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Abstract: [1] We present excess Ba (Baxs) data (i.e., ®&atorrected for lithogenic Ba) for surface seditaen
from a north-south transect between the Polar FZone and the northern Weddell Gyre in the Atlasgctor
and between the Polar Front Zone and the Antacditinent in the Indian sector. Focus is on twdedént
processes that affect excess Ba accumulation isettiienents: sediment redistribution and excessi&oldition.
The effect of these processes needs to be corrémtéd order to convert accumulation rate intotisad rain
rate, the flux component that can be linked to expmduction. In the Southern Ocean a major preoeéfecting
Ba accumulation rate is sediment focusing, whictoisected for using exce$€Th. This correction, however,
may not always be straightforward because of bayngeavenging effects. A further major process diffigy
excess Ba accumulation is barite dissolution dugrgosure at the sediment-water column interfacgoE
production estimates derived from excess Th andtebdissolution corrected Baxs accumulation rafes, (
excess Ba vertical rain rates) are of the same itagnbut generally larger than export productistineates
based on water column proxi€d*Th-deficit in the upper water column; particulaieess Ba enrichment in the
mesopelagic water column). We believe export pridoosalues based on excess Ba vertical rain régétrbe
overestimated due to inaccurate assessment ofatke f[Beservation rate. Barite dissolution hasgimegal, been
taken into account by relating it to exposure timedore burial depending on the rate of sedimentractation.
However, the observed decrease of excess Ba cowiémtincreasing water column depth (or increasing
hydrostatic pressure) illustrates the dependendsanfe preservation on degree of saturation indinep water
column in accordance with available thermodynansitadTherefore correction for barite dissolutionuidonot
be appropriate by considering only exposure timthefbarite to some uniformly undersaturated deaggmbut
requires also that regional differences in degfaedersatuation be taken into account.

Index Terms. 1050 Geochemistry: Marine geochemistry (4835, 488835 Oceanography: Biological and
Chemical: Inorganic marine chemistry;

Keywords: excess Ba, sediment, Southern Ocean, export pioduc

1. Introduction

[2] Numerous studies have emphasized the importahtiee Southern Ocean in regulating atmospheribara
dioxide contenfKnox and McElroy,1984; Sarmiento and Toggweiled,984; Siegenthaler and Wenk984;
Broecker and Pend,989;Keir, 1990;Martin et al.,1990;Shemesh et a,993;Moore et al,2000;Stephens and
Keeling,2000]. Spatiotemporal variability of oceanic primaroduction and related export of organic carlmn t
the deep sea and the sediment were invoked as mmgohanisms explaining variations of the atmosgheri
carbon dioxide level between glacial and interglbBileistocene stages [e.§armiento and Toggweilet984;
Martin et al.,1990;Keir, 1990]. Controversial hypotheses were advanced\arf[e.g.Martin, 1990;Kumar et
al, 1993] or against an increased productivity durifagigl periods in the Southern Ocean [eFgancois et al,
1992, 1997;Bareille et al.,1998; Frank et al., 2000]. This controversy is linked partly to the felient
geochemical behavior of the proxies used to recoacispast export production. Sedimentary bariteoisjs
supposed to be, one of the most promising proXesorrelation between biological productivity inrface
waters and Ba, or barite content, was evidenceddant and past marine sedimer@®ldberg and Arrhenius,
1958; Church,1979; Schmitz,1987; Shimmield,1992;Von Breymann et al1992;Gingele and Dahmke,994;
Frank et al.,1996; Paytan et al.,1996; Nirnberg et al.,1997]. Studies of the water column related the
abundance of suspended particulate Ba (especiathposed of barite micro-crystals) to plankton agtiand
more precisely to the breakdown of plankton dedr{idehairs et al.,1980, 1997 Bishop,1988]. This link was
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evidenced in the Southern Ocean by the symmetatugen of particulate Ba and dissolved oxygen pesfand
pCO, with water depthDehairs et al.,1991; Stroobants et al.1991]. These different observations suggest that
barite is a suitable proxy for export producti@ymond et al.1992;Paytan et al.1996;Shimmield et al.1994;
Francois et al.1995;Nurnberg et al.1997].

[3] A widely applied method for assessing expomdarction requires the measurement of total sediangnt
barium content. The excess Ba (Baxs) content, wiichssumed to consist mainly of biogenic barige, i
estimated by correcting for Ba of detrital origBaxs is only an estimate of the effective sedingnbarite
content. Selective leachings on Pacific sedimaqt samples emphasize that up to 50% of the Baxistmag be
barite but rather Ba adsorbed or bound on orgamitemand carbonate®ymond et al.1992]. According to
Schroeder et a[1997] this nonbarite Baxs results from dissolverdli2ing scavenged by settling particles in the
water column. At the sediment-water interface, spelticles would be affected by early diagenesith wi
subsequent transfer of Ba to Fe oxide componentheoediments. In certain situations the use efttrite
phase rather than total Baxs should be the prefeprexy tool Bchroeder et al.1997]. Using a sequential
leaching procedurePaytan et al.,1993], Paytan et al[1996] extracted the barite fraction from a fewrgsaof
Pacific sediment and estimated the barite accuioulaate. This rate was subsequently convertedritogpy
production. However, the efficiency of leaching esments on barite separation is difficult to cohfCardinal

et al.,1999; D. Cardinal, personal communication, 2000¢ @ many cases the amount of sample is insufficie
for a sequential leaching.

[4] Different algorithms have been proposed to difiaexport production from Baxs. These algorithreflect
primarily the link between export production andtgalate organic carbon (POC) flux in the deep &=g.,
Sarnthein et al[1988]; see als®ishop[1989] for a review). POC flux was subsequentlysditbbted for Baxs
flux on the basis of the vertical evolution of P@&xs ratio in particulate matter sinking througle thater
column Dymond et al.1992; Francois et al.,1995; Frank, 1996; Nurnberg et al.1997], a procedure linking
Baxs flux in the water column or Baxs flux arrivireg the sediments (vertical rain rate (VRR)) to axp
production. The situation is, however, complicatethat the POC/Baxs evolution through the watdurmm has
been proposed to depend on sampling depth and ssoldéd Ba content in intermediate and deep waters
[Dymond et al.1992] or on sampling depth onlfancois et al.,1995].

[5] In the present study, we report the latitudimbs$tribution of Baxs in sediments underlying diébt
hydrodynamic entities of the Atlantic and Indiarctees in the Southern Ocean, characterized by rdifte
present-day productivity levels. The discussionl dlcus on the corrections that have to be apptied
reconstruct export productivity from sediment Baxs.

2. Site Description

[6] The positions of the circumpolar frontal systerare determined by the different flow regimes lod t
Antarctic Circumpolar Currendrsi et al.,1995]. The main current jets within the eastwaoifhg Antarctic
Circumpolar Current are associated with the SubetitaFront and the Polar Front. For the Atlantecter a
third frontal system, farther south, coincides witle Antarctic Circumpolar Current-Weddell Gyre Bdary
[Peterson and Stramma991 ; Smetacek et al1997]. For the Atlantic sector the sampled areasmm the
Polar Front Zone (PFZ) and the Antarctic Zone. ftiener zone extends between the Subantarctic Rmhthe
Polar Front and is characterized by large mesosaaiiebility due to meandering of the fronts andetidy
formation eth et al.,.1997]. The Antarctic Zone represents the regionvbeh the southern edge of the Polar
Front and the northern limit of the Weddell Gyreor Rhe Indian sector the sampled areas covered the
Subantarctic Zone (SAZ; i.e., the region betweenShbtropical Front and the Subantarctic Fron§,RRZ, and
the Antarctic Zone, with the latter representing tlegion between Polar Front and Antarctic slopee T
Antarctic Zone can, in general, be subdivided mfpermanent ice-free zone (permanently open ooma@, Dr
POOZ) and a seasonal ice zone (S12).

[7] In the Atlantic sector, 14 box core sampleg(ffe 1a and Table 1) were recovered during Rilarstern
cruise ANT X/6 (October-November 1992) between 468 58°S along 6°WHathmann et al.1997]. This
transect crossed the Polar Front Zone, the AntaZaine, and the Antarctic Circumpolar Current-Wdld@gre
Boundary, south of 58°SV/Eth et al., 1997]. A fourth frontal system, the Southern Pétemnt, was identified
close to 56°45'S and coincided with the axis ofAhgerica-Antarctic Ridge\eth et al.1997]. During the ANT
X/6 cruise the maximal winter extent of the seadoger reached 55°S. The biomass and primary ptivityc
remained low and constant (<0.2 ug @find 80-260 mg C thd™, respectively) during October-November in
the ice-free Antarctic Zone. In contrast, the ragiofluenced by the meandering of the Polar Frad & high
primary productivity (up to 2900 mg Chd! ) [Bathmann et al.1997] with a large contribution of diatoms
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[Quéguiner et al.1997]. Smear slide observations showed that the s&iliment components were diatoms,
foraminifera, detrital grains, clay aggregates, aodessory volcanic glasses. The sediments weradted by
diatomaceous muds, except for three foraminifenaidated samples (PS2374, PS2372, and PS2364).

[8] For the Indian sector (Figure Ib) we analyzedl Box core and Kullenberg core samples from tha are
between the Subantarctic Front and the Antarctipes{between 44.7° and 65°S, Table 2), collectethduhe
French APSARA cruises (R/\Marion Dufresne[Bareille, 1991; Bareille et al., 1991]). The plankton
communities in surface waters are dominated byiwalcarbonate-secreting plankton in the Subtropécal
Subantarctic Zones, while diatoms dominate the canity south of the Polar FronBareille et al.,1998]. The
lithology of the sediments reflects this distriloutj with foraminiferal oozes in the northern pdrtiee transect
and diatomaceous oozes south of the Polar Front.

3. Methods

[9] Al was analyzed by inductively coupled plasnaraic emission spectrometry (ICP-AES; ARL 35000@) o
an alkaline fusion (lithium metaborate, Baker, RedgGrade) of 100 mg of dry homogenized sediment. A
artificial standard solution (Titrisol-Merck) wased for calibration. Accuracy, determined usingifinational
standard reference rocks, was 104ayez,1985].

[10] For other elements (Ti, Ca, Sr, Zr, Ba, Ndd arh) the sediment was digested in a Teflon bomhbgus
concentrated acids (4 g HF and 1g H)NOeflon bombs were left under pressure at 18@5iCtliree nights.
After adding 1.5 g HCIQ the solution was evaporated close to dryness.résidlue was dissolved with 3 g
HNO; and evaporated close to dryness again. This step repeated two to three times until the solution
appeared clear under 10 times magnifying glass (iamplete dissolution). The elemental concermtnstiwere
measured with an inductively coupled plasma-masctepmeter (ICP-MS, VG PlasmaQuad PQ2 Plus).
Accuracy determined on artificial solutions andemmiational standard reference rocks was better $f&anThe
guantitative detection limit for solutions, setl@ttimes the standard deviation on the blanks aedlguring the
same run, was, on average, between 10 and 100peartsllion (ppt) for the trace elements. Takingp account
the dilution factor, the detection limit, in terna$ equivalent concentration in the sediment sammaged
between 25 and 250 ppb (ng §

[11] Baxs is defined as being the total Ba in thdiment minus the Ba associated with the detrdahmonent.
This detrital fraction was estimated from measunddl Al content and a reference upper crustal Bedfio of
0.0067 (average value calculated frémylor and McLennaiil985]), assuming that all Al was associated with
the detrital fraction and that the reference Ba#hio is representative for the detrital fractiarthese sediments.
This simplistic approach partitions Ba into a bisigeand a detrital phase, but other Ba componeiightnbe
relevant Dymond et al.1992;Schroeder et all997]. The use of Al as the crustal reference eferfor oceanic
sedimentary material was questionedviyrray and Leinerj1996], who showed that a significant component of
Al can be scavenged from seawater under regimeBighf biogenic particle fluxDymond et al.[1997]
furthermore suggested diatoms were the conveyotbisfexcess Al signal. Because of this, Ti hasnbhmet
forward as a more appropriate reference elenidntrpy and Leinen1996]. Recently\yarincik et al.[2000]
pointed out that the excess Al component has ttaken into account only in sediments with <5% tmmious
matter. Consequently, the use of Al for detritaireotion remains justified in surface Southern @ceadiments.
However, in situations where the detrital comportegtomes predominant the choice of the crustaterée
ratio has an important impact on the calculatedsBeaction. A further concern is that reported ealwf Ba/Al

in the lithogenic reference vary significantly, éeding on the chosen reference (e.g., Ba/Al0.004 (wt/wt)
[Gingele and Dahmkel,994], Ba/Al,s = 0.0075 Niurnberg et al.1997; Dymond et al.1992], and Ba/Al; =
0.0092 McManus et al.1998]). As a result, the correction for detrital Bzcomes highly unreliable in situations
with high contents of lithogenic matteDymond et al.,1992; McManus et al.,1998]. The former authors
estimate that correction of the detrital fractisnmieaningful only for situations with <50% detri&, but the
error on this estimation rises to 50% in cases wdetrital Ba approaches half of total Ba.

[12] The excess Th ( Thxs) content was measuresliiface sediments from the Indian sector to quatiié
post-depositional sediment redistribution. Samplese prepared by a standard methddderson and Fleer,
1982]. Approximately 250 mg of dried sediment waikad with??°Th. Sediments were digested using a triacid
attack including HN@ HCIQ,, and HF (reagent grade). The solution was evaporeliose to dryness twice,
and the final residue was redissolved wihaentrated HN@then with 2N HC1. A 100 pL aliquot was
then removed for analysis of U/ Th. Th was copriéaipd with Fe. After washings, the precipitate Wasolved

in 9 N HC1 and passed through an ion exchange columng&ia6G1-X8, 100-200 mesh, preconditioned with 9
N HCI) to remove the Fe. Th was eluted wittfN$HC1. The Th fraction was purified by a second elutbn an
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ion exchange column preconditioned wittN8HNO; and then dried to a drop. The Th fraction was ddutvith
Milli-Q grade water just before analysis by isotafilition on a Finnigan Mat sector field inductiyedoupled
plasma-mass spectrometer (Element IICP-MS) at Wétmle Oceanographic Institution. A complete ICP-MS
analysis cycle included 20 s of sampling, 30 sr@lgsis, and 3 min of rinsing with a 10% HBl€olution to

minimize memory effects. Acid blanks were analypeibr to each sample, and counts were subtractad fr

sample counts whenever exceeding 1 % of the |aftex.drift in the mass discrimination effect wastrolled
by repeated analysis of a standard solution of kn@etopic composition. A tailing correction of tfid on

mass 230 was performed when necessary.

Figure 1la: Map showing the location of the sampled sites dsailicles) and the reference cores (open squares)

studied by Frank et al. [1996] in the Atlantic serctof the Southern OcearThe present-day positions of the
oceanographic fronts are based on Peterson anch8tra [1991] and Veth et al. [1997]. The dashed areficates the northernmost extent

of sea ice cover [Veth et al, 1997]. The dark slibaiea indicates the position of the Polar Fronh&o
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4. Results

4.1. Atlantic Sector of the Southern Ocean

[13] The total barium content in the surface setits along 6°W ranges between ~240 and ~1600 ppbig
1). The highest values occur in the Antarctic Zaargd the lowest ones coincide with the locatiohef Polar
Front and the Southern Polar Front (Figure 2a).sBaaries widely, from representing >98% of total iBahe
Antarctic Zone to only 10% close to the sea iceee@axs represents, on average, >80% of total BaeifPolar

Front Zone (88%) and the Antarctic Zone (82%).Ha Weddell Gyre Zone, Baxs represents only 50%ef t

total Ba. The use of Ti or Zr as normative elemetatss not significantly change the estimates ofsBaxcept in
two samples where the detrital Ba reaches 50% ae ificable 1; see section 3). The detrital Ba cdntanes
by a factor of 10 across the transect (from 2040 gpm), with its lowest contribution in the POQZ.and Nd

display a similar latitudinal profile (Figure 2a).
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Figure 1b: Map showing the location of the sediment samplites $n the Indian sector of the Southern Ocean.
The present-day position of the oceanographic &@mé from Bareille [1991] and Bareille et al. [18P The dashed area limits the oceanic
zone covers by ice. The dark shaded area highlitpetposition of the Polar Front Zone.
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[14] Baxs is sensitive to changes in sediment azsition. No overall correlation is observed betw&axs and
CaCQ (Table 1), but three negative excursions (PS238%23F2, and PS2364) of Baxs coincide with carbonate
contents >50% (Figure 2b) and suggest a localidilubf Baxs by carbonate phases. To avoid compositi
dilution effects, Baxs should be converted into 8axcumulation rate. The mass accumulation rates ne
measured along this transect, but they are knovemdoav large spatial variability in the southern @wtic Zone
(from 5 to 50 cm kyt [Charles et al.;1991; Anderson et al.1998]). Since contents of Ba and Al would be
equally affected by dilution with a third componewariation of the Ba/Al ratio would reflect vaiiah of Baxs
that is unaffected by compositional dilution. THere it is more appropriate to report the latitwidistribution

of Baxs/Al (wt/wt) ratio (Figure 2b), rather thamat of Baxs. The lowest Ba/Al ratio observed at$loaith Polar
Front (0.006, 56°S) is close to the reference poshan Australian Shales (PAAS) valud@alylor and
McLennan,1985], indicating that nearly all the Ba is lithogeat this location. The Ba/Al ratio increasesupy
to a factor of 80 and reaches its highest valué7{0in the POOZ. The pattern of the Ba/Al profilaphasizes
the contrast between the POOZ and the adjacenszdhe POOZ clearly displays Ba/Al ratios up totib@es
higher than those observed for the PFZ and the SIZ.

4.2. Indian Sector of the Southern Ocean

[15] Sampling sites are distributed between theaBtdrctic Zone and the Antarctic slope area (Fidibk
Results are reported by hydrodynamic province ammbraling to latitude within each province (Table 2he
total Ba content varies between ~500 and ~2200 wjtmthe highest values measured in the seasoeadne
(Figure 3a). Note that the lowest Ba values inROZ correspond to cores MD84568 and MD84563 frives s
with a shallower water column, close to Kerguelglarid. As observed for the Atlantic sector, mosthefBa is
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Baxs (52-99%; Table 2). The detrital Ba contenkbig from the Subantarctic Zone to SIZ. It then gwmses
significantly through the SIZ to reach 140-500 pjmthe vicinity of the Antarctic slope. Zr, Nd, afd also
display a significant increase south of 60°S. Tdwelst fractions of Baxs (down to 40%) are obsemsa@ath of
60°S in the SIZ and coincide with the highest cotg®f detrital Ba (142-502 ppm; Table 2). Highestbonate
contents occur north of the Polar Front. Carbocatgents decrease southward to values as low am 1Be

SIZ (Figure 3b). The Baxs pattern cannot resulinfidilution with carbonates since Baxs and carb@nate not
correlated i? = 0.20; Table 2). For the Indian sector sedimémsBaxs accumulation rates could be estimated
for each sample using the mass accumulation radecdel from the local linear sedimentation rate #rel
measured dry bulk densityéreille, 1991 ;Bareille et al.,1991, 1998]. However, accumulation rates may be
affected by sediment reworking (focusing and winmg) These impacts will be discussed in secti@n 5.

[16] The Ba/Al ratios range from 0.016 to 0.591thnlighest values recorded in the POOZ, also ckeriaed
by the highest opal content (Figure 3b and Tabl§ B¢ pattern of the Ba/Al ratio does not follove thatitudinal
trend of the Baxs, emphasizing a compositionaltiditueffect on the Baxs in the Indian sector of 8muthern
Ocean.

Table 1: Major and Trace Element Data for Bulk Sedimentsnfri®urface Samples of the Atlantic Sector of the
Southern Ocedn

Geochemical Results Ba Partition
Site Water Latitude, A1,05 TiO,, CaO,CaCQ Total Sr, Zr, Nd, Th, Baxs/Al, Baxs/Ti, Baxs/Zr, Baxs, Detrital Ba/Al,
Depth, °S % % % Estimate,Ba, ppm ppm ppm ppm % % % ppm Ba, ppm wt/wt
m % ppm

PFZ PS236€ 3756 46.5 3.0 0.16 32.0 57 935 894 37 75 21 89 89 88 832 103 0.060
PFZ PS236:4040 48.0 4.7 0.26 12.9 23 1026 311 88 89 2.7 84 83 73 860 166 0.041
PFz PS237€4091 48.3 2.7 0.15 19.1 34 1365 562 37 7.1 20 93 93 92 1272 93 0.097
PFz PS23673715 49.0 2.6 0.12 18.8 34 1158 572 47 6.0 1.7 92 93 87 1068 90 0.085
PFZ PS23742347 49.6 3.3 0.21 33.8 60 573 309 34 52 14 80 75 81 458 115 0.033
PFZ Mean 3.2 0.2 233 42 1011 530 49 6.9 2.0 88 87 84 898 113 0.063

Antarctic Zone
POOzZ  PS236€2060 50.6 0.54 0.03 8.7 16 963 690 10 2.1 0.34 98 98 97 944 19 0.337
POOzZ PS23622688 53.0 0.56 0.03 14.9 27 1388 480 14 2.5 0.55 99 98 97 1368 20 0.468
POOz PS23722341 53.6 2.2 0.14 28.7 51 1079 264 18 3.2 0.65 93 91 95 1004 75 0.095
POOzZ  PS236:3117 55.0 089 0.06 46 8 1441 428 19 2.0 0.56 98 97 96 1410 31 0.306
SlIz PS23613194 55.0 1.1 0.06 54 10 1588 190 20 2.3 0.61 98 97 96 1550 38 0.275
Siz PS236€4059 55.5 9.4 051 7.7 14 956 150 76 6.7 19 66 65 75 628 328 0.019
SlIz PS23644156 56.0 8.1 0.46 29.5 53 243 297 32 57 12 12 - 59 28 215 0.006
SlIz PS23713660 57.0 3.1 0.18 2.7 5 1193 113 33 31 11 91 90 92 1083 110 0.072
Mean 3.2 0.19 12.8 23 1106 326 28 34 09 82 91 88 1002 104 0.197
WGZ PS237(5039 58.3 11.6 0.75 82 15 827 152 65 9.0 32 51 40 76 421 406 0.013

®The estimated carbonate content (CaE&timate) was based on an estimated stoichionsetrmunt of C@assuming that all the measured
CaO is due to carbonate. The barite fraction wdmetd by the excess Ba fraction. This biogenic Bection is estimated from the bulk
sediment composition using Al as a detrital refeeewith a Ba/Al ratio of 0.006fTaylor and McLennan1985]. The values obtained by
applying other normalization elements (Ti and 28 also calculated. For comparison with crustaneice the Ba/Al (wt/wt) ratio of each

sediment sample is reported. PFZ, Polar Front ZB@0Z, permanently open ocean zone; SlZ, seasoaaone; WGZ, Weddel Gyre

Zone.
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Table 2: Major and Trace Element Data for Bulk SedimentsnFi®urface Samples of the Indian Sector of the 8outbceaf

Geochemical Results Ba Partition
Cruise Site  Water Longitude, Latitude, A1,0; SiO, TiO, CaO, CaCQ CaCQ Opal, Total Bay, S, Zr, Nd, Th, Baxs/ Baxs/ Baxs/ Baxs, Detrital Ba, Ba/Al
Depth, °w °S % % % % Estimate, Measured % ppm ppm ppm ppm ppm AL% Ti,% Zr,% ppm ppm wit/wt
m % %

SAZ MD 9406 3315 90.1 44.7 0.93 4.64 0.04 38.7 69 832 1510 11.34 510 0.57 96 93 92 795 37 0.169
SAZ MD 941093315 90.1 44.7 0.96 5.17 0.05 37.8 68 927 1500 11.83 5.11 0.56 96 97 96 889 38 0.183
SAZ KR 8801 2920 79.5 46.7 3.09 27 0.34 246 44 21 808 816 64.31 9.47 190 85 97 96 685 123 0.049
SAZ KR 8802 3330 82.9 45.8 340 27 0.38 24.1 43 23 778 819 68.69 10.1 1.88 83 73 75 643 135 0.043
SAZ MD 9402 3559 86.5 45.6 206 25 0.20 27.1 48 21 1090 1055 37.82 8.04 145 093 68 73 1008 82 0.100
SAZ KR 8806 3850 128.8 49.0 0.76 4.03 0.03 389 70 3 644 1400 10.26 5.80 0.67 95 88 89 613 30 0.159
SAZ Mean 187 15 0.17 32 57 846 1183 34 727 117 91 86 87 772 74 0.117
PFz MD 94104 3460 88.1 46.5 257 33 0.25 246 44 32 1312 935 48.97 8.62 1.68 92 87 88 1210 102 0.096
PFZ KR 8803 3420 90.1 46.1 165 14 0.11 31.4 56 14 1076 1231 2439 655 0.97 94 93 93 1011 65 0.123
PFZ MD 887703290 96.5 46.0 0.84 7.75 0.04 36.7 66 83 8 778 1280 9.68 4.17 0.45 96 97 96 744 33 0.176
PFz MD 94107 3525 90.2 47.8 237 31 024 246 44 30 1122 826 4426 7.68 152 92 86 88 1028 94 0.089
PFZ KR 8804 3310 100.1 49.9 136 24 0.10 21.7 39 31 1058 722 2154 490 0.95 95 94 94 1004 54 0.147
PFZ MD 887723240 104.9 50.0 107 32 0.06 249 44 56 31 1440 889 17.92 439 0.74 97 97 96 1398 43 0.254
PFz MD 9404 4036 90.3 50.4 262 40 0.26 184 33 40 1095 574 51.80 7.89 211 90 84 85 990 104 0.079
PFZ MD 887743460 109.9 52.9 0.58 3.91 0.03 38.8 69 755 1421 9.4C0 371 043 97 97 96 732 23 0.245
PFZ KR 8810 2785.00 144.8 54.2 049 48 0.01 13.7 24 22 50 1035 477 11.08 2.77 0.32 98 99 97 1015 20 0.396
PFZ Mean 151 26 0.12 26.1 47 1075 928 27 563 1.02 95 93 93 1015 60 0.178

Antarctic Zone
POOZ MD 845682241 72.7 48.6 071 74 0.07 22 4 505 98 17.44 1.96 0.28 94 93 90 477 28 0.134
POOZz MD 845631720 68.2 50.7 0.61 52 0.05 6.8 12 504 226 16.44 229 0.3F 95 92 94 480 24 0.156
POOZ MD 887951870 68.0 50.8 0.88 67 0.12 8.0 14 72 981 248 19.58 2.33 0.28 96 97 91 946 35 0.212
POOZ MD 84562 3550 68.2 51.9 103 56 0.06 124 22 1313 406 37.50 5.28 0.98 97 97 95 1272 41 0.240
POOZz KR 8805 3510 109.9 52.9 092 53 0.05 88 16 56 1186 303 18.22 3.08 0.67 97 99 97 1149 36 0.244
POOZ KR 8811 2880 144.1 54.9 048 48 0.02 175 31 19 39 1155 559 11.76 2.47 0.2 98 92 93 1136 19 0.458
POOZ MD 845512230 73.3 55.0 0.86 63 0.12 84 15 11 77 942 262 23 2.66 0.36 96 10 97 908 34 0.206
POOZz KR 8812 3020 145.3 56.4 040 48 0.01 175 31 70 1062 509 10 1.60 0.16 99 92 91 1046 16 0.506
POOZz MD 845504080 71.4 56.8 109 73 014 49 9 1146 183 32 3.66 0.61 96 99 97 1103 43 0.199
POOZ KR 8813 3740 144.6 57.9 046 58 0.01 94 17 48 1439 300 16° 224 038 99 90 89 1421 18 0.591
SiZ MD 855403960 86.4 60.7 455 72 028 19 3 1822 130 67 13 6.61 90 92 86 1641 181 0.076
SiZ KR 8830 4300 93.2 61.0 6.17 66 035 06 1 0 49 1855 116 127 15 7.25 87 86 85 1610 245 0.057
Siz KR 8814 4200 144.4 61.3 358 63 020 44 38 7 55 1559 186 73 748 4.01 91 74 69 1417 142 0.082
SiZ KR 8829 3790 95.9 62.5 9.05 49 047 09 2 30 2164 138 102 23 12 83 74 75 1805 359 0.045
SiZ KR 8815 3880 141.9 63.3 883 60 052 1.7 3 0 27 1328 160 135 20 9 74 7 57 977 351 0.028
Siz KR 8823 3292 117.3 63.3 11.20 42 059 54 10 1523 261 122 29 14 71 74 59 1079 444 0.026
SiZ KR 8827 1240 101.2 63.7 805 51 059 28 5 21 1701 207 235 32 15 81 58 40 1382 320 0.040
SiZ KR 8824 2600 116.4 63.8 10.87 55 057 34 6 0 18 1475 230 196 30 14 71 - - 1044 432 0.026
Siz KR 8822 3150 119.5 64.7 1265 62 067 19 3 20 1043 198 203 39 18 52 - - 541 502 0.016
Mean 4.3 59 0.26 6.3 11 1300 249 77 12 55 88 87 83 1128 172 0.176

& The estimated carbonate content (CaE€timate) was based on an estimated stoichionatiaunt of C@assuming that all the measured CaO is due to satboSuch assumption leads in general to an diregg®n
of the real carbonate content. The estimation idrobled by direct measurements of the carbonatgec (CaC@Measured) based on ignition loss on a few san{dis fromBareille [1991] andBareille et al.[1991]).

SAZ, Subantarctic Zone; PFZ, Polar Front Zone; PO@&manently open ocean zone; SIZ, seasonal ice. 2dalues correspond to semiquantitative data (i.alues between 1 and 3 times the detection limit)
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Figure 2a: Ba (total, excess, or detrital fraction), Zr, andl Montent in surface sediments along a north-south
transect at 6°W in the Atlantic sector of the SetthOcean (ANT X/6 expedition). The shaded areiganes the
position of the Polar Front Zone. Data are from Tal.
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Figure 2b: Excess Ba, carbonate content, and Ba/Al (wt/wtorat surface sediments from the north-south

transect at 6°W across the Atlantic sector of tlh@tBern Ocean (ANT X/6 expeditiomhe comparison of Baxs
pattern and Ba/Al ratio help to identify any diluti of Baxs due to a change of sedimentary compnsitote that there is no systematic
dilution of Baxs content by carbonates, exceplhiag carbonate-rich samples (PS2374, PS2372, ak86.
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Figure3a: Ba (total, excess, or detrital fraction), Zr, and Nontent in surface sediments collected across the
Indian sector of the Southern Ocean. The shadea eweresponds to the Polar Front Zone.

Subantarctic Zone Polar Front Zone Antarctic Zone
>« >« b
2500 -
—&— total Ba (ppm) POOZ siz —»
—O—Baxs (ppm)
—il— detrital Ba (ppm)
——Zr (ppm) x 5

2000 | —&— Nd (ppm) x 20

1500

1000

Bulk sediment content (ppm)

500 -

88795
84562
8805
8811
84551
8812
84550
8813
85540
8830
8814
8829
8815
823
8827
8824
8822

a North-South transect

84
Q 84563

Sites arranged alon:

Figure 3b: Excess barium, carbonate content, opal content, Bahl (wt/wt) ratio in surface sediments from

the Indian sector of the Southern Oceaite shaded area corresponds to the Polar Front Zbiwte the absence of an obvious
relationship between carbonate or opal content &ads. However, the high mean carbonate conterfténnbrthern part of the transect

coincides with the lowest mean Baxs content. THAIBatio pattern is different from the Baxs patteemphasizing some compositional
dilution of Baxs.
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Figure 4a: Excess Ba content reported as a function of thematlumn depth for the Atlantic sector of the

Southern Ocearbata are from Table 2. For the samples deeper 2500 m water depth the Baxs content decreasesintitaasing
water depth. This may reflect a higher dissolutibibarite crystals in progressively undersaturaveaters.
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5. Discussion

[17] Unlike margin environments where redox cormfis and/ or advection of detrital materials mayitlithe

use of sedimentary Baxs as a proxy of export pridalude.g., Brumsack,1989; Von Breymann et al1992;
Dymond et al.1992;McManus et al.1994], Baxs appears to be a promising tracer obe>xgroduction in open
ocean systems [e.g\urnberg et al.,1997; Gingele and Dahmkel,994]. It was suggested Wyrancois et al.
[1995] that the higher dissolved Ba contents ierimediate and deep waters probably do not affecitter
column Baxs flux, as originally suggestedymond et al[1992]. We will consider therefore only the Frarg;oi
et al. and Nurnberg et al. approaches. Export ptimuP may be estimated as a function of the water column
Baxs flux (FBaxs in g ciiyr?) and water depth Z (in m) ((1), froNiirnberg et al[1997]) or only as a function

of the Baxs flux with no dependence on depth ft@m Francois et al[1995]):

E P(gem ? yr ') = 3.56(FBaxs)1.504 Z~ %% (1)
EP(gem?yr') =195 (FBaxs)*"!, (2)

whereE is export.

[18] Both equations are conceptually related secois et al.1995;Nurnberg,1995] and give similar results.
Equation (2) is a simplification of (1) and impliaanual average Baxs fluxes remain constant wighhddl his
approach assumes that there is no advective sapiaxs. Widespread occurrence of reducing conuatim
margin environments would dissolve baritergncois et al.,1995; Von Breymann et al.1992], and as a
consequence, possible horizontal advective fluxesldvbe devoid of barite. This assumption, howevas
recently been invalidated. In a study on Ba flukess NE Atlantic Margin environmengEagel et al.[1999]
observed enhanced Baxs fluxes outside the bloomderhich were related with lateral advection tyzors
carrying Baxs and lithogenic particles to the sangpkite. This observation, although of local impoce,
underlines the necessity to compute export prodndtiom a reasonably large time series to prevana{ least
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reduce) sporadic effects.

[19] In the present work, export production wasireated using (1) originally deduced from open ocean
sediment trap data. For sediments, however, theabatcumulation rate may be different from thetigal flux.
Two processes have to be corrected for in ordestimnate the true vertical Baxs flux. First, thegarved Baxs
accumulation rate might differ from the Baxs raatter because of partial dissolution of barite atstbawater-
sediment interface prior to burial. Second, thesBaccumulation rate may be affected by sedimentnidng as

a result of bottom currents.

5.1. Dissolution of Barite at the Water Column-Sediment I nterface
5.1.1. Estimation of the water column Baxs presémaate.

[20] Application of (1) to the sedimentary enviroant requires that the preservation rate during sugof the
Baxs phase at the water column-sediment interfaeré burial is knownDymond et al[1992] proposed the
following algorithm relating the Baxs preservaticate as a function of the sediment mass accumulatite

(AR) (in pg cn? yrt):

FBaxs = AR Baxs measured/DP (%), (3)

DP(%) = 20.9 log (MAR) — 20.3, (4)

where DP is degree of preservation and where MARass accumulation rate. The Dymond et al. algorits
been applied in many paleoproductivity reconstangibased on sedimentary Bag&rgele et al.,1999]. Its
predictive capacity has been invalidated in onlpa ifew studies, showing that preservation efficiencould be
related to diagenetic remobilization of BRalytan et al.,1996; McManus et al.,1999]. For instance, recent
studies McManus et al.1999] suggest diagenetic dissolution of barite tafgseven in suboxic conditions, such
as would be favored in areas of high mass accumnlathe application of (3) implies that bottom et are
undersaturated with respect to barite. In sectidh25 we show that a correction for dissolutionotigh
application of (4) is probably justified for mostthe oceanic basins, except in shallow bottom gaseuth of
the Polar Front.

5.1.2. Influence of the barite saturation indéottom waters.

[21] For the Atlantic sector of the Southern Oceanobserved that sedimentary Baxs content decreaited
increasing water depth for sites deeper than 250@igure 4a). The negative linear correlation cogfht is
0.69, if sample PS2364 is excluded. We suspectiiecbcalculation of Baxs content for this sampéeduse of
a high content of the detrital phase (see sectjon\dile the variability in the Baxs transect (Figw2b) is
probably in part due to latitudinal variability surface productivity and water column Baxs fluxisijprobable
that variable barite dissolution is also a contiit factor. In the Antarctic Zone of the Southénean the
barite saturation index (Sl) isopleth of 0.90 (itke threshold between saturation and undersatoyaitays, in
general, close to the 2000 m isoba#ohnin et al,1999]. In the vicinity of the Polar Front the reguupattern of
the Sl isolines is affected by abrupt seabed bagfiyrchanges. North of the Polar Front the wholdewa
column is undersaturated with a barite saturatimlex <0.7. For the ANT X/6 transect it was notitkdt the
barite saturation index is negatively correlatéd=(0.95; Figure 4b) with hydrostatic pressure (otew@olumn
height) whatever the hydrodynamic zone (C. Monnimpublished results, 2000). This regression wasd tise
calculate the barite saturation index for all scefsediment sampling sites (Table 3). For SI < ,0BXs in
surface sediments decreases with decreasing batiteation indexrf = 0.69; Figure 4b), reflecting the effect of
hydrostatic pressure. This suggests that dissoluticettled barite would be greater for a deepefigor. In the
Indian sector, barite Sl values are not availabtete same location from where surface samples tedeen, but
they are for a north-south transect at 30°E (ClV#ettion (C. Monnin, unpublished results)). Theaa dhow
that the upper 1500-2000 m of the water columnaisirated with respect to barite with Sl values nagg
between 0.9 and 1.1, as observed for the 6°W tcansbermodynamic calculations thus suggest thathsof
the Polar Front, barite should not dissolve atdbdiment-water interface for a water column shadiotihan
2500 m.
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5.1.3. Preservation rate.

[22] In the Atlantic sector, two sites in the POQ&derlie a relatively shallow water column (<250pand are
characterized by a high barite $~0.90; Table 3). At these sites, settled baritddcthus be totally preserved,
provided conditions of oxicity and saturation withhe sediment favor barite integrity. In the Ind&ector, two
samples from shallower areas in the POOZ may aamhaffected by barite dissolution (Table 4).

[23] For all the other (deeper) sites the preson rates are estimated using (4). In the Indiactor the
preservation rates vary between 35 and 61%, usiegsured mass accumulation rates (Table 4). ThesSIZ
characterized by the lowest preservation rateank [1996] reported similar preservation rates, randimagn
~40 to 60% for a NNE-SSW 4°-12°E transect in thiartic sector (PFZ, 41-45% for MAR = 1-1.56 mgtm
yr’: POOZ, 56-60% for MAR = 5-8 mg chyr?; SIZ, 37-39% for MAR = 0.65-0.73 mg ¢hyr?). We will
assume that the preservation rates obtained foneheby NNE-SSW transect studied by Frank et alyafor
the ANT X/6 transect studied here.

[24] We compare the Baxs flux of a sediment traplalged in the vicinity of the Polar Front in thel#itic
sector (PF3; 50.7°S, 5.5°E; traps at 600 and 32QRimberg,1995]) with the Baxs flux of the closest surface
sediment (PS1756-5, water depth of 3787Rmafk, 1996]) (Figures la and Ib). The trapping effici@xcbased
on annuaf’Th fluxes were estimated at 67 and 47% for the & the 3200 m traps, respectivelydlter,
1998]. The sedimentary Baxs flux (2.1 mgthyr™ ) represents 64% of the Baxs flux in the 3200 ap 3.3
mg cmi kyr) and 92% of the flux in the 600 m trap (2.3 mgZdar™?).

Table 3: Export Production Estimates for the Surface Sedimanthe Atlantic Sector of the Southern Ocean
Using ANT X/6 Dath

Sample Environmeni Latitude, Water Baxs,SI  ““Thxs; Focusinc Focusing Preserve(Preservatiol VRR Export
°S Depth, ppm dpm/g Factor % VR Baxs, Rate$ Baxs, Production
m Mg cm? % mg cm?gCm?yrt
kyr? kyr?
PS2368 PFZ 46.50 3756 832 0.75 10.05 10 90 0.82 45 1.82 4.0
PS2363 PFZ 48.00 4040 860 0.72 10.31 10 90 0.89 45 1.97 4.5
PS2376 PFZ 48.30 4091 1272 0.72 13.83 14 93 0.99 45 2.20 5.3
PS2367 PFZ 49.00 3712 1068 0.75 10.00 10 90 1.04 45 2.32 5.8
Mean 1008 11.05 11 91 0.93 45 2.08 4.9
PFz
PS2366 POOZ 50.60 2060 944 097366 4 73 1.40 60(100§  2.33(1.40) 6.2(2.9¢
PS2362 POOZ 53.00 2688 1368 0.86 4.93 5 80 1.96 60 3.27 10
PS2372 POOZ 53.60 2341 1004 0.8 6.00 6 83 1.03 60(100§  1.72(1.03§ 3.9(1.8Y
PS2365 POOZ 55.00 3117 1410 0.81 4.94 5 80 2.34 60 3.90 13
Mean 1182 4.88 5 80 1.68 60(100) 2.8(2.4) 6.9(8.3)
POOZ
PS2361 SIZ 55.10 3194 1550 0.81 5.57 6 82 2.34 39 5.99 25
PS2369 SIZ 55.50 4059 628 0.72 7.66 8 87 0.88 39 2.24 55
PS2364 SIZz 56.00 4156 28 0.71 7.81 8 87 0.04 39 0.10 0.05
PS2371 SIZ 57.00 3660 1083 0.76 7.61 8 87 1.37 39 3.51 11
Mean 1087 7.16 7 86 1.53 39 3.92 13.7
Siz
PS2370 WGZ 58.30 5039 421 0.62 11.63 12 91 0.47 39 1.21 2.15

@ Sample PS2364 has not been taken into accourdltalate the mean export production value. Thetdaaturation index has been
calculated for each sample depth according togbeession line between S| and water depth showigire 4b.
PData are fromWalter et al[1997].
¢ Estimation is fronFrank et al.[1996].

For two samples in the POOZ, two estimates of exparduction are reported: the first value tooloiatcount thdymond et al[1992]
algorithm for calculation of the preservation raded the second value (in parentheses) assume@% fifeservation rate. See text for
explanation.

€ Sample is not taken into account in the mean.
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Figure 4b: Excess Ba content reported as a function of thal loarite saturation index (SlRarite saturation index
was calculated from the regression line with watglumn depth shown in the insert. The thermodynaaizulation of the barite saturation
index is based on ANT X/6 data (C. Monnin, unpbblisresults). Barite should not dissolve in wateasing a barite Sk ~0.90 (shaded
area). See text for explanation.
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5.2. Influence of Sediment Focusing

[25] It has been suggested that the highest magsradation rates result from lateral advection ediment
induced by strong abyssal currents, a common Btuat the Southern OceakRrancois et al.,1993; Kumar,
1994; Frank et al., 1996]. In the vicinity of the ANT X/6 transecErank et al.[1996] observed large
discrepancies between MAR and VRR estimated fronafdf*'Pa fluxes. They interpreted this discrepancy as
evidence of sediment focusing. The effect of pgetddional sediment redistribution on Baxs accutiotacan

be corrected for by normalizing Baxs fluxes to essc&€h activity in sediments as followsrancois et al.;1993]:

PBaxsRR (mg em ™ kyr ') = (p z [Baxs|)/ [P Thxs|,  (5)

where PBaxsRR is preserved Baxs rain ratés production of?*°Th in the water column, equal to 2.63
disintegration per minute (dpm) &nkyr™ for a 1000 m water column, Z is water column heighkm), [Baxs]

is measured Baxs content in the surface sedimerp(in), and $°Thxs] is measured activity in the surface
sediment (in dpm Y. This method is based on the assumption of ataon$lux of Th to the sediment in
balance with the rate of Th production in the oyied water column. It does not take into accourdgiinie Th
removal due to lateral transport (i.e., boundagveaging) Francois et al[1997] estimated the accuracy of the
reconstructed fluxes at 40% owing to this boundagvenging effect.

5.2.1. Atlantic sector.

[26] Excess*Th activity has been measured for the ANT X/6 stefaample§Walter et al.,1997] (Table 3).
The highest exces&’Th activity values are reported for the PFZ (mefih1005 dpm &) and the Weddell Gyre
Zone (11.63 dpm. The POOZ is characterized by the lowest excésacTivities (mean of 4.88 dpniy but
these are highly variable. Such exc&¥%h activities indicate that 73-93% of the mass audation rate is
accounted for by sediment focusing (4 < focusingtdia <14). Frank [1996] reported a similar impact of
sediment reworking along their nearby NNE-SSW 4°Elfansect (Figure la; focusing effect on MAR rasg
from 76 to 96% in the SAZ).

[27] For the ANT X/6 transect the preserved raite raf Baxs obtained from (5) varies by a factobpfrom a
minimum of 0.5 mg c kyr™ in the Weddell Gyre Zone up to 2.3 mgtkyr” in the Antarctic Zone (Table 3).
The POOZ is characterized by the highest mean wvaflymeserved vertical Baxs flux (1.7 mg érkyr? ), a
value slightly higher than the mean SIZ value (hdcm? kyr?) but nearly twice as large (1.8) as the PFZ value
(0.9 mg cnf kyr?). For the nearby NNE-SSW transect studiedrbgnk [1996], estimates of preserved Baxs
fluxes are systematically higher than our estimétes mg crif kyr™ for PFZ, 2.50 mg cihkyr™ for POOZ, and
0.7 mg cnif kyr* for SIZ), but the Baxs flux ratio between POOZ &EZ is similar (1.7 mg ctkyr?).
Because of their proximity we expect the accurdaphe Th corrections to be similar for the two saats.
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Table 4: Export Production Estimates for the Surface Sediménthe Indian Sector of the Southern Ocean
Using APSARA DATA

Sample Environmeni Water Baxs, Dry LSR, MAR, **Thxs, Focusinc Focusing Preserve( Preservatiol VRR Export
Depth, ppm Bulk cm mg dpmg?! Factor % VRR Rate, % Baxs, mg Production,
m Density, kyr! cm? Baxs, cm? kyr' gC m?yrt

g yrt mg cm?
cm’® kyr

MD 9406 SAZ 3315 799 0.95 42 40 7.28 3.3 71 0.96 54 1.77 3.9

MD 94109 SAZ 3315 893 0.95 42 40 7.28 3.3 71 1.07 54 1.98 4.7

KR 8801 SAZ 2925 698 058 45 26 519 1.8 45 1.03 50 2.07 5.0

KR 8802 SAZ 3480 657 0.51 10 5.1 9.17 5.1 81 0.66 56 1.17 2.1

MD 9402 SAZ 3572 1017 0.66 13.3 8.8 9.93 9.3 90 0.96 61 1.57 3.3

Mean SAZ 72 49 777 46 72 0.94 55 1.7 3.8

MD 94104 PFz 3460 1221 0.62 11.7 7.2 NM?® 10.0 o(° 0.88 59 1.49 3.0

KR 8803 PFz 3400 1018 0.72 52 37 NM® 3.3 70° 1.14 53 2.13 5.2

MD 88770 PFz 3290 748 0.68 6.8 46 NM" 33 70° 1.04 55 1.88 4.3

MD 94107 PFz 3525 1038 0.69 83 57 9.85 6.1 84 0.98 57 1.71 3.7

KR 8804 PFz 3350 1010 0.46 6.9 3.2 3.17 1.2 17 2.80 52 5.40 21

MD 88772 PFz 3240 1402 0.46 58 27 799 25 62 1.50 50 2.97 8.6

MD 9404 PFz 4036 1002 0.51 46 2.3 11.9 2.6 63 0.89 49 1.82 4.0

MD 88774 PFz 3330 735 0.26 25 64 6.86 5.0 81 0.94 58 1.61 3.4

Mean PFZ 101 41 795 35 61 142 54 24 6.7

MD 88795 POOZz 1950 950 0.32 58 1.9 24.9 9.2 90 0.20 47(100Y 0.41(0.20) 0.47(0.15)

KR 8805 POOZ 3510 1153 26 NM° 10 90 0.30 50 0.60 0.77

MD 84551 POOZ 223¢ 911 029 11533 NM® 25 60° 1.22 52(100f  2.33(1.22) 6.2(2.3}

Mean POOZ 13.1 39 132 6.0 76 0.81 47(100)  1.1(0.67) 2.5(1.1)

KR 8815 Siz 3880 1014 0.53 22 12 682 08 -19 1.52 43 3.55 11

KR 8822 Siz 3140 594 0.53 32 17 1.65 0.3 -182 2.97 46 6.42 27

Mean SIZ 6.2 23 7.24 2.4 -42 1.77 45 5.0 19

#Dry bulk density and linear sedimentation ratesfiame Bareille[1991] andBareille et al.[1991]. NM, not measured.

PData provided by L. Dezileau [s&®zileau et al.2000].¢ For two samples in the POOZ, two estimates of expmduction are reported:
the first value took into account ti@ymond et al[1992] algorithm for calculation of the preservaticate, and the second value (in
parentheses) assumed a 100% preservation rate.

“The mass accumulation rate was not determinedafopke KR8805. We use for calculation the value.6frig cn?  yr?, i.e., the mean
MAR value of the two samples recovered in the PQ@EA.

Table 5: Comparison of Export Production Estimates for thtamtic and the Indian Sectors of the Southern
Ocean

Material Proxy Export Production, ' Environment Reference
Cm?yrt

SAZ PFZ POOZ SIZ

Atlantic

Sector
ANT X/6 surface sediment  Baxs - 4.0-5.8 1.8-13 5.5- this work

25
ANT X/6 surface sediment  Baxs - 4.9 3.8 14
ANT X/6 particulate Ba consumption @ - 273 174 1.09 Dehairs et al[1991]
ANT X/6 particulate matter ~ %Th -2 bloom® - 9.6 3.6 - Rutgers van der Loeff et §1.997]
PF3 traps Baxs - 5.6 1.3 - Nurnberg[1995]
PF3 traps Baxs - 9.9- 13 - modified fromNurnberg[1995]
10.2

ANT X/6 model SWAMCO model -2 bloom* - 7.6 1.2 - Lancelot et al[2000]
12°-4° transect Holocene sediment Baxs 2.6 7-10 14 4.5  Frank[1996], Frank et al.[1996]
Atlantic sector Holocene sediment Baxs 34 5-10 1524 5 Francois et al[1997]

Indian Sectol
APSARA cores Holocene sediment Baxs 2.1-5.0 3.0-21 0.15-  11-27 this work

6.16

APSARA cores Holocene sediment Baxs 3.8 6.7 1.1-25 19  this work
Indian sector  Holocene sediment Baxs - - 22 - Francois et al[1997]

5.2.2. Indian sector.

[28] The spatial heterogeneity of the mass accutiomaates (from 0.5 to 8.8 mg cnyr™ ; Table 4) reflects
sediment reworking processes. For the APSARA sedisneve estimated the magnitude of the sediment
redistribution via®*°Thxs correction (Table 4). The reported Thxs digtidoes not take into account any age
correction. Theé®°Thxs activity displays a larger range of variatidn65-24.9 dpm ¢§) than observed for the
Atlantic sector, reflecting partly the wide geodnagal distribution of the samples. Lateral advettaccounts
for 17-90% of the measured MAR (1.2 < focusingdaet 10). For the POOZ our estimate of sedimenti$oty
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impact on MAR (60-90%) is in agreement with val{é8-90%) reported birancois et al[1997] for the same
general area. It appears that the highest measwadnulation rates in cores MD9402 and MD94104-8/&2
mg cm? yr') are primarily due to sediment focusing. By cositrén the SIZ, the low mass accumulation rates
(<1.7 mg cnif yr!) and a focusing factor <1 reflect sediment winrmuyvi

[29] After correction for sediment redistributiaihe preserved rain rates of Baxs (Table 4) varg ligctor of 2-

6 within the same oceanic zone (SAZ, 0.7-1.1 md &gr' ; PFZ, 0.9-2.8 mg cthkyr; POOZ, 0.2-1.2 mg cm

2 kyr™: SIZ, 1.5-3.0 mg cifikyr?). Note that with the exception of the POOZ, theamereserved rain rate of
Baxs (mean PFZ is 1.4 mg &kyr® but is 1.1 mg crfi kyr if one sample is excluded; mean SIZ is 1.8 mg cm
kyr') is in the range but is 10% higher for the Atiarsiector (PFZ, 0.9 mg cfrkyr™ ; SIZ, 1.6 mg cif kyr™;
Table 3). The mean preserved rain rate of BaxfiénSubantarctic Zone is at least 10% lower thamiban
measured in the PFZ. By contrast, the POOZ is chkeniaed by the lowest preserved Baxs rain ratethim
sector, with a mean value (0.8 mgthkyr') 2 times lower than the mean reported for the ritasector (1.7
mg cm? kyr?).

5.3. Export Production Estimate

[30] Preserved vertical rain rates were transforiméal vertical rain rates, following the rationagplained in
section 5.1. For the four shallow POOZ samples {sd#e 3, footnote d, and Table 4, footnote b) emort both

the estimates taking into account the preservatetes estimated using (4) or assuming a 100% barite
preservation.

5.3.1. Atlantic sector.

[31] The estimates of export production vary betwde8 and 25 g C cfkyr® along the ANT X/6 transect
(Table 3), and smallest variations are observethénPFZ Zone (4-5.8 g C ¢hkyr?). The accuracy of the
export production estimates is affected by the memuof the Th correction, which may not be pafddy
straightforward for the POOZ because of the follagviwo reasons: (1) The POOZ is under the influerfabe
outflow of dissolved Th enriched Weddell Sea wdtalter, 1998]. The dissolved®*Th enrichment results
from a low scavenging rate in the Weddell Sea dukw particle fluxeqRutgers van der Loeff and Berger,
1983;Walter et al,1997]. Consequently, in the POOZ the vertical fixTh is higher than the production rate,
potentially leading to an underestimation of exgmaduction by up to a factor of 2 (M. M. Rutgemsnvder
Loeff, personal communication, 2000). (2) Correttod MAR according to the constant Th flux modeduigzes
that redistributed particles are advected from r@a &haracterized by a similar Th rain rate, frem an area
with similar water column height=fancois et al,1993; R. Francois, personal communication, 2000{hée
redistributed sediment was initially deposited islallower area before being transported to ital fgite of
deposition, its lower excess Th content will diltite local excess. The error on the vertical flamges between
10 and 40% (R. Francois, personal communicatiopP@nd would ultimately result in an underestiomtof
export production. Such a sediment supply fromalle area has been reported for the region imiticiof
Maud Rise Abelmann and Gersond&991;Van Bennekom et all988]. Thus a rough seafloor topography (e.g.,
the presence of Antarctica-America Ridge) favongeative supply of*°Th from adjacent shallower sites.

[32] We now compare our export production estimateduced from sediment Baxs content with estimates
based on other approaches, using data from the 8&eX/6 cruise or different cruises in the samgioa.
From Table 5 it appears that all the water columuxigs record highest export productions for th@aPBront.

1. From trapped Ba fluxes at the PF (station Pfaps at 600 and 3200 m) and in the POOZ (stati@BWrap
at 360 m),Niirnberg[1995] calculated export productions (at 100 mbd g C nf yr! (PFZ) and 1.3 g C h
yr! (POOZ). After correcting these values for trappéfficiencies on the basis of anndiTh fluxes Walter,
1998], the export production estimate for the R€ isicreases to 9.9-10.2 g Ciyr™.

2. Rutgers van der Loeff et gl1997] observed a significant enhancement of thigcitlén the PFZ surface
waters at 6°W (ANT X/6) during the bloom developmédrom which they deduced an export productio’.&f
9.6 g C nit. For the POOZ they observed a lo’#Th-based export production of 1.8-3.6 g G.m

3. Model results of the seasonal bloom developrdarihg the ANT X/6 cruisellancelot et al.2000] indicate
export production for the PFZ ranges from 1 tog/® m? yr* and is 1.2 g C thyr™ for the POOZ.

4. For the same Atlantic transect (ANT X/6), expmoduction was also calculated from mesopelagi@amic
carbon oxidation rates based on dissolved oxygeswuption rates or on the amount of mesopelagticptate
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Baxs buildup since the onset of the growth seaBahdirs et al. 1997]. The latter estimate should be smaller
than the export production since it represents arfiyction (albeit large) of the downward carblux from the
mixed surface layers. It appears for the PFZ thagaC n¥ kyr*would be respired in the subsurface water layer
between 200 and 400 m. This value reduces to C. 7 yr for the POOZ and to 1.1 g CTyr™ for the SIZ.

[33] Although estimates based on the different @exand approaches are quite variable, the resulggneral,
indicate that export production is at least 1.5esntigher in the PFZ compared to the POOZ (Tahldt 53
important to note that export production valuesortgrd byFrank et al.[1996] andFrancois et al.[1997], as
obtained from dissolution-corrected®Th-normalized sedimentary Baxs fluxes, are muckéridor the POOZ
(15-24 g C nf yr') and are at least twice as high for the PFZ (8 m? yr* ; Table 5). There is evidence that
maximal export production occurs in the high opak fbelt of the Atlantic sector located south oé tRolar
Front [e.g.,Quéguiner et al.1997], although it remains unclear as to what dxtieis massive opal deposition
results from local high productivity, rather thanrh enhanced sediment focusifiutgers van der Loeff et al.,
1997]. For the POOZ our minimal estimates of exgwdduction are close to values based on watemuolu
proxies. This observation emphasizes that soutiefolar Front, barite preservation may be undierated
when using the Dymond et al. algorithm (equatiop). (4

5.3.2. Indian sector.

[34] In the Indian sector the mean export productstimate for the PFZ (4.6 g C*mgr* ; one value >20 g C
m? yr* excluded; Table 4) is quite similar to the meatimegte for the Atlantic sector (4.9 g CZgr). For the
POOZ the mean export production value is lower tha&PFZ value and usually lower than the estimmethe
Atlantic sectorFrancois et al[1997] reported an export production of 22 g & yni* for the Antarctic Zone of
the Indian sector (Table 5). This estimate was dasedissolution-correcte@°Th-normalized Baxs flux of one
surface sediment sample (MD84552) in the POOZ dio$&erguelen Island. Again, two processes mayipbss
contribute to an overestimation of export producti¢l) The barite preservation rate may be highant
indicated by (4), and (2) the advective supply xdess®*°Th from sites with a shallower water column could
dilute the®Th excess at the sampling site and lead to an stieration of the Baxs flux. In the SIZ the two
surface sediments also give a high export prodaafdll and 27 g C thyr™. The latter samples were collected
in the eastern part of the study area, and we hawther data for direct comparison. Furthermdre,sampled
location is characterized by intense winnowing (&ing factor <1 ; Table 4). The preservation raassjeduced
from (4), are thus minimum values, and the expootipction estimates are maximum values.

6. Conclusions

[35] The use of sediment Baxs content as a proxyefport production requires the conversion of Baxs
accumulation rates into vertical rain rates. Thosw@rsion in turn requires (1) an estimation of degree of
barite preservation from dissolution and (2) a ection for sedimentary reworking, mainly focusing.

1. Up to now, only the relationship between therdegf preservation of barite and the mass accuionleate
proposed byDymond et al[1992] has been available to correct for baritesaligtion at the sediment-seawater
interface. This correction takes into account tRposure time of sediment to undersaturated bottatens.
However, the observed relationship between sediBars content and barite saturation index of boteaters

in the Atlantic sector suggests control also bysta¢ée of undersaturation in bottom waters.

Confronting our results with investigations on #auration state of the water column with respediarite has
shown that correction for dissolution is widelytjfisd, except maybe for shallow sediments (watgptd <2500
m) located south of the Polar Front.

2. The exces§°Th normalization of the Ba accumulation rate appemsential to correct for massive sediment
focusing taking place in the Southern Ocean, batdbrrection has to be applied with caution becaighe
possible impact of boundary scavenging and focusfranallower sediments less enriched in exé&€s4.

[36] Export production estimates from sediment Bgixg similar values for the Polar Front Zone ia thlantic
and Indian sectors (4.9 and 4.6 g G yn™, respectively). In the permanently open ocean rameestimates are
closer to those deduced from water column proxias previous estimates. This observation suggestdarite
is in fact better preserved in the sediments op#rnanently open ocean zone than suggested [Bythend et
al. algorithm.
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