigman 
et al., submitted manuscript, 1998b]. In addition, the •5•5N of 
surface nitrate increases toward the north in the Southern 

Ocean, in parallel with the decrease in surface nitrate concen- 
tration toward the north (Sigman et al., submitted manuscript, 
1998b). Sediment trap data and surface sediment data demon- 
strate that this nitrate utilization/•5•N relationship is recorded 
in open ocean sediments, albeit with a 2-5%0 diagenetic in- 
crease during incorporation into the sediment record [Francois 
et al., 1992; Altabet and Francois, 1994a; Farrell et al., 1995]. 
On this basis, downcore variations in sedimentary •5•5N may 
provide information on the history of nitrate utilization in the 
Southern Ocean. While there are some important complexities 
in such interpretations for the Subantarctic Zone (north of the 
modem Polar Frontal Zone), we would expect the nitrate utili- 
zation/•5•N relationship of the Antarctic Zone (south of the 
Polar Front) to persist through oceanographic changes (D.M. 
Sigman et al., The •5•N of nitrate in the Southern Ocean, 1, Ni- 
trogen cycling and circulation in the ocean interior, submitted 
to J. Geophys. Res., 1998a, hereinafter referred to as Sigman 
et al., submitted manuscript, 1998a; Sigman et al., submitted 
manuscript, 1998b). 

Sediment cores from the Antarctic record a change in bulk 
sediment nitrogen isotopic composition at the last gla- 
cial/interglacial transition. The •5•N of last glacial sediments 
is 1-4%o higher than the •5•N of Holocene sediments [Francois 
et al., 1992, 1997]. This glacial/interglacial bulk sediment 
•5•5N change has been hypothesized to record a higher degree of 
nitrate utilization in Antarctic surface waters during the last ice 
age [Francois et al., 1992, 1997]. This change would have had 
far-reaching implications for the circulation of the Southern 
Ocean and for observed glacial/interglacial changes in the at- 
mospheric concentration of carbon dioxide [Knox and McEl- 
roy, 1984; Sarmiento and Toggweiler, 1984; Siegenthaler and 
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Wenk, 1984; Broecker and Peng, 1987, 1989' Keir, 1988, 
1990; Sarmiento and Orr, 1991 ]. 

One concern about this interpretation involves the poten- 
tial effect of diagenetic and sedimentary processes on bulk 
sediment/5•5N. Given the significant /5•5N increase associated 
with the incorporation of sinking organic N into surface sedi- 
ments [Altabet and Francois, 1994a] and evidence for variabil- 
ity in this isotopic enrichment as a function of the degree of 
preservation [Sachs, 1997], diagenetic or other sedimentary 
changes may be responsible for the isotopic difference be- 
tween last glacial and Holocene sediments in Antarctic sedi- 
ment cores. The impact of diagenesis on paleoceanographic 
records can be assessed and overcome by isolating sedimentary 
organic material which is either protected from diagenesis or 
are not isotopically affected by it [e.g., Hayes et al., 1989' 
Jasper and Hayes, 1990; Sachs, 1997]. 

Shemesh et al. [1993] pioneered the use of diatom micro- 
fossils to overcome the uncertainties of bulk sediment carbon 

and nitrogen isotopic composition. The premise of this ap- 
proach is that organic matter resides within the hydrated silica 
matrix of diatom microfossils, that this organic matter was in- 
corporated into the microfossils by the living diatoms, and 
that the organic matter is physically protected by the opal ma- 
trix from bacterial decomposition, both within the water col- 
umn and at the seafloor. In their analytical procedure, diatom- 
bound organic matter is isolated by physical separation of the 
diatom microfossil fraction from the other components of the 
sediment, followed by wet chemical oxidation to remove any 
organic matter on the microfossil surface. The remaining or- 
ganic matter, presumably within the microfossils, is converted 
to gas for mass spectrometry by combustion of the surface- 
oxidized diatom microfossil material. 

Southern Ocean diatom-bound organic carbon isotopic rec- 
ords generated in this way show a pattern similar to that of 
bulk sediment •13Corg records, with lower fi13C values during ice 
ages [Singer and Shemesh, 1995]. However, diatom-bound 
;515N was also found to be lower in glacial-age sediments than 
in Holocene sediments [Shemesh et al., 1993], which is in the 
opposite sense to the/515N change observed in bulk sediments 
[Francois et al., 1992, 1993, 1997]. The results of Shemesh et 
al. [1993] indicate that diatom filSN is 9-11%o in Holocene 
sediments, which is >5%0 higher than bulk sediment /Sl•N and 
>8%0 higher than the /515N of the N sinking flux [Wada et al., 
1987; Sigman et al., submitted manuscript, 1998b; M. Altabet 
and R. Francois, unpublished data, 1998]. 

In this study we report N isotope measurements of diatom- 
bound N from recent and glacial age Southern Ocean sediments. 
These results support the use of diatom-bound N as a pa- 
leoceanographic tool. In contrast to the downcore results of 
Shemesh et al. [1993], we find that the /515N of diatom-bound 
organic N is 3-4%0 higher in glacial sediments than in Holo- 
cene sediments, in qualitative agreement with the downcore 
change which occurs in bulk sedimentary/515N [Francois et al., 
1992, 1997]. 

2. Materials 

We have studied (1) a multicore profile from the Antarctic 
Zone in the west Pacific sector of the Southern Ocean, (2) a 
noah-south transect of multicore profiles from the central In- 

dian sector, and (3) two paleoceanographic-scale cores from 
the Antarctic, one in the Atlantic sector and one in the central 

Indian sector (Figure 1 and Table 1). The multicore NBP 96-4-2 
MC 4 was collected from the Antarctic Zone of the west Pacific 

sector (64øS, 170øE) during the Joint Global Ocean Flux Study 
Southern Ocean sediment trap site survey cruise of the R/V Na- 
thaniel B. Palmer in September 1996. A depth profile in one 
subcore is used to study the relationship between bulk sedi- 
ment and diatom microfossil-bound N during the course of 
early diagenesis. The meridional transect of multicores from 
the Indian sector was collected during the ANTARES 1 cruise of 
the R/V Marion Dufresne in March-May 1993 [Gaillard, 1997]. 
We use this transect to test for a noahward increase in diatom 

/Sl•N, which should occur if diatom /Sl•N varies with nitrate 
utilization in the Southern Ocean surface, in analogy to the 
observed north-south gradients in nitrate /Sl•N and bulk sedi- 
ment/515N [Francois et al., 1992; Altabet and Francois, 1994a; 
Sigman et al., submitted manuscript, 1998b]. Two cores, grav- 
ity core AII 107-22 • from the Atlantic Antarctic (55øS, 
3øW, 2768 m depth) and piston core MD 84-552 from the In- 
dian Antarctic (55øS, 74øE, 2230 m) provide records of diatom 
/Sl•N across the last glacial/interglacial transition. Both cores 
are from the modem Antarctic Zone and have planktonic 
foraminiferal oxygen isotope stratigraphies [Keigwin and 
Boyle, 1989; L.D. Labeyrie, personal communication, 1996]. 

3. Methods 

To isolate diatom-bound N, we use (1) physical separation 
steps to isolate the diatom microfossil fraction from the bulk 
sediment and (2) chemical oxidation of the diatom microfossil 
fraction to remove labile organic matter on the exterior of the 
microfossils. The physical separation methods follow the 
sieving and settling approach of Shemesh et al. [1988] with 
the addition of two steps: (1) a 10 gm sieving step to aid with 
clay removal and (2) a heavy liquid step to remove detrital 
grains and clays. We use an oxidation procedure similar to that 
of Shemesh et al. [1993] and Singer and Shemesh [1995], 
which employs an oxidizing acid at 70øC. However, we use 
concentrated (72%) perchloric acid alone, rather than the nitric 
acid/perchloric acid mixture used by Shemesh et al. [1993], 
since nitric acid represents a potential source of contamination 
for N isotope work. Sigman [1997] reports the complete pro- 
tocol for the isolation of diatom-bound N and additional data 

on the application of the physical and chemical steps of the 
isolation protocol to a number of sediment standards from the 
Southern Ocean. 

The isotopic and N content analyses were performed on a 
Europa Roboprep elemental analyzer on line with a Finnigan 
MAT 251 stable isotope ratio mass spectrometer. Isotopic val- 
ues are reported in permil (%0)units versus laboratory air N 2, 
which is checked for consistency using several types of cali- 
brated lab standards, including dried solutions of 6- 
aminocaproic acid, glycine, potassium nitrate, and ammonium 
sulfate. Ammonium sulfate standard solution pipetted onto an 
acidified glass fiber disk typically yields a standard deviation 
of 0.15%o. Isotopic measurements of diatom-bound N are less 
precise because they have a low N content. The standard devia- 
tion for this type of sample is -0.3%0 or better for analysis dur- 
ing a single day. Our long-term precision is somewhat worse, 
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Figure 1. Map view of the Southern Ocean cores used in this study. NBP 96-4-2 MC 4 (solid square) is from a multicore in 
diatom ooze from the Antarctic Zone in the west Pacific sector. This core is used to study the effect of early diagenesis on dia- 
tom-bound N. The ANTARES I multicores (solid circles) from the central Indian sector provide a meridional transect across 
the Polar Frontal Zone, which is used to investigate the role of nitrate utilization in the isotopic variation of diatom-bound N. AII 
107-22 GGC, a gravity core from the Atlantic sector of the Antarctic Zone, and MD 84-552, a piston core from the Indian sec- 
tor of the Antarctic Zone, are used to generate diatom-bound •515N records back through the Last Glacial Maximum (solid tri- 
angles). The Polar Front (PF, more southern solid line) separates the Antarctic Zone to the south from the Polar Frontal Zone to 
the north. The Subantarctic Front (SAF, more northern solid line) separates the Polar Frontal Zone to the south from the Suban- 
tarctic Zone to the north. The Subtropical Front (STF, dotted line) separates the Subantarctic Zone to the south from the sub- 
tropical gyre to the north. Frontal positions are from Orsi et al. [ 1995]. 

with a standard deviation of <0.5%,•, probably because of 
changes in the sediment combustion conditions. N content, 
measured by integration of the major ion beam, has a long term 
relative standard deviation of 5-10% for diatom-bound N sam- 

pies. 
To evaluate the effects of the chemical oxidation step, sub- 

samples of a diatomaceous sediment standard (NBP 96-4-3 MC 

Table 1. Sample Locations 
Site Name Purpose Location 

NBP 96-4-2 multicore 4 shallow depth profile 64øS, 170øE 
ANTARES I multicores: 

KTB 5 meridional transect 55øS, 72øE 
KTB 6 meridional transect 52øS, 61øE 
KTB 13 meridional transect 50øS, 58øE 
KTB 11 meridional transect 49øS, 58øE 
KTB 16 meridional transect 48øS, 56øE 
KTB 19 meridional transect 47øS, 58øE 
KTB 21 meridional transect 46øS, 56øE 

AII 107-22 (gravity core) paleoceanographic record 55øS, 3øW 
MD 84-552 (piston core) paleoceanographic record 55øS, 74øE 

6, 14-20 cm, 62øS, 170øE)were oxidized with concentrated 
perchloric acid at 70øC for different lengths of time (1, 6, and 
20 hours). Because the sediment is a very pure diatomaceous 
ooze, the physical separation step was not necessary to purify 
the diatom fraction from this sediment standard, as verified by 
the physical separation and treatment of a subsample. After 1 
hour of oxidation the diatom microfossils show a 3%,• decrease 

in fi•N and a decrease in N content of 5 •tmol N g'• sediment 
(Figure 2a). Continued oxidation (with renewal of the per- 
chloric acid) has no further effect on either N content or fi•N. 
The reproducibility of the isolated N fraction through 20 hours 
of perchloric acid treatment suggests either that the surviving 
N is physically !solated within the diatom microfossils or that 
its chemical structure makes it recalcitrant to the chemical oxi- 

dant over tens of hours. Physical protection seems more likely 
since one would expect a spectrum of reactivities for surviving 
N that is accessible to the oxidant, which would lead to gradual 
changes in N content and fi•N over the course of the experi- 
ment. 

An oxidation time-course experiment with bleach as the 
chemical oxidant shows a continued decrease in N content 
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Figure 2. Time course of •5•5N (solid circles) and N content (open circles) in a diatom ooze sediment standard (NBP 96-4-3 
MC 6, 62øS, 170øE) for treatment with (a) concentrated perchloric acid at 70øC (as in the standard protocol) and (b) bleach at 
70øC. New reagent was added at the 1 and 6 hour time steps. Replicate analyses are shown, and solid lines connect the analysis 
means. The changes observed throughout the bleach treatment are probably due to etching and dissolution of the diatom micro- 
fossils in this basic solution. 

throughout the experiment, with lower values than observed 
with perchloric acid treatment, and the õ'SN of the remaining N 
also varies with oxidation time (Figure 2b). We suspect that 
the isotopic variations and continued N loss are due to the loss 
of diatom-bound N during progressive etching and leaching of 
the microfossils over the course of the treatment because opal 
is soluble in alkaline solutions such as bleach, which has a pH 
of >11.5. Despite the continued N loss and isotopic variation, 
which make bleach a poor choice for the chemical oxidant, the 
diatom-bound õ'SN values are within ~1%o of the value which 

results from treatment with perchloric acid. 
Other oxidative treatments give similar isotopic results 

(Table 2). Treatment with a 1/1 30% H202/50% HC1 mixture 

Table 2. Chemical Treatments of a Diatom Ooze 

•5'5N N Content,' Treatment ' 
%o versus air I•mol N g-' 

,, 

Untreated 4.0 34.1 

72% H4CLO4, 70øC 1.0 27.6 
1/1 30% H202/50% HC1, 70øC I• 1.6 30.4 
1/1 30% H2Od50% HC1, 70øC, 

followed by 72% I-I4CLO4, 70øC 1.1 22.3 
72% H•CLO•, 70øC, followed by 

1/1 30% H202/50% HC1, 70øC 0.9 22.8 
36% H4CLO4 (initial), boiled 2 hours 0.5 20.5 
36% H4CLO4 (initial), boiled to fuming, 

fuming 1 hour 0.4 20.5 
Bleach, 70øC, 1 hour 0.2 24.0 
Bleach, 70øC, 6 hours -0.2 20.6 
Bleach, 70øC, 20 hours 1.4 17.8 
1/1 HNOf72% H4CIO•, 70øC, 20 hours, 

3 DI rinses, filtration 3.9 156.5 

1/1 HNO3/72% H4C10•, 70øC, 20 hours, 
8 Dt '.nns•, filtration 3.1 131.5 

Deionized water, 70øC, 20 hours 3.4 48.5 
, 

The sediment standard is from 14-20 cm depth in NBP 96-4-3 
multicore 6 (64øS, 170øE). 

' No correction ism made here for the weight losses which occur 
during these treatments (see text). 

b The I/1 30% H,Od50% HC1 treatment was carried out for an 
hour past the time when the peroxide was consumed (when 
bubbling stopped). 

yields a õ'SN value which is -0.5%o higher than results from 
the standard perchloric acid treatment. Carrying out both the 
perchloric and peroxide treatments in either order yields õ•SN 
values which are close to the standard perchloric acid treatment 
alone. This suggests that the perchloric acid treatment cleans 
the diatom surfaces more completely than does the H202/HC1 
solution. Oxidation using either boiling or fuming perchloric 
acid yields õ'SN values which are-0.5%0 lower than in the 
standard perchloric acid treatment, which is carried out at 70øC. 
In addition, these hotter perchloric acid treatments result in a 
lower N content in the treated diatom microfossils. These re- 

sults may indicate that perchloric acid treatment at 70øC fails 
to remove a small remaining fraction of the physically vulner- 
able N which is isotopically enriched because of diagenesis. 
Alternatively, the difference may be due to slight isotopic al- 
teration associated with organic N breakdown and release dur- 
ing.boiling with perchloric acid. The data reported in section 4 
are for diatom samples cleaned with concentrated perchloric 
acid at 70øC. 

The decrease in/5•5N which results from our oxidative treat- 

ments is in contrast to the very high õ•SN values (9-12%o) 
which resulted from the 1/1 nitric/perchloric acid oxidation of 
Holocene, Antarctic diatomaceous sediments in the study of 
Shemesh et al. [1993], although no direct bulk/diatom 
comparison was presented in that study. We have used the ni- 
tric/perchloric cleaning protocol of Shernesh et al. [1993] on 
our diatomaceous sediment standard, rinsing and filtering the 
cleaned diatoms repeatedly in an attempt to remove all readily 
desorbable nitric acid (Table 2). However, the treated diatom 
fraction has a N content which is several fold higher than the 
original bulk sediment. This suggests that N from the nitric 
acid is incorporate d into the microfossil material or its organic 
constituents, raising doubts about the significance of the dia- 
tom /5•5N data of Shemesh et al. [1993]. Repeated rinses with 
deionized water gradually lowered the N content of nitric- 
treated samples (Table 2), suggesting that at least part of the 
contaminant N is only loosely bound. However, eight repeti- 
tions of deionized water addition, centrifugation, and decanta- 
tion followed by filtration and rinsing with >600 mL deionized 
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Table 3. C/N of Diatom-Bound Organic Matter 
Sediment 

NBP 96-4-2 MC4, 4.25 cm 
NBP 96-4-2 MC4, 8.5 cm 
NBP 96-4-2 MC4, 9.5 cm 
ANTARES 1 KTB 5, 9-10 cm 
ANTARES 1 KTB 6, 9-10 cm 
ANTARES 1 KTB 13, 9-10 cm 
ANTARES 1 KBE 3, 9-10 cm 
ANTARES 1 KTB 11, 9-10 cm 
ANTARES 1 KTB 16, 9-10 cm 
ANTARES 1 KTB 19, 9-10 cm 
ANTARES 1 KTB 21, 9-10 cm 

Location C/N 
(molar) 

64øS, 170øE 6.2 
64øS, 170øE 6.3 
64øS, 170øE 6.3 
55øS, 72øE 6.9 
52øS, 61øE 5.6 
50øS, 58øE 5.8 
49øS, 58øE 6.5 
49øS, 58øE 6.8 
48øS, 56øE 6.3 
47øS, 58øE 5.0 
46øS, 56øE 6.2 

water left the treated diatoms with high levels of contaminant 
N (Table 2). 

An -25% weight loss occurs during treatment of the diatom 
microfossils with perchloric acid. This weight loss appears to 
occur early in the treatment and is not repeated upon subsequent 
treatment. Most of this weight loss is also observed upon heat- 
ing of our bulk diatomaceous sediment standard overnight at 
70øC in aleionized water. Treatment with hot deionized water 

also causes an -35% increase in N content (Table 2), as is ex- 
pected from a 25% decrease in sediment weight which does not 
liberate sedimentary N. The decrease in weight may be due to 
opal dissolution and dehydration or to the dissolution of hy- 
groscopic authigenic phases. In other studies, chemical treat- 
ment of sediments has been observed to increase the organic 
matter content, suggesting that sediment weight loss is a 
common result of chemical treatment (J. Whelan, personal 
communication, 1997). 

The molar C/N ratio of the diatom-bound organic matter 
tends to range between 5 and 7, showing no consistent correla- 
tion with •5•5N (Table 3). This range of C/N ratios, along with 
results from pyrolysis/gas chromatography/mass spectrometry 
[Sigman, 1997] and amino acid analysis (J. Brandes and P. 
Schafer, unpublished results, 1998), suggest that the microfos- 
sil-bound organic matter is largely proteinaceous. In addition, 
fluorescence microscopy indicates that diatom-bound organic 
matter is distinct from the diagenetically altered, amorphous 
organic matter which is external to the diatom microfossils and 
disseminated throughout the sediment [Sigman, 1997]. In con- 
trast to the disseminated organic matter, the diatom-bound or- 
ganic matter has a component which fluoresces intensely when 
excited with 450-490 nm light, indicating that the diatom- 
bound organic matter is relatively unaltered [Senftle et al., 
1993]. Despite the expected lability of such fresh organic mat- 
ter it survives the perchloric acid treatment, suggesting that it 
is physically protected by the microfossils. Swift and Wheeler 
[1992] report that an oxidative treatment of cultured diatom 
microfossils yields a proteinaceous material which is internal 
to the microfossils, supporting a diatom-native origin for the 
organic matter within sedimentary diatom microfossils. 

4. Results and Interpretation 

4.1. Depth Variations in Antarctic Sediments 

In multicore NBP 96-4-2 MC 4 from the Pacific Antarctic, 
bulk sediment N content decreases with depth (Figure 3, open 
circles), as is commonly observed in open ocean sediments 
[e.g., Muller, 1977]. However, the concentration of diatom- 
bound N is constant with depth (Figure 3, solid circles). Dia~ 
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Figure 3. Depth profiles in a multicore in diatom ooze (NBP 96-4-2 MC 4, Antarctic Zone, west Pacific sector, 64øS, 170øE) of 
the (a) •5•5N and (b) N content before (open circles) and after (solid circles) treatment with perchloric acid at 70øC. Replicate 
analyses are shown, and solid lines connect the means of the bulk sediment analyses. The crosses in Figure 3b indicate the cal- 
culated N content of the cleaned diatom material, corrected for the 25% sediment weight loss, which does not appear to remove 
diatom-bound N (see text). These sediments are almost entirely diatomaceous, so no physical separation steps were performed, 
allowing for a more direct comparison of N content between the treated and untreated material. Application of the physical 
separation protocol to one subsample had no discernible effect on the measured diatom-bound •5•5N. 
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Figure 4. Estimates of the 815N of the N lost from the sediments of NBP 96-4-2 MC 4 during treatment with perchloric acid, 
plotted versus the estimated amount of N lost, based on the N content and 815N data for the bulk sediment and perchloric acid- 
treated sediment, with N content corrected for sediment weight loss during the treatment (crosses in Figure 3b). At least some of 
the N lost during perchloric oxidation has been involved in diagenesis, making these estimates useful for understanding diage- 
netic effects. The data show more curvature than is predicted by a model of constant fractionation during degradation (the 
Rayleigh model, dashed line), so that the data are better fit by a model of two N pools with different 8•5N values and different 
rates of degradation (solid line). The Rayleigh fractionation model is calculated using the uppermost sediment sample, which 
has the most N removed, as the starting point and using an isotope effect of 4.5%o, which causes the Rayleigh fractionation 
model to fit the sample with the least N removed. The two-pool model is a mixing curve between two N pools, with the assumed 
end-members being the samples with the most and least N removed. While the data are not very well predicted by the two-pool 
model, the highly curved trend of the data appears to support a model of multiple N pools which are degraded on different time 
scales. A key assumptions in our comparison is that all sediment samples evolved from the same initial composition. 
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tom-bound N appears to be a major fraction of sedimentary N 
in these diatomaceous sediments, implying that physical pro- 
tection plays an important role in sedimentary N preservation 
[Muller, 1977; Mayer, 1994]. 

The 8]•N of the bulk diatomaceous sediment is 3-5%0, which 
is 2-4%0 higher than the apparent mean annual sinking flux 
8•5N in this sector of the Antarctic (0-1%o based on a nitrate 
isotope balance [Sigrnan, 1997] and 0.5%0 based on measure- 
ments from a moored sediment trap (M. Altabet and R. Fran- 
cois, unpublished results, 1998 ). This difference is consistent 
with comparisons of sediment trap and surface sediment 8•N 
from other open ocean regions, which have demonstrated a di- 
agenetic enrichment of 2-5%0 in bulk sediments [Altabet and 
Francois, 1994a]. The diatom-bound 8•5N is 0.8-2.0%0 in MC 
4, ,and Holocene diatom-bound 8•5N from all other Antarctic 
sites in this study is similarly between 0.5 and 2.0%0. The 
-3%0 difference between diatom-bound and bulk sediment •5•5N 

is qualitatively consistent with the hypothesis that diatom- 
bound N does not undergo the 2-5%0 increase in 8•5N associated 
with aliagenesis of bulk sediment on the seafloor. 

Downcore changes in the 815N of bulk sediment in MC 4 co- 
incide with changes in N content. The uppermost section of 
the core, which includes a "fluff layer" at the sediment/water 
interface, is characterized by high N content and a -1%o lower 
8•5N than the underlying sediment (Figure 3). Similar patterns 
have been observed for bulk sediment 8•5N profiles from the 
equatorial Pacific and appear to reflect the incorporation of the 

recent biogenic rain into the sediment column (M. Altabet, 
unpublished results, 1998). Another shift in bulk sediment 
8•N occurs at 8-12 cm depth and coincides with a downcore de- 
crease in bulk sediment N content (Figure 3). 

These depth variations in bulk sediment 8•N are not 
matched by variations in diatom-bound 8]•N (Figure 3a). This 
is consistent with the interpretation that the bulk sediment 
variations are diagenetic and that these diagenetic changes do 
not affect diatom-bound N. Both bulk and diatom-bound N 

show a gradual-1%o decrease in 8•N with depth (Figure 3a). 
This change may indicate a longer time scale diagenetic effect 
on the diatom-bound N, or it may record a long-term change in 
the isotopic composition of the sinking flux being incorpo- 
rated into the sediment column at this site. The lack of down- 

core change in diatom-bound N content supports the latter al- 
ternative. 

While the difference in N content between bulk sediment 

and diatom-bound N decreases with depth, the 8•5N difference 
between bulk and diatom-bound N is -3%0 down the entire mul- 

ticore profile (Figure 3). This implies that the 8•N of the or- 
ganic N removed by chemical oxidation increases with depth, 
becoming enriched as the size of the labile organic N pool de- 
creases [Macko et al., 1993]. The amount of N removed during 
perchloric acid treatment and its 8•N can be estimated by mass 
balance using the N content and 8•N data (Figure 4). Our esti- 
mates are complicated somewhat by the -25% decrease in 
sediment weight which occurs during the perchloric acid step 
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(see section 3). If the mass loss causes no loss of diatom- 
bound N, as supported by the observation that N content in- 
creases upon treatment with hot aleionized water (Table 2), then 
the amount of N removed by the oxidation is >8 gmol g'• mi- 
crofossils (Figures 3b and 4). Given the •5•5N difference be- 
tween the cleaned diatoms and the bulk sediment the •5•5N of 

the N lost during oxidation is calculated to be as high as 13%o 
(Figure 4). 

The isotopic enrichment of the removed N raises the con- 
cern that the perchloric acid treatment somehow alters the iso- 
topic composition of the sedimentary organic matter, rather 
than removing an isotopically distinct N pool. However, sev- 
eral points argue against this possibility. First, the use of 
other oxidants yields similar isotopic values. Although differ- 
ences as great as 1%o have been noted for different oxidants, 
the oxidized fraction is always significantly lighter than the 
unoxidized sediment, regardless of the oxidant used (Table 2). 
Second, the •5•N depth profile for diatom-bound N has less 
structure than the profile of unoxidized sediment, so that dia- 
tom-bound •5•N does not behave simply as bulk sediment •5•N 
with an isotopic offset (Figure 3a). This same observation 
arises from the other components of our study as well. Third, 
the 15•N of diatom ooze changes within the first hour of per- 
chloric acid treatment but does not continue to change over 
longer periods of treatment (Figure 2a). If isotopic alteration 
of the entire sedimentary N pool was responsible for the •5•5N 
change, it would need to occur quickly and then cease alto- 
gether, which seems unlikely. Given these observations, the 
removal of an isotopically enriched N pool is the best expla- 
nation for the •5•N change observed upon oxidative treatment. 

If the isotopic enrichment of the vulnerable N pool was due 
to degradation with a constant isotope effect, then the •5•N of 
the N removed by perchloric acid treatment would increase as 
the amount of N removed decreases according to Rayleigh frac- 
tion (Figure 4, dashed line) [Marriotti et al., 1981]. However, 
the data do not appear to follow a Rayleigh fractionation trend. 
A better fit to the data is achieved if we assume that there are 

two distinct N pools with different •5•'•N values, one of which is 
preferentially degraded (Figure 4, solid line). We would not ar- 
gue that the fit to this latter model is good. Nevertheless, mod- 
els with multiple N pools such as the two-pool model result in 
trends with more curvature in the space of Figure 4 than the 
Rayleigh fractionation trend, which is qualitatively what the 
data require. Thus the trend of the data leads us to favor a model 
of multiple discrete sedimentary N pools which degrade on dif- 
ferent time scales (e.g., the "multi-G" model [Berner, 1980]) 
over a model of a single N pool which is progressively altered 
by fractionation during degradation. 

4.2. Meridional Variations in Southern Ocean 

Sediments 

Bulk sediment •5•N increases to the noah in the meridional 

transect of the ANTARES 1 multicores (Figure 5a). A similar 
increase in bulk sediment •5•N observed in the east Indian sec- 

tor has been interpreted as reflecting the meridional gradient in 
nitrate utilization [Francois et al., 1992, 1997]. The bulk 
gradient across the transect of cores used in this study is only 
2-3%0 (Figure 5a). Surface sediments further to the north in- 
crease to 7.5%0 (not shown here), yielding a total northward 

increase of-3.5%o for bulk sediment •5•N. This change is 
lower than the 6-8%o noahward increase observed in the east- 

em Indian sector [Francois et al., 1992, 1997] and is mostly 
associated with the •5•N change into the high-opal Antarctic 
sediments south of 50øS. 

Diatom-bound •5•N shows a northward increase of 2.5-3%o 

for sediment samples taken from 4-5 cm depth (Figure 5a). In 
order to compare this gradient with expectations we apply the 
Rayleigh fractionation model to the observed surface nitrate 
concentrations (Figure 5c). The southern end of the transect 
underlies Antarctic surface waters with nitrate concentrations 

of 25-27.5 gM, while the most northerly core in our study un- 
derlies the Polar Frontal Zone with surface water containing 18 
gM nitrate (Figure 5c)[Bianchi et al., 1997], although these 
concentrations, which were measured in April, may be higher 
than during the summertime production maximum. There are 
two Rayleigh fractionation equations for the particulate N gen- 
erated from nitrate uptake, the instantaneous product equation 
and the integrated product equation [Mariotti et al., 1981 ]. As 
described in section 5, the •5•5N of the sinking flux is expected 
to follow the instantaneous product equation when nitrate is 
consumed progressively during lateral transport, while it 
should follow the integrated product equation when surface ni- 
trate concentrations reflect a more local balance of vertical ni- 

trate supply and phytoplankton uptake [Altabet and Francois, 
1994a, 1994b]. Assuming that the isotope effect of nitrate up- 
take is 5%o (Sigman et al., submitted manuscript, 1998b) and 
using the nitrate concentrations collected during ANTARES 1, 
the expected meridional change in sinking flux •5•5N is 0.9%ø 
using the integrated product Rayleigh fractionation equation 
and 2.25%0 using the instantaneous product Rayleigh frac- 
rionation equation (Figure 5c and section 5). Thus the diatom 
•5•5N data appear to support the use of the instantaneous prod- 
uct equation across the Polar Frontal Zone, which applies in 
cases where nitrate supply is largely by net noahward trans- 
port in the surface layer (see section 5). This matches the pic- 
ture of nitrate transport which has arisen for the Subantarctic 
Zone, just to the north of the Polar Frontal Zone (Sigman et 
al., submitted manuscript, 1998b). On the other hand, if we 
learn in the future that the integrated product Rayleigh equation 
should apply in the Polar Frontal Zone, then the meridional 
•5•5N gradient observed in the uppermost sediments is greater 
than expected from the observed gradient in nitrate concentra- 
tion. In this case we might infer that diatom-bound •5•5N is 
overly sensitive to nitrate utilization, varying more than we 
expect the •5•5N of the sinking flux to vary. 

However, the significance of such comparisons is uncer- 
tain, because of a discrepancy between surface ocean condi- 
tions and sediment characteristics which was noted in the ben- 

thic studies of ANTARES 1 [De Wit et al., 1997; Riaux-Gobin 
et al., 1997; Talbot and Bianchi, 1997]. The Subantarctic Zone 
is greatly constricted at this longitude (Figure 1), leading to an 
unusually high velocity in the core of the Antarctic Circumpo- 
lar Current (ACC) [Park and Gamberoni, 1997]. Biological 
production appears to be highest at the sharp nutrient concen- 
tration gradient found at 43ø-46øS [Riaux-Gobin et al., 1997]. 
The intense barotropic flow of the ACC appears to transport 
the biogenic detritus away from the axis of greatest velocity at 
450-460S, resulting in the redistribution of recent organic-rich 
material to the south, as suggested by the meridional distribu- 
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tions of sedimentary N (Figure 5b), sediment respiration rates 
[De Wit et al., 1997], microphyte pigments [Riaux-Gobin et 
al., 1997], and bacterial proteolytic activity [Talbot and Bian- 
chi, 1997]. The occurrence of coastal benthic diatoms in the 
more northern cores also attests to the importance of lateral 

transport in this high energy environment [Riaux-Gobin et 
al., 1997]. Since cumulative nitrate utilization increases to the 
north, meridional transport or exchange of biogenic detritus 
would deliver organic detritus and diatoms with a high 5]-•N to 
our more northern cores, providing an alternative explanation 
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for the large diatom (5•5N gradient which we observe between 
48øS and 55øS. Given the unknowns, the meridional gradient 
in surface sediments provides only qualitative confirmation of 
a link between nitrate utilization and diatom (5•5N. Evaluation 

of the various potential factors in the observed meridional gra- 
dient of diatom-bound (5•5N will require complementary studies 
of isotope dynamics in the surface ocean, in sinking material, 
and in the sediments. 

Downcore changes in both bulk sediment and diatom-bound 
(5•SN are evident in the ANTARES 1 multicores (Figure 5a). Be- 
low 5-10 cm depth in the more northern multicores, there are 
high values for both bulk and diatom-bound (5•N which are in- 
consistent with the monotonic northward increase in nitrate 

utilization (Figure 5a). A depth profile of KTB 13 shows that 
diatom-bound (5•5N increases sharply below 12 cm (Figure 6a). 
At this same depth, aluminum content increases, indicating 
higher aluminosilicate concentrations in the deeper part of the 
core, while sedimentary barium decreases (Figure 6c). The 
(5•5N, aluminum, and barium data are all consistent with the in- 
terpretation that KTB 13 represents a condensed stratigraphic 
section, with the last glacial/interglacial transition occurring 
at a depth of only ~14 cm [Francois et al., 1997]. The occur- 
rence of the glacial/interglacial transition at 14 cm would indi- 
cate a low Holocene sedimentation rate, <1 cm kyr -•. While we 
do not have similar ancillary data for other cores, we suggest 
that this same stratigraphic transition also occurs in the cores 
to the north of KTB 13, explaining the downcore increases in 
diatom (5•5N observed in KTB 11, 19, and 21. Low sedimenta- 
tion rate, winnowing, and scouring are common under the 
ACC, especially where the frontal structure is compressed 
[Heezen and Hollister, 1971], providing support for our infer- 
ence of low sedimentation rates. 

The diatom-bound N content is relatively uniform among 
the different cores, in contrast to the large meridional varia- 

tion in bulk sediment N content (Figure 5 b). This corroborates 
the evidence from section 4.1 that diatom-bound N does not 

vary because of early diagenetic or sedimentary processes. If 
there is a meridional trend in the diatom-bound N content data, 

it is of higher N content in the more southern sediments, 
which are diatom oozes. In these sediments, diatom-bound N 
content is most similar to the N content of the bulk sediment, 
while the (5•N differences between diatom-bound N and bulk 

sediment are greatest (up to 4%0, Figure 5a). This suggests that 
the (5•N of the diagenetically vulnerable N increases as the 
size of this N pool decreases, as is also inferred from the re- 
sults reported in section 4.1. 

Diatom-bound N content appears to decrease with depth in 
cores KTB 6 (52øS)and KTB 13 (50øS), KTB 11 (49øS), and 
KTB 16 (48øS, Figures 5b and 6b). In the paleoceanographic 
profiles described in the following section, there is evidence 
for a similar gradual decrease in diatom-bound N content with 
age. This decrease is probably apparent in the ANTARES 1 
multicores because of low sedimentation rates. Thus diatom- 

bound N may undergo gradual alteration on a time scale of > 10 
kyr. This is a concern for paleoceanographic work on longer 
time scales. 

4.3. Paleoceanographic Records 
From the Antarctic 

Both gravity core AII 107-22 from the Atlantic Antarctic 
and piston core MD 84-552 from the Indian Antarctic show the 
glacial/interglacial change in bulk sediment (5•N which has 
been recognized throughout the Antarctic Zone (Figures 7 and 
8) [Francois et al., 1997]. The higher (5•N values of the glacial 
age sediment have been interpreted as reflecting a higher de- 
gree of nitrate utilization in the Antarctic during the last ice 
age. However, the bulk (5•5N records differ substantially be- 
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tween these cores. In AII 107-22, the maximum gla- 
cial/interglacial difference in bulk (5]•N is the -2%0 shift at 50 
cm, but bulk/5•5N increases back to higher values near the top 
of the core. In MD 84-552 the glacial sediments are up to 5%0 
higher in/5•5N than the Holocene sediments, and the Holocene 
section does not show a significant increase toward the top of 
the core. If these changes are interpreted strictly in terms of ni- 
trate utilization, they imply very different histories of nitrate 
utilization for these two sectors of the Antarctic since the last 

ice age. For instance, the bulk sediment /5•5N increase within 
the Holocene section of AII 107-22 would imply that nitrate 
utilization in the Atlantic sector has increased over the course 

of the Holocene back to near-glacial levels. 
The diatom-bound/5t•N records show the same sense of gla- 

cial/interglacial change as the bulk sediment /5•N records, 
with higher values in the glacial section (Figures 7 and 8). 

(5]•N records are more similar to one another. Although the 
depth resolution of the diatom •5•N samples is too sparse to al- 
low for a rigorous comparison, the glacial/interglacial ampli- 
tude for both cores is -4%0. On the basis of these diatom 

data we conclude that the glacial/interglacial change in the 
/5•N of the sinking flux was similar in the Atlantic and lndian 
sectors of the Southern Ocean, as might be expected given the 
continuity of zonal circulation in these sectors of the Southern 
Ocean. The greater consistency between the two diatom 
records may indicate that they provide a more reliable record of 
sinking flux changes than do the bulk sediment records. For 
instance, in light of the diatom/5•N record from AII 107-22, 
the bulk sediment/5•N change in the top 30 cm of All 107-22 
could be interpreted as an early diagenetic change associated 
with the loss of diagenetically vulnerable sedimentary N dur- 
ing burial (Figure 7). 

This indicates that the fundamental glacial/interglacial bulk 
sediment •5•5N change observed in the Antarctic was not due to 
diagenetic processes, suggesting that the •5•5N of the N sink- 
ing flux in the Antarctic was indeed higher during the last ice 
age. 

While the amplitude of the glacial/interglacial change dif- 
fers significantly for the two bulk sediment records, the diatom 

5. Discussion' Glacial/Interglacial Changes 
in the Antarctic 

Our diatom N results support the conclusion, reached previ- 
ously from bulk sediment/5•N data, that the sinking flux/5•N 
in the Antarctic was higher during the last ice age [Francois et 
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al., 1992, 1997]. Given the role of nitrate utilization in the N 
isotope dynamics of the modem Antarctic, it is reasonable to 
interpret this change in sinking flux 15'5N in terms of nitrate 
utilization. The nitrate utilization/N isotope relationship in 
the modern Antarctic approximates the Rayleigh fractionation 
model in which the surface layer nitrate pool is progressively 
consumed by phytoplankton over the course of the summer 
season, with nitrate uptake having an isotope effect of 5+1%0 
(Figure 9a) (Sigman et al., submitted manuscript, 1998b). Up- 
per Circumpolar Deep Water, the ultimate source of nitrate to 
the modern Antarctic surface, has a 15'5N of ~5%ø (Sigman et al., 
submitted manuscript, 1998a). If it is assumed that these pa- 
rameters have not changed dramatically over the last gla- 
cial/interglacial cycle, then the ~4%0 shift in the sinking flux 
15'SN inferred from the diatom N data suggests that the degree of 
nitrate utilization was higher in the glacial Antarctic. 

Quantifying the inferred utilization change from the 15'•N 
data requires further assumptions. The integrated product equa- 
tion of Rayleigh fractionation would describe the 15'SN of the 
sinking flux out of the surface ocean if the nitrate supply to the 
Antarctic surface is dominated by vertical mixing during the 
winter (Figures 9a and 10a) [Altabet and Francois, 1994a, 
1994b]. On the other hand, if equatorward advection of a pro- 
gressively consumed surface nitrate pool dominates the nitrate 
supply, then the relationship between the degree of nitrate 
utilization and the 15'SN of the sinking flux would more cl. osely 
approximate the instantaneous product equation (Figures 9a 
and 10b). These two possibilities cannot be distinguished us- 
ing Antarctic nitrate 15'5N data (Figure 10), requiring the use of 
other constraints. 

The advective circulation of the Antarctic is composed of 
Ekman-driven net equatorward flow of surface water fed by the 
diffuse upwelling of Circumpolar Deep Water [Gordon et al., 
1977]. This advective circulation leads to both vertical and lat- 
eral fluxes of nitrate (Figure 10c). Combining this circulation 
with the seasonal vertical mixing known to occur in the Ant- 
arctic [Gordon and Huber, 1990; Martinson, 1990], there 
should be components of both vertical and lateral nitrate sup- 
ply within the Antarctic, and we would expect the sinking flux 
out of the Antarctic to follow a •5'•N/nitrate utilization rela- 

tionship which is intermediate between the integrated product 
and instantaneous product equations. 

The uniformity of surface nitrate concentration reflects the 
importance of lateral and vertical mixing in the modem Antarc- 
tic. It suggests that the •5'5N of the sinking flux should be rela- 
tively constant across the Antarctic and should approximate 
the integrated product Rayleigh equation. This view is sup- 
ported by the bulk sediment •5'•N data [Francois et al., 1997] 
and the available sediment trap •5•5N data (M. Altabet and R. 
Francois, unpublished results, 1998). However, lateral nitrate 
transport and progressive utilization may have dominated dur- 
ing the last ice age because of more complete nitrate consump- 
tion (by analogy with the modem Subantarctic (Sigman et al., 
submitted manuscript, 1998b)), in which case the instantane- 
ous product Rayleigh equation would have been more appropri- 
ate for the glacial Antarctic. If we assume that the integrated 
product equation applies in the modem Antarctic, then a 4%0 
•5'5N increase in the sinking flux suggests a 35-75% increase in 
nitrate utilization, that is, 60-100% utilization in the glacial 
Antarctic compared to 25% in the modern Antarctic (Figure 
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ferred utilization of the Last Glacial Maximum (LGM) was nearly complete (open triangle). If the instantaneous product equa- 
tion is appropriate (open arrow), then the inferred utilization during the last glacial was 60% (open circle). In both cases, Holo- 
cene Antarctic nitrate utilization is set at 25%, and the integrated product equation is assumed to apply during the Holocene 
(open square). 

9b). The extremes of this range correspond to the end-member 
assumeions of the instantaneous product equation and the in- 
tegrated product equation for the glacial Antarctic. Using these 
two end-members to define the range of possibilities, Antarctic 
nitrate utilization was 60% or greater during the last ice age, 
given the above assumptions. 

We should note that a continuous steady state between ni- 
trate uptake by phytoplankton and nitrate supply from below, 

as opposed to the Rayleigh model of wintertime nitrate supply 
and summertime •trate u•ake, yields a relationship •tween 
nitrate utilization and •515N which is similar to that of the inte- 

grated product equation of Rayleigh fractionation. Thus, esti- 
mates of the apparent utilization change based on this model 
would be similar to those based on the integrated product equa- 
tion of Rayleigh fractionation. We do not discuss the continu- 
ous supply model further because a steady state balance be- 
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a 
vertical nitrate supply 
(integrated product) 

b 
lateral nitrate supply 

(instantaneous product) 

90% 60% 30% [NO3']/[NO3']initial 

0.3%0 1.2%ø 2.4%ø Nsinking 

90% 60% 30% 

0.5%0 2.6%0 6.0%0 

(initial ,515NO3'= 5%0, œ = 5%0) 

c 
Antarctic surface circulation 

South North 

I I I I 

Figure 10. (a) and (b) Cartoons of the relationship between nitrate utilization and the •515N of the sinking flux. If nitrate is sup- 
plied vertically every winter (Figure 10a), then utilization during the summer occurs in nitrate with an initial fi•SN of 5%0. In this 
case, the filSN of the sinking flux out of any surface box over the course of the year is described by the integrated product 
Rayleigh equation. If instead nitrate is supplied laterally from other surface regions (Figure 10b), then the •SN of the nitrate 
supply to the downstream sites is >5%0. In a surface layer with a lateral gradient in nitrate concentration due to progressive ni- 
trate utilization and unidirectional water transport (and assuming no lateral organic N transport) the •SN of the sinking flux 
follows the instantaneous product Rayleigh equation. (c) In the Antarctic, there are both advective and vertical fluxes of nitrate. 
Seasonal mixing (open arrows) supplies nitrate from Circumpolar Deep Water. Ekman divergence (solid arrows) results in 
components of both vertical and lateral nitrate supply. Lateral mixing (open arrows and dashed lines) works to homogenize the 
Antarctic surface, erasing any pattern of progressive utilization across the Antarctic. Observations suggest that the vertical 
transport and mixing terms dominate, so that the sinking flux out of the modern Antarctic should follow the integrated product 
equation. However, the situation may have been different during the last glacial period. 

tween nitrate supply and uptake is not supported by observa- 
tions from the Antarctic (Sigman et al., submitted manuscripts, 
1998a, 1998b). 

An alternative explanation for the observed gla- 
cial/interglacial •515N change is that some aspect of the frac- 
tionation process has changed on glacial/interglacial time 
scales. The two key parameters in this regard are (1) the iso- 
tope effect of nitrate uptake and (2) the •515N of the initial ni- 
trate supply (Figure 9a). 

Taking the different culture-based estimates at face value, 
there is potential for large variations in the isotope effect of 
nitrate uptake [Wada and Hattori, 1978; Wada, 1980; Montoya 
and McCarthy, 1995; Pennock et al., 1996; Waser et al., 
1998]. However, the most recent studies report a relatively nat- 

row range of variation in the isotope effect (e.g., 4.5-6.3%0 for 
the diatom Thalassiosira pseudonana [Waser et al., 1998]). 
The field-based estimates of the isotope effect are remarkably 
similar relative to our ability to estimate it (5_+1%o over a range 
of modem environmerits [Sigrnan, 1997; Wu et al., 1997; Al- 
tabet et al., 1999]). While it remains possible that changes in 
the isotope effect have contributed to the glacial/interglacial 
•5•5N change of the Antarctic sinking flux, Antarctic •15NO 3 re- 
sults to date do not provide support for a -4%0 lower isotope ef- 
fect in the glacial Antarctic (Sigman et al., submitted manu- 
script, 1998b). 

The •5•N of the nitrate supply to the modem surface Antarc- 
tic •s set by Circt•mpolar Deep Water, its ultimate nitrate 
source. In turn the nitrate 5•SN of Circumpolar Deep Water is 
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tied to the global deep water value of-5%c (Sigman et al., sub- 
mitted manuscript, 1998a). Assuming the same deep ocean iso- 
topic homogeneity during the last glacial period, the 6•5N of 
the nitrate supply to the Antarctic would have reflected the 
global deep nitrate 6•5N of the glacial ocean. Therefore, we 
must ask whether the 6•N of nitrate in glacial deep water may 
have been higher. 

Attempts to test for a glacial/interglacial change in the 61•N 
of oceanic nitrate have focused on downcore records from sub- 

tropical regions, where nitrate is being supplied to the surface 
from the thermocline and intermediate depth ocean (J. Farrell 
and T. Pederson, unpublished results, 1997' M. Altabet, unpub- 
lished results, 1998). Published data show no discernible gla- 
cial/interglacial change in these environments [Francois et al., 
1997]. This argues against a large change in the mean 5•i'4 of 
thermocline nitrate over glacial/interglacial cycles. 

In ocean geochemistry models, enhanced polar nutrient 
utilization drives a decrease in the mean oxygen concentration 
of the ocean interior [Knox and McElroy, 1984; Sarmiento and 
Toggweiler, 1984; Siegenthaler and Wenk, 1984]. This oxy- 
gen decrease occurs mostly in the deep ocean, below thermo- 
cline and intermediate depth waters (Figure 11) [Keir, 1988, 
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1990; Sarmiento and Orr, 1991 ]. The redistribution of nutri- 
ents and oxygen between the intermediate and deep ocean, first 
proposed by Boyle [1988] as "nutrient deepening," is sup- 
ported by evidence of nutrient depletion and higher oxygen 
concentrations at intermediate depths [e.g., Boyle and Keig- 
win, 1982; Oppo and Fairbanks, 1987; Kallel et al., 1988; 
Herguera et al., 1992; Boyle et al., 1995; Kennet and Ingram, 
1995] and lower oxygen concentrations in the deep ocean 
[Francois et al. , 1997]. 

In the intermediate depth low-oxygen zones of the modern 
ocean, denitrification causes isotopic enrichment of nitrate 
[Cline and Kaplan, 1975; Liu and Kaplan, 1989; Brandes et al. , 
1998]. During the last glacial, higher oxygen concentrations 
at intermediate depths apparently suppressed denitrification at 
these depths [Altabet et al., 1995; Ganeshram et al., 1995]. If 
low-oxygen zones shifted into the deeper ocean during the last 
ice age, then denitrification might have become a deep ocean 
phenomenon, leading to zones of high nitrate 6•'•N in the deep 
ocean. Since Circumpolar Deep Water exchanges directly with 
the abyssal waters of the global ocean, any such increase in the 
6•5N of deep ocean nitrate would have increased the 615N of the 
nitrate supply to the Antarctic surface. 

The isotopic signal of denitrification in the modern inter- 
mediate depth ocean diminishes rapidly away from the regions 
of denitrification. For instance, thermocline •5NO3 decreases 
from >15%c near the eastern margin of the tropical Pacific to 
<6%• on the same isopycnal near Hawaii, only -1%• higher 
than the apparent mean value for deep ocean nitrate 6•5N [Cline 

Figure 11. The response of (a) atmospheric CO2 and (b) subsurface 02 
to changes in Southern Ocean nutrient utilization in the Cyclops model 
[Keir, 1988]. In the interglacial standard case, nutrient utilization is 23% 
(vertical line). That is, 23% of the gross nitrate and phosphate supply to 
the Southern Ocean surface is consumed by phytoplankton before the 
surface water descends back into the subsurface as newly formed in- 
termediate water or deep water (for the circulation, see Keir [1988] or 
Sigman et al. [1998]). In one set of experiments, nutrient utilization is 
altered by varying export production (circles in both Figure 1 la and Fig- 
ure l lb). The atmospheric CO 2 response is calculated with and without 
the effect of the oceanic CaCO 3 balance (solid and open circles, re- 
spectively) [Sigman et al., 1998]. The greater CO 2 response of the open 
system case (which includes the oceanic CaCO 3 balance) is largely due 
to a transient dissolution event which occurs in the deep sea in response 
to a utilization increase [Broecker and Peng, 1987]. As pointed out by 
Keir [ 1988, 1990] and Sarrniento and Orr [1991], the 02 decrease in the 
subsurface is focused in the deep sea (solid circles in Figure 1 lb), with 
intermediate depth and thermocline 02 levels changing little (open cir- 
cles). In a second set of experiments, utilization is varied by changing 
the vertical mixing rate in the Southern Ocean while maintaining a con- 
stant rate of export production in that region (solid triangles in Figure 
11a). This experiment is more representative of the apparent gla- 
cial/interglacial changes in the Antarctic, with enhanced nitrate utiliza- 
tion during the last glacial period resulting from reduced nitrate supply 
rather than increased export production [Francois et al., 1997]. When 
the vertical mixing rate is lowered, an increase to 42% nutrient utiliza- 
tion lowers atmospheric CO 2 by 70 ppm, compared to a 45 ppm decrease 
if utilization was increased to this level by enhanced export production. 
The cause for these different responses of atmospheric CO 2 to a given 
change in nitrate utilization will be described elsewhere. Any further in- 
crease in nutrient utilization due to reduced nutrient supply would re- 
quire a more involved model experiment which includes changes in 
global ocean circulation. As vertical mixing is reduced in the Southern 
Ocean, steps are taken to prevent warming in the model deep ocean (a 
side effect of this experiment), since the deep ocean was colder during 
the last glacial period [Schrag and DePaolo, 1993]. 
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and Kaplan, 1975; Sigman et al., submitted manuscript, 
1998a; M. Altabet, unpublished results, 1998]. If denitrifica- 
tion occurred in the deep ocean during the last glacial period, 
its isotopic signal would have been diluted over the large vol- 
ume of abyssal waters. Given the evidence against a large 
change in the •5•SN of the thermocline nitrate, it seems unlikely 
that a deep ocean denitrification signal could have caused more 
than a 1%o increase in the •SN of deep nitrate during the last 
glacial period, so that it could explain only a portion of the 
observed glacial/interglacial change in Antarctic diatom •i•N. 
Moreover, a decrease in deep ocean oxygen requires a cause, 
and the inferred increase in polar nutrient utilization is a par- 
ticularly suitable candidate [Keir, 1988, 1990]. 

Despite these and other uncertainties in the translation of 
diatom •i•N to nitrate utilization it is worth considering the 
potential effect of the inferred utilization changes on atmos- 
pheric CO2. Using the "Cyclops" ocean geochemistry model 
[Keir, 1988; Sigman et al., 1998] to provide an estimate of the 
expected carbon cycle response to enhanced nitrate utilization, 
we find that 25-40% higher nitrate utilization (i.e., 50-65% in 
the glacial ocean compared to 25% during the present intergla- 
cial) would lower atmospheric CO2 by -80 ppm (Figure 11), 
which is comparable to the glacial/interglacial atmospheric 
CO2 variations observed in ice core records [Barnola et al., 
1987]. This calculation must be considered in the context of 
the uncertainties described above. Even if the interpreted 
change in Antarctic nitrate utilization is correct, the Suban- 
tarctic remains poorly understood with regard to nutrient sup- 
ply and uptake during the last ice age, and this region is also 
represented by the Southern Ocean surface box in the Cyclops 
model. Nevertheless, our results provide motivation for a re- 
newed consideration of the Southern Ocean as a driver of gla- 
cial/interglacial changes in atmospheric CO2. 

6. Conclusions 

Unlike bulk sedimentary N, diatom-bound N does not appear 
to be isotopically altered by early bacterial aliagenesis, making 
it a useful tool for paleoceanographic studies. Our data suggest 
that it survives early aliagenesis because of physical protection 
within the opal matrix. Chemical composition and fluores- 
cence microscopy data to be presented elsewhere corroborate 
this interpretation, suggesting that the diatom-bound N is na- 
tive to the diatoms [Signtan, 1997]. The •i•N of diatom-bound 
N, like that of the integrated sinking flux and bulk sediment, 

appears to vary with the degree of nitrate utilization in South- 
ern Ocean surface waters, although the quantitative nature of 
the link has not been fully demonstrated. In any case, given 
the evidence for a Rayleigh fractionation-like process associ- 
ated with nitrate uptake in Southern Ocean surface waters 
(Sigman et al., submitted manuscript, 1998b) and the recog- 
nized importance of diatoms in nitrate uptake [Dugdale and 
Wilkcrson, 1998], this relationship is to be expected. 

Our downcore results on diatom-bound N suggest that the 
•i•N of the sinking flux was 3-4%0 higher during the last gla- 
cial period, supporting the interpretation that the previously 
reported glacial/interglacial change in bulk sediment •i•SN had 
its origins in the upper ocean, rather than being due to diage- 
netic or sedimentary processes. Given our understanding of 
Southern Ocean N isotope dynamics, a change in nitrate utili- 
zation in Antarctic surface waters is the simplest explanation 
for the glacial/interglacial change in the •i•N of the sinking 
flux. While there are many uncertainties, we estimate that the 
diatom •i•N change would correspond to an increase in utiliza- 
tion of 40% or more, making it a potential explanation for ob- 
served glacial/interglacial atmospheric CO2 changes. 

Paleoceanographic proxy data demonstrate that biogenic 
fluxes were reduced in the Antarctic Zone during the last ice 
age, suggesting that more complete nitrate utilization in the 
Antarctic was due to a lower rate of nitrate supply from the sub- 
surface [Francois et al., 1997], rather than an increase in ex- 
port production. The cause for this change in the rate of nitrate 
supply remains an open question. A stronger Antarctic halo- 
cline [Morley and Hays, 1983], perhaps due to a more vigorous 
sea ice cycle [Crosta et al., 1998], may have decreased the rates 
of vertical mixing and nitrate supply in the Antarctic. Alterna- 
tively, a northward shift in the wind field may have decreased 
the nitrate supply to the Antarctic through a reduction in Ek- 
man divergence [Toggweiler and Samuels, 1995]. It is worth 
noting the consistency between the possibility of less Ekman 
divergence in the glacial Antarctic and the evidence for a gla- 
cial reduction in the formation rate of North Atlantic Deep Wa- 
ter [e.g., Boyle and Keigwin, 1982], which currently feeds the 
overturning circulation of the Southern Ocean. 
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