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ABSTRACT: A deep chlorophyll a maximum (OCM) at depth. between 60 and 90 m in waten ,outh 
of the Antarctic Polllr Front (APF) occur, only in pelagic waters where the chlorophyll 1I concentra_ 
tion, in the upper mixed lllyer (UMl) lire very low (generally <0.2 mg m-'j. Dissolved Fe concentra_ 
tion, in these wllters with OeMs lire also very low (generlllly <0.2 nM) and lire probably II limiting 
fllctor lor phytoplllnkton growth lind biomass. OeMs occur in the upper portion of the temperllture 
minimum lllyer (1Ml). which is the winter residue 01 the Antllrctic Surfllce Water (AASW). The 
higher phytoplankton biomllss at these depths is thought to result from higher Fe concentrations in 
the winter remnant of the AAS\V liS compared to thllt found in the overlying UML. A survey of the 
literllture indiclltes thllt DCMs are locllted predominlltely over the deep ocelln basins where enrich_ 
ment of surface waters with Fe from either coastal sediments or from upwelling processes would be 
minimal. DCMs lire not found in coastlll waters or in peillgic regions where complex bottom topo_ 
grllphy causes upwelling of deep water with sufficiently high Fe concentrlltions to enhllnce surface 
chlorophyll a concentrations . Such enrichment of surface waters ovedying or downstrellm of topo_ 
graphical s""mounts or ridges that rise to within a few thousand meters of the ,urface usulllly results 
in elevated phytoplankton biomass in the UML and no OCM due to decrellsed solllr irradillnce in the 
TML The effect of such enrichment of Fe in surfllce peillgic wllters that results from upwelling 
processes is most pronounced in the Scotill Sell. in the Polllr Frontal region downstream of South 
Georgill. over the Southwest Indian Ridge. over the Kerguelen Plateau. and over the Pacific Antarctic 
and Southellst Indian Ridges . 
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INTRODUCTION 

During the past 14 yr of the US Antarctic Mllrine 
Uving Resources program in the southwestern Atlantic 
Ocelln we hllve documented the Ilnnulll occurrence of 
II deep chlorophyll a mllXimum (DCM) at depths be_ 

tween 60 lind 90 m in Drake Passage wllters to the 
northwest of Elephant Island. The chlorophyll a (chi a) 
concentrations in the upper mixed layer (UML, _45 m) 
lit these stations are low (_0.05 to 0.15 mg m-') com_ 
pared to the higher concentrations (_0.2 to >1.0 mg 
m- ') found a t 60 to 90 m. All other stations in the sam_ 
pling grid had maximal chl a concentrations in the 

·Ema~: oholmh. n ... n@ucsd.<Kiu 

UML lind no OeM (Hg. 1). In a previous pllper. Holm_ 

Hansen & Hewes (2004) Ilnlllyzed the occurrence of 
these DCMs in regllrd to physical, chemical. and opti_ 
clll conditions in the upper wllter column lind con_ 
cluded thllt the increllse in phytoplllnkton biomass in 
these OeMs is t he result of active phytoplllnkton 
growth occurring on II nutricline (most likely incrells_ 
ing Fe concentrations) within the temperature mini_ 
mum lllyer [fML). which is the winter remnant of 
Antarctic Surfllce Wllter (AASW). Thi' conclusion WaS 
supported both by direct measurement of photosyn_ 
thetic rates in sllmples from the OCM in on_deck incu_ 
bations with radiocarbon and also by mellsurement of 
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cellular fluorescence at 683 nm with Il passive fluoro· 
meter, which can be equated to instantllneous in situ 
photosynthetic rates (Kiefer et al. 1989, Chamberlin et 
ILL 1990). 

Low chI a concentrlltions in Antarctic pelllgic waters 
thllt hllve excess mlljor inorgllnic nutrients (Chisholm 
& Morel 1991) can be most easily ascribed to limiting 
concentrations of Fe (e.g . Martin el al. 1991, Boyd el al. 
2000) . As all our work with DCMs has been done in the 
southwestern Atlantic Ocean, it was of interest to see if 
such DCMs occur throughout the Southern Ocelln 
(defined here as all waters south of the Polar Front) IlS 
Iln indicator of regions where Fe aVlliiability limits 
phytoplankton biomass . From Iln extensive literature 
review, we hllve cited the pllpers Ilnd the locations 
where DCMs have been reported and 1l1so pllpers 
reporting dissolved Fe concentrations at or close to 
those stations with DCM •. Concentrations of chI a and 
dissolved Fe in the UML of Antarctic waters are dis· 
cussed with respect to the general circulation patterns 
of the Southern Ocelln, IlS well as the influence of 
bottom topography, which might enrich surface waters 
with Fe originating from deep water or from bottom 
sediments . 

OCCURRENCE AND SIGNIFICANCE OF A DCM 

S urface chI a roncenlralions and localion of DCM. in 
the Sou thern Ocean 

After an extensive sMrch of the literature relating to 
ph ytoplankton distributions in the Southern CleMn, the 
station locations where chI a profiles showed the pres· 
ence of a DCM were found to be clustered in 3 main 
a[eas : (I) southeastern Pacific Oceao, Drake PasSdge , 
and southwestern Scotia Sea, (2) southern Indian 
Ocean, and (3) southern Australasian- Pacific sector. 
The locations of these stations are shown in Fig . 2A, 
which also shows the spatial distributions of chI a con· 
centrations in surface waters during January dnd Feb· 
ruary 2000, as derived from SIltellite SeaWiFS data, as 
well as major bathymetric features (thin black lines) . 
Fig. 2B shows the locations and ndmes of the oceanic 
regions and bathymetric features menlioned through. 
out our paper. The clustering of OCM stations within 
these 3 areas is most likely the result of ~'arious national 
research cruises being concentrated in these regions . It 
should be noted that all stations having a OCM are 
located in low chI a waters . A few stations are located 
close to or within waters having slightly elevated chI a 
concentrations , but this is most likely the result of inter· 
annual variability in the distribution of chI a in the 
upper water column. It should be noted that the actual 
number of stations showing the presence of a DCM far 

exceeds the number of locations shown in Fig . 2. Many 
of the papers cited in Table 1 as showing the occur_ 
rence of a DCM are represented by only one symbol in 
Fig. 2, but actually report 2 to 3 locations in that general 
area where a DCM was evident. A few of the papers 
report DC"l'l at ,. 1 7 different locations (Garibotti et al. 
2003 , Holm·Hansen et al. 20(4 ). The AMLR program, 
although shown as only one symbol in Fig. 2, has annu
ally documented between 15 and 40 locations with a 
DCM over the past 15 yr. There have been relatively 
few investigations of chi a concentrations with depth in 
large drMS of the Southern Ocean with very low chI" 
in sulface waters (e .g . the southern Pacific OCMn from 
70 to 130' W and to the .outh of Africa from about 20" E 
to 20' W, 57 to 60' S) , where the development 01 DCMs 
should be most pronounced. No DC"l'l have been 
found in waters where the chI a concentration in sur_ 
face waters exceeds _1.0 mg m-J (Fig. 2) . 

Origin and characteri.1ics of DCM. 

Chi a mllXima at depth. < 40 m in Antarctic waters 
are generally Ilttributed to photoinhibition ellects 
(Holm. Hansen ellll. 1993, Smith & Cullen 1995); rare 
depletion of a major inorganic nutrient, such as nitro_ 
gen (e.g . Nelson & Smith 1986, Holm·Hansen et al. 
19B9); or to zooplankton grazing in surlace waters. The 
formation of OCMs at depths >50 m is generally attrib_ 
uted to either (I) a nutrient limitation, where the chI" 
maximum develops at the depth of the nutricline fo[ 
the limiting element, or (2) the settling of phytoplank_ 
ton to deeper waten, which may happen after the 
occurrence 01 rich phytoplankton bloom. in surface 
waters (Mikaelyan & Belyaeva 1995, Berdalet et al. 
1997). Examination of all available data relating to the 
DCM., as shown in Fig •. I & 2, indicates that the fol_ 
lowing relationships apply to the occurrence of a DC"'I 
and the phy.ical, chemiclll, and optical conditions in 
the upper water column: 

(1) The depth of the chi a maxinlUm is below the 
UML, as seen in Fig . lB. 

(2) The depth of the OCM i. located within the TML, 
which is the winter remnant of the AASW. The TML 
tend. to deepen from south to north, as doe. the depth 
of the DCM (Fiala et al. 1998, DiTullio et al. 2003) . 

(3) II chI a concentrations are moderately high 
(greater than _O.S mg m-'l in the UMl.., there i. gener_ 
ally no DCM in the lML (Fig. lC) . 

(4) Concentrations of essential maCTonutrients (N, P, 
Si) are high and most likely are not limiting phyto_ 
plankton growth processes at any depth. 

(5) Concentrations of dissolved Fe are low (0.05 to 
_0.4 nM) in surfa ce waters, as indicated by the data in 
Table I. 
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Fig. I. Loc~hon 01 .1 . tion. in lbg AMLR •• mpbng grid and upp'" walel rnar.c1QIi.tic. during lbg 1997 to 19991i<>1d ...... 'm •. 
(A) Mapoftbg Mfi.ll oamplinggrid, witb aD .1 ation. baving. d .... p rnl a maximum indicat..d by .ta" and aU otbGI stations indio 
c~l<KI by smaD cud .... The ... mpbng glid h a. b.Km 'Up<lIimpos<><i upon ... tGlbtg chi d ima9'" (bom Aqua MODISI 01 the distribu· 
tiOIl 01 rnl a (mg m-') in surla"" walg" during January 01 2~. Tbg whit .. continuou. ILn .. i. lbg 2000 m i.obalb. Tbe in ... l .how. 
thG generalloc.tion 01 thG AMLR sampbng arG •. IB) Prohlo. in tb<> up!"'r 200 m 01 th .. w ater column ollbe 79 .lahons w ilb a d .... p 
rnl d maximum, .bowing: thg m<>an cbl a conC<lntratLon I_ I, tbg mu n lGmp<lIatur .. (tbick continuou.ling), and tbe mu n WalGI 
dGnsity (thin conhnuou. bn"l . (C) Prolil.,. in t b g Up!"" 200 m 01 thg wal .. , column lor 21 contLguou. stations without a d_ p chi d 
maximum, .bowinglbg "", an chi d cone<mtrahon, th .. moan lGmp<lIa tur .. , and lbe m""", water density. AD th .. borizontalline. 
in PanGI. IB) & ICi rGpr ..... nl ",SO valu<>s at va rious depth. 101': Drug p ..... g .. , SFZ: Sbackl<llon Frac1urg Zone: EI: Elephant 
I.land, KGI: King G..oIg .. I.land: Ll: tivin!J'tOIl Island; BS: Br. n.bGld Slrait; WS: W<>ddGn S ... , AI': Antarctic P" nimula). D.ta 

from Holm·Han",n & H<lWe. (20041 



 

 

33

" 

AAP 

PO 

M., Ecol Prog s", 297: 71 _81 , 200:; 

CR"'t 

10 

SEIR 

Fig_ 2. (A) SaI~lli1 .. image <>lIb .. Southom 
aa. . n .howing di,tJibuh on 01 chi d 
Imy m-'I in .urlacg wal .. IS during Janu· 
.,y a nd Fgbma ry 2000. Data OJ9 d~riv9d 
born the s.."..,,;.wing Wid .. Figld·ol·vigw 
Son.OJ (S-WiFS, McClain .. I a l. 1998) 
u.ing the .tandOJd OCIv2 chlOJophyU 
.Igordhm (O·R~iny .. l aI. 1998, 2000). The 
jayy<XI whrtg lin .. is tho 4"C isolh~rm. 
which i. tho approximalg Iocahon 01 th .. 
Polar Fro nt. AI_ •• hown in black hav .. 
insufhci,ml <ilIa duo to icg rov~r or to 
"pon w.t~" with GXt~nsiv .. cloud cov .. " 
Major bathymotJic l<.alurQ, lobtained 
born the ETOP02 data b . ... ) a re .hown 
by th .. i.obath. llhin black lioQ'I IOJ 2000, 
2:;00, and 3000 m d"pths, Th .. following 
shipboOJd acqui:r<><i data ban lKIQn 
. dd<><i 10 th .. chI a imay" : loc. tion. who, .. 
<I<><op cbl a mUlma hov .. lK>on ,gport<><l 
Iwhit" cud"'I, Ioca tiono in low ebl a ,g. 
giono, who, .. di,solvoo F .. conoontJations 
han be'ln r9port<><i Iwhitg cro ..... ); . nd 
location, whgrg both d .... p chI d maxima 
. nd dis..,lv<><i Fg cone<lnbations havo 
_n r9port<><i Iwhitg ring.). M . ny ollhg 
symbols ropr.,.gnt multipkl .tat io"", in 
thg ... ca . ... , tho symbols .bown occupy 
location< e<mlralto thg r9port<><i .t . tion •. 
Tho coo«hnat<>s a nd rolorone<>s lor It... 
dll d and Fg dat . aro b.tod in Tahlo l. 
(B) Idgnlifica1ion of li nd and halbymolric 
l ... tUI.,. .bown in thg uPP'" panol: Scol" 
Sea (SS). tho Soulh Scotia Ridgg ISC R). 
W<><idgU Sea IWSI. South G<>orgi. (SG), 
AUantic Oc..." (AO). South Sandwich I, · 
land. ISSI). South Atlanbc Ridgo ISAR). 
Am<lrica Antarctic Ridg9 IAAR). W<><idgU 
Abyssal Plain IWAP), A.bid Ridgo (AR). 
Southwo . t Indi. n Ridgoo (SWIR). Endgrby 
Abyssal Plain lEAP). GUnn<lJU. Ridgoo 
IGR). Comad R .... (C R), Amory Ba,in 
IABI. K<lrguglon Platgau (KP). Indian 
Oe<oon 1101. South Indian Abyssal Plain 
ISIAP). Southu,1 Indian Ridgg ISEIR). 
Pacdic A nta rcbc Ri ... (PAR). Ros. S
(RS). Pacific Oe<oan (POI. Amundsoon 
Abyssal PI.in IAAPI. and Ikolling,ba usgn 

Abyssal Plain (BAP) 
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Tablg l. G..ographic~l location< in th .. Soutb~rn (kgan, witb cit..d r~/· 

~r~"""", which rgp<>rt d_p chl ~ maxima Iwhitg cirdg. in Fig, 2), dissolv<><l 
Fe cone<ontrations in low chl a wat~" Iwhitg Cl<, .. ,,, in Fig, 2), and wh~r .. 
both a d_p dtl ~ maximwn and F .. cOnc<lntr. tion. bave _n r .. port<><l 
(wbit .. ring. in Fig, 21, AU listin!J!' in tb .. t. bl .. or .. . "anged """IugntLilly 
according to longitud .. , starting at tb .. prim .. m~ridian and progr .... ing/iut 
.. a.t~rly to 180" and th~n w ... t~rLy bom th .. primo mgridian to tb .. 180" 
m~rid"'n, Wh~r .. a r~l~r~nc<> cit . tion rgport. data bom ... nral.tations, th" 
roordin. h,. given in tho t. bl .. r .. p" .. ~nt tb .. apprOJJimat .. mid· point of tbo . .. 

locatiom, _: nodata 

Longitud" Latitud.. Cbl ~ F.. Sourc<> 
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W, 
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H OE 
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H OE 
IW E 
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12<Y' E 
12~' E 

1:!.:i· E 
14<Y' E 
14<Y' E 
14<Y' E 
14<Y' E 
14~' E 

'W , 'W , 'W , 
l~o E 

l~oE 
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l?Jo E 
Ino E 
178' E 
,'W 
l~o W 

l~o W 

:noW 
4<Y'W 
~4·W 

~o W 

~rw 

W'W 
64·W 
6~o W 

71°W 
91°W 
17<Y' W 
17<Y' W 
17<Y'W 
17<Y'W 
IHoW 

("SI (mg m- 'I (nM) 

0.00 
0,10 
0.00 
O,I~ 

0,30 
0,20 
0,20 
0,10 
0,20 
0,10 
0,30 
0,20 
0,30 
0,20 
0,20 
0,20 

0,30 
0,2~ 

0,20 
0,10 
000 
O,I~ 

0,10 
0,10 
0,10 
0,20 

0,2~ 

O.~ 

0,20 
OW 
O,~O 

0,10 
O,I~ 

0,10 

0.00 
0,20 
O.~ 
0,29 
0,20 

0.% 

W .. hor & El. s..y<><l (19671 
Uno (1982) 
W. tanoho & N.kajim. 1(982) 
Sa ... lri 1(984) 
Hattori .. t . 1. 1(999) 
W. tanoho & N.kajim. 1(982) 
Unol(982) 
Fi.la .. t . 1. 1(998) 
Tr"!JU~r & Jacqu'" 1(992) 
Fukui <It ai, 119001 
Holm· Han ... n .. t.1. 119'/7) 
ElS.y<><l & Fryx~U, 1(993) 
ElS.y<><l & Jitt. 119'/3) 
Yam. gudti .. t aI, (l98~1 
Yam.gudti & Shihata (19621 
Hirawak<> <It ai, (20001 

0,30 Sodwick <It aI, 1(997) 
Trull et dl, 12001) 

0,08 Boyd .. t.1. 12000) 
0,20 Sobrin ~t ai, (20001 

Yam. gudti"t aI, (l98~1 
Holm· Han ... n .. t.1. 119'/7) 
Odat" & Fukudti (199~1 
Yam.gudti .. t aI, (l98~1 
ElS'y<><lII9'/O) 
ElS'y<><lII9'/O) 
Yam.gudti & Shihata (19621 

O,O~ Fitzwat .. r .. t aI, (20001 
O,O~ Fitzwat"r~t aI, (20001 
0, I~ Sodwick <It aI, 120(0) 
0,49 [)g Baar .. tal.ll99~) 
0,60 LOscIt~r "t aI, (1997) 

Mika~lya & il<lly. "va (199~1 
Holm·Han ... n .. t .1.12004.) 
Gilpin"t aI, (20021 
Figu"iras .. t.1. 1(998) 
ElS.y<><l & W .. hor (19621 
Mika~lya & il<lly . .. va (199~1 
Holm·Han ... n & H"wes (20041 

0,16 Martin .. t.1.1199IIa) 
Lip.lri( I9821 
Garibotti .. t.1. 120(3) 

0, 17 d" Baar <It al. 1(999) 
0,06 Franck <It aI, 120(3) 

DiTullio~t al,12003) 
0,10 M .... ur". & Vick 120(1) 
0,02 Franck <It aI, 120(3) 
0,10 Johnson<ltal,(I99'l1 

(6) Relalive ly few papers re porl profiles 
of rolar irradiance at the stations where 
DC M, are located, but, from available 
data (e,g , Holm_Hansen & Hewes 2004), 
the light levels at the top, middle, and bot_ 
tom of the DC M are approximat ely 7.S, 
2.3, and 0.3 ')'. of the solar irradiance 
incident upon the sea ourface. Compara_ 
ble percentage s at the same depths at 
contiguous ,tations that have higber chI a 

concentrations in the UML, but no OCM 
at depth are 2.6, 0.6, and O. f % of incident 
solar radiation. 

Relation of DC M. to the TML 

Data in Fig. IB show that the OCM is 
found within the TML, but that th e depth 
of the maximum chI a conce ntration is 
generally slightly shallowe r th an the 
depth of the temperature minimu m . These 
finding' are similar to those reported by 
Uno (19113). The TML occurs in all Antarc_ 
tic pe lagic waters and enend, from dose 
to the contine ntal she ll bre a k nort h as far 
as the Polar Front. The Th1L i, the winter 

remllllllt of the AASW, which i~ deeply 
mixe d (> 100 m) during the winte .. pe riod . 
During winter, phytoplankton biomass 
and rate of a"imilation of nutrie nts will be 
very low due to low incident rolar irradi_ 
ance and deep mixing of the UM L (Sa k_ 
shaug et al. 1991). At the e nd of th e winte r 
period, nutrie nt concentrations w ill be rel_ 
ative ly high and uniform within this 
deeply mixe d and isothermal upper water 
column. The sea,onal formation of the 
DC M a' suggested by Holm_H,msen & 

Hewe, (2004) depends upon the following 
proce"es: (I ) During spring a n d early 
summer incrMsing solar irradiance rMults 
in h&lting of surface waten, dur ing the 
summe r month, of January- March the re 
is thus a relatively shallow UML of <50 m, 
which overlies the colder re mnant of the 
winter water. (2) With high solar irradi_ 
ance during the summe r months, phyto_ 
plankton biom .. " increase, in this UML of 
< 50 m and will draw down the dissolved 
Fe concentrations to very low concen_ 
trations «0.1 nM). (3) Grazing of phyto_ 
plankton by zooplankton and k rill will 
result in loss of particulate organic mat_ 
e rial containing Fe from the upper water 
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column, (4) II the chI a concentrations stabilize ,~t lairly 
low concentrations «0,2 mg m-') in this UMl, the ina_ 
diance in t he underlying remnllnt of the winter water 
will be sufficiently high to support increllsed phyto_ 
plankton biomllss due to higher initilll levels of Fe , 
(5) As phytoplankton growth in the TMl will be light_ 
limited, the chI a mllXimum will be in the upper portion 
01 the UM L, with decredsing phytopLonkton biomass in 
the lower portions of the TML. FinllUy, (6) development 
of a DCM liS described Ilbove is dependent upon the 
formlltion 01 a UML of less than _50 m overlying the 

Th1L Dllta of Trull et Ill. (2001) and Sprintllll (2003) 
indicllte that the Th1l form. during December, which 
mellns that II well_defined OeM would be evident only 
from December and through the summer months. This 
is consistent with Illl the references reporting OeMs in 
Tllble I, liS most of those pllpers show DCMs in Jllnu_ 
Ilry lind Februllry, with just a few pIlpen reporting 
OeMs in late December or ellrly March. 

It is seen from Fig. 2 thllt Lorge pelagic aredS of 
Antllrctic wllters have elevllted chl a concentrations 
lind no reported OeMs, in spite of the presence of a 
Th1L The rellson for this is mo.t likely the fllct thllt, 
when chI a concentrlltions are gredter than _0.8 mg 
m-', the inCTedsed rate of attenulltion of solar radiation 
in the UML results in inlldillnces in the TML thllt lire 
not high enough to permit signilicllnt phytoplllnkton 
growth (Holm_Hansen & Hewes 2004) . From dotll on 
Fe concentrlltions in Antllrctic waters (see De Bllllr & 
de long 2001), the rellltively high phytoplankton bio_ 
mass in the UML in these regions clln be correLoted 
with increllsed Fe concentrations in the UML. Pro_ 
cesses responsible for such inCTedsed Fe concentrll_ 
tions lire discussed in a later section. 

Dissol~ed Fe con centr~tions in Ant~rctic wate rs 

There have been rellltively few studies of dissolved 
Fe concent rations in the low chI a regions of the South_ 
ern OCedn. As can be seen from Fig . 2 lind Tllble I, 
data on dissolved Fe are primllrily from 3 regions: (1) 
the ared from 6 to OO' W, studied mostly by Germlln 
lind Dutch resellrchers, (2) the area centered lit 140" E, 
studied by Austrlllian lind New ZellLond personnel, 
lind (3) the Ross Sed region, studied by the US JGOFS 
progrllm. Dissolved Fe concentrations in surlllce wllters 
in these regions are mostly in the range of 0.1 to 
0.3 nM. The regions with elevllted chI a concentrations 
(see Fig . 21 ge nerally have much higher concentrations 
01 dissolved Fe . EXllmples include Fe concentrat ions of 
1.4 n M in Gerlache Strait (Martin et al. 199Cld), 4.0 to 
31 nM in the Brllnsfield Strait ared (Saitudo_WilheJrny 
et al. 2002), 1.1 to 2.1 nM in the Weddell Sed (Wester_ 
lund & Ohman 1991, Sanudo_Wilhelmy et Ill. 2002), 

2 to 8 nM in the Scotill Sell lind 60 nM over the South 
Orkney shelf (Nolting et Ill. 1991)," 1.0 n M in the Ross 
Sed (Mllrtin et al. 1991, Fitzwllter et al. 2000) , lind 1.1 
to 1.9 nM in the Polllr Front region lit 6' W (lO:scher et 
Ill. 1997). Dissolved Fe concentrations inCTedse with 
depth in the Southern Ocelln (Loscheret al. 1997, Mell_ 
sures & Vic k 2001) lind show II typiclll nutrient_like 
profile liS described by Johnson et al. (1997). 

The Fe concentrations listed Ilbove refer only to the 
'dissolved Fe ', which is generaUy medsured on filtrlltes 
pIlssed through II polycllrbonate filter with pore dill_ 

meters of 0.4 11m and is commonly the only component 
of the total Fe present in the water .... mple that i. mell_ 
sured. This 'dissolved Fe ' is believed to be the most 
relevllnt component 01 the totlll Fe present in any 
water .... mple for assimillltion by phytoplllnkton 
(Loscher et Ill. 1997), hence, Tllble 1 does not include 
datil on 'totlll dissolvable Fe ', 'Lobile Fe ', or 'totlll par_ 
ticulllte Fe '. Furthermore, a. so little i. known about 
the degree lind strength of complexlltion of Fe with 
inorganic lind organic ligands in Antarctic waten, we 
have restricted the Fe data in the table to the dissolved 
Fe component. [Mta of Fe chemistry in marine waters 
have recently been summllrized lind discussed by De 
Ballr & de Jong (2001) . 

Rel ationship between chl .. a nd Fe concent r .. ti oM in 
regard to bathymetry an d m ixing processes 

It is seen from the loclltions 01 the stations ha~ing a 
OeM thllt they lire found in or close to 4 mlljor deep_ 
basin regions of the Southern Oeedn that have very 
low chI a concentrations (Figs. 2 & 3) . These 4 regions 
lire: (1) the abys .... l plains of the Amundsen and 
Bellingshausen Seas (_70 to 140' W) , (2) the Weddell 
Abys .... l PLoin (_20'W to 20° E), (3) the Enderby 
Abys .... l Plain (_20 to 6O' E), lind (4) the South Indilln 
Abys .... l Plllin (_110 to 150' E). 

The melln Fe concentration in these low chI a waters 
lit the stations shown in Fig. 2 is _0.17 nM . The major 
sources of Fe in surlace wllters lire generally from (1) 
cOllstlll and shelf waten, which are enriched from bot_ 
tom sediments and TUn_off from land (De Bllar et al. 
1990, 1995, Nolting et III 1991), (2) upwelling of deeper 
waters, which generally have considerably higher Fe 
concentrations (De Ballr et Ill. 1995, Mellsures & Vick 
2001 , Watson 2001), (3) melting 01 Ilnnual Sed ice 
(Fitzwater et al. 2000, Arrigo et III 2003), (4) mixing 
Ilssociated with lrontal systems (Moore & Abbott 2000), 
lind (5) Ileolilln input from the atmosphere (Ouce & 
Tindale 1991. Martin et al. 1991). Aeolian input of Fe in 
Antarctic waten, however, seems to be minimal (Wat_ 
son 2001) , with most 01 the Fe in surlacewllters coming 
from either COIlS tal waters or by upwelling processes 
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Fig. 3. IAI Map 01 thG id~nticalg""9raphical " .g ion iUu.tral<XI in Fig. 2. bul .bowinglbG location< 01 v.,ious oc .... nO!JIaphic bontal zonQ •. in 
addrtion to tbe majm bathymetric lealu,e •. TbQ zonQ. indicaled lUG thg SouthGln BoundalY Antarctic Circumpolar CUllenl ISBACq. IbQ 
SoulbQrn Antarctic Circumpolar CUlIGnt Front ISACCFI. thg Polar Fronl (PF). and thG DiVGIgQnCQ long (DZ). Locations 01 thG Irontal.ysl~ms 
"",rQ b. sood on pap<l" by o...con (10021 . O"i Qt al. (1993. 199~1. Knox (19941. Hofmann <It al. (19961. and PlUk <It al. (1996). (BI Map 01 IbQ 
idQnticalg""9raphical " .gion illustrated in Fig. 2. with IUI0WS indicating. gGnQraliz<id vioow 01 thg diroc1:ion 01 .urlacQ·walel llow in rQlation to 
thG m. jor lrontal 'yslgDlS. It should boo nol<XIlbal dal . obtained born drdlGIS gQnQlally sbow VGly compkrx circulation pa,1tGIn'. with many 
edd",. and ch.ng~. in wat~r·llow dir<ICtion, b<>nC<l. thG walQI flow a. indicted by thG arrow. must h<I viGwed as h<ling vQry ocb<>malic. D. la on 

circulation "",rQ basood on pa,JK!rs by Knox (19941. Holmann GI .1. 11998). and Nicol <It al. (20001 

that are olt~n r~lated to bathymetric features (Moore et 
ilL 199911, Wlltwn 2001) . 

Waters over coostal shell areas generally have high 
chI a concentrations (Fig . 2) and also have considerably 
higher Fe concentrations in surlace waters as reier_ 
enced above. The shell regions with very high chI a 
concentrations include: (1) portions of the Weddell Sea 
that are not covered with ice, (2) the shell and 
northerly projecting Astrid Ridge. close to to' E. 67' S, 
(3) Gunnerus Bankand Gunnerus Ridge, close to 30" E, 
(4) the 'hell and banks 01 Amery Basin, between 70 
and sooE, (5) the coastal region from _90to It5' E. 63 
to 65' S. which has many relatively shallow bank' and 
islands (Nicol et al. 2000), (6) 'hell portions of the Ross 
Sell, (7) the Amundsen Sea. between tOO and 120' W, 
(3) the Bellingshausen Sell. between 75 and OO' W, (9) 
portions of the Scotia Ridge and Endurance Ridge, 
between 30 to 37' W and 60 to 63"S, and (10) the 
shelv ... of South Georgia and Shag Rocks , between 37 
to 42' W and 53 to 56' S. 

Report, by various inve,tigators have shown that 
chI a concentrations are often relatively high over sea 
mount, and ridg ... , which rise to within _2000 m of the 

sea surface (Sullivan et al. 1993, Moore et aL 1999<1, 
Constilble & Nicol 2003). GilJilbllto et ill . (2004) hllve 
also provided physical data showing that turbulent 
mixing over rough topography in the Southern Ocean 
could be an important process in the upward tr,msport 
01 Fe_enriched deep water. It is thus likely that the ele_ 
vated phytoplankton biomass found in many regions of 
pelagic Antarctic waten is due to the enrichment of 
surface waters with Fe resulting from upwelling pro_ 
cesses associated with the deep currents of the ACC 
impacting bathymetric features . Fig . 3 shows the major 
bathymet ric features in Antarctic waters. in relation to 
the location of important oceanic fronts and major 
current •. In comparing Figs. 2 & 3. it is seen that the 
major pelagic areas with high chi a concentrations 
either are in dose proximity to shell waten or have 
complex topographicalleatur .... both of which may be 
responsible for enrichment of surface waten with Fe. 
The high chI a pelagic regions seen in Fig . 2 include: 

(1) The Scotia Sea. which is delimited by South 
Georgia in the north. the South Orkney Islands in the 
south, the South Sandwich Islands in the eIlst , and by 
the 55° W meridian. The waters of the Scotia Sea have 
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suUiciently high concentrations 01 Fe (_2 nM, Nolting 
et al. 1991) .0 that phytoplankton biomass i, not lim_ 
ited by Fe availability (De Baar et al. 1.990), It is likely 
that the high Fe concentrations in the Scotia Sea result 
"",rUy Irom the inUow 01 Fe_enriched waters Irom shelf 
regions (e,g , coostal region! 10 the north ollhe Soulh 
Shetland 1,lands, Bransfield Strait, the entire Scotia 
Ridge, and the Weddell Se<I) , as mentioned by De Baar 
et al. (1995) , as welf as lrom inflow 01 Weddelf Soo 
Deep Water through 4 deep pa'''''ge., as described by 
Heywood et al. (2002) . Garabato et al. (2004) have also 
described eddies and upwelling 01 Fe_enriched deep 
water in the Scotia Sea that are related to the complex 
bottom topography of this region. 

(2) The Polar Front Zone (PFZ) between South Geor_ 
g ia (_37 ' W) and the IO"W meridian, as 'hown in 
Fig . 2. De Baar et al (1995) have shown that Fe con_ 
centrations in this PFZ at _6' W are high (_2 nM), as 
compared to lower values (_0.5 nM) in the low chI a 
region to the south at _57 ' S. These aut hors, as well as 
LOscher et Ill. (1997), Atkinson et al (2001) , and White_ 
house et al. (2000) have attributed the high Fe content 
of the wdters in this PFZ both to shell sediments 
around South Georgid and the Scotia Ridge, as well 
as to upwelling processes associdted with the PFZ jet 
(De B"'IT et dl. 1995). 

(3) The dre<l lrom 20' E to 300 W dnd 60 to 70' S, 
which i, south 01 the Scotia Front (Belkin & Gordon 
1996) and within the Weddelf Sea gyre and the Edst 
Wind Drift (see Fig . 3). This dre<l also includes the Isles 
Orcadas Se<lmounts and Maud Rise (_3° E, 65' S) . Fe 
concentrations dre reldtively high in the Weddell Soo 
(\'Vesterlund & Ohman 1991), dnd, consequently, the 
ice_lree waters 01 the Weddell Sell gyre can be 
expected to ltdve reldtively high phytoplankton bio_ 
mdSS. 

(4) The high chI a area located from dpproximdtely 
8° W to 20' E dnd 52 to 56' S, which overlies the eastern 
end 01 the America Antdrctic Ridge, the southern por_ 
tion 01 the Mid_Atldntic Ridge, and much 01 the South_ 
west Indian Ridge. 

(5) The high chI d dre<l from _65 to 75° E, 50 to 56' S, 
which overlie, 'hell and deep waters dround nO's 
Kerguelen. 

(6) The area from -SO to OO' E, 55 to 6.( ' S, which 
overlies the southern portion 01 the Kerguelen Plateau, 
which rises 10 depths 01 < 10Cl0 m. Waters downstream 
of the Kerguelen Plateau are dlso high in chI a, as 
suggested by Blain et Ill. (2001 ). 

(7) The drea from _145 to 170"E, 62 to 66' S, which 
overlies a relatively ,halfow dre<l of the Southern 
Ocean (mostly <3000 m) dnd includes complex bottom 
topography, with many i,ldnds, banks , dnd seamounts . 

(S) The area from 135 to 170' W, 62 to n ' s, which 
is immedidtely downstream 01: (d) the broad PllCilic 

Antarctic Ridge, with its mdny frdcture zones dnd 
seamounts rising to <2500 m, dnd (b) mdny isldnds dnd 
seamounts in the region lrom 160 to ISO' E. 

DISCUSSION 

The data presented dbove, coupled with ddta in 
Holm_Hdnsen & Hewe, (2004), indicdte that OeMs are 
lound only in regions where chl d roncentrdtions are 
very low in the UM L, and that they are not found in 
regions where chI d concentrdtions in the UML are 
higher than _0.11 mg m-' . The hypothesis that the lor_ 
mdtion of a OeM is indicdtive 01 low Fe concentrdtions 
in surlace wdters i, supported by direct me<lsurements 
of Fe concentrdtions (e.g . Mdrtin et al. 1900b, De Bda,. 
& de long 2001) and dlso by Fe_addition experiments, 
either in on_deck incubations (e .g . Mdrtin et al. 1900b, 
Helbling et Ill. 1991, Scharek et dl. 1997, Vdn Leeuwe 
et al. 1997, Timmermans et al. 1998) or by release of 
ldrge amounts 01 Fe to surldce wdters (e.g . Boyd & Law 
2001) . Addition 01 Fe to Wdter ""mplesfrom areas with 
chI d concentrdtions greater tltdn _0.11 mg m-' (which 
includes both cOdstdl areas dnd peldgic regions) have 
not shown dny inere<lse in phytoplankton biomass as a 
result of Fe dddition (De Baar et dl. 1990, Mdrtin et dl. 
1990b, Helbling et Ill. 1991). It should be noted that 
some 01 the above ,tudies demonstrating Fe limitdtion 
of phytoplankton growth in the AMLR study drea (e.g_ 
Helbling et dl. 1991) dre immedidtely ddjdcent to the 
location where Martin et Ill. (l990a,b) reported very 
low concentrations 01 dissolved Fe (0.16 nM). It thus 
seems d reasonable hypothesis that (I) the low chI" 
concentrations in the 3 major ldrge deep_basin regions 
of the Southern OCe<ln (Southern Pacilic Ocean, South_ 
west Indian Ocean, dnd Southe<lst Indian - Australian 
sector) result from growth_limiting Fe concentrdtions 
in the euphotic zone, dS these deep basins get rela_ 
tively little enrichment of Fe lrom sediments 0,. 
upwelling processes, (2) the OeMs lound embedded in 
the TML in these 3 low chI d regions rellect limiting Fe 
concentrations in the UML dnd higher Fe concentra_ 
tions in the winter remnant of the AASW, and (3) no 
DCMs related to Fe limitdtion occur in shelf or COdStdl 
wdters . 

The distribution 01 chI d in Antarctic waters seen in 
Fig . 2 seems 10 be inler-annually consistenl, oosed 
both on shipbOdrd ddta and on Sdtellite chI a images 
lrom other years (e.g . Comiso et dl. 1993, Sutfivdn et dl. 
1993, Moore at Ill. 1999<1, Moore & Abbott 2000). This 
i, not surprising, a, the high chI" regions apparenUy 
are not Fe_limited, due to enrichment of Fe either from 
Fe_rich cOdstal dnd shell waters or from deep water by 
upwelling processes dssociated with bathymetric lea_ 
tures. This consistency of high_production regions can 
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be expected to be important in the d i ,tribution and 
biomass 01 higher trophic levels, which are important 

in regard to harvestable resources in the Southern 

Ocean. Support lor this is shown by the distribution 01 
krill Euphausia superlM, which have bee n shown to be 

in high density in (I) the Scot;" Sed, (2) theeastern por_ 
tion 01 the Weddell Sed gyre, (3) the Eo,twind Dritt 
lrom about 10 to 50' E, (4) the small gyre and Eastwind 

Drift Irom about 90 to 120' E, (5) the ared 01 the Ross 
Sed gyre, and (6) shelt regions 01 the BeltingsMusen 

Sed (Man 1962, Priddte et al. 19M, Everson & Miller 

1994). It should be noted that many investigators have 

pre,iousty retated krill density either to location in the 

Eastwind Drift (e.g . Amos 19S4) orto gy[e systems (e.g . 

MB" 19(2). Conclusions regarding Bvailable lood 
resources lor zooplankton based on recent phyto_ 

pt<~ nkton_chemical studies agree well with the histori_ 
cal distribution 01 krill based on direct netting and bio_ 

acoustic estimates. Thus, inlormation acquired during 

the PII,t decade Irom new tecMologie5 5uch 115 remote 
,;ensing, a5 well as through improvements in determin_ 

ing concentrations 01 es,;entiat micro_elements such as 

Fe, has provided insight into the underlying lactors 01 
imporldnce lor productivity at all trophk levels in the 

Southern Ocean. 
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