Deep-Sea Research II 58 (2011) 2647–2660

Contents lists available at ScienceDirect

Deep-Sea Research II
journal homepage: www.elsevier.com/locate/dsr2

Dissolved aluminium in the Southern Ocean
R. Middag a,n, C. van Slooten a, H.J.W. de Baar a,b, P. Laan a
a
b

Royal Netherlands Institute for Sea Research (Royal NIOZ), P.O. BOX 59, 1790 AB Den Burg, Texel, The Netherlands
Department of Ocean Ecosystems, University of Groningen, Groningen, The Netherlands

a r t i c l e i n f o

abstract

Article history:
Received 8 March 2011
Accepted 8 March 2011
Available online 12 March 2011

Dissolved aluminium (Al) occurs in a wide range of concentrations in the world oceans. The
concentrations of Al in the Southern Ocean are among the lowest ever observed. An all-titanium CTD
sampling system makes it possible to study complete deep ocean sections of Al and other trace
elements with the same high vertical resolution of 24 depths as normal for traditional CTD/Rosette
sampling. Overall, 470 new data points of Al are reported for 22 full depth stations and 24 surface
sampling positions along one transect. This transect consisted of 18 stations on the zero meridian
proper from 511570 S until 691240 S, and 4 stations somewhat to the northeast towards Cape Town from
421200 S, 091E to 501170 S, 011270 E. The actual concentrations of Al in the Southern Ocean were lower
than previously reported. The concentration of Al in the upper 25 m was relatively elevated with an
average concentration of 0.71 nM (n ¼ 22; S.D. ¼ 0.43 nM), most likely due to atmospheric input by a
suggested combination of direct atmospheric (wet and dry) input and indirect atmospheric input via
melting sea ice. Below the surface waters there was a distinct Al minimum with an average
concentration of 0.33 nM (n ¼ 22; S.D. ¼ 0.13 nM) at an average depth of 120 m. In the deep southernmost Weddell Basin the concentration of Al increased with depth to  0.8 nM at 4000 m, and a higher
concentration of  1.5 nM in the  4500–5200 m deep Weddell Sea Bottom Water. Over the Bouvet
triple junction region, where three deep ocean ridges meet, the concentration of Al increased to
 1.4 nM at about 2000 m depth over the ridge crest. In the deep basin north of the Bouvet region the
concentration of Al increased to higher deep values of 4–6 nM due to inﬂuence of North Atlantic Deep
Water. In general the intermediate and deep distribution of Al results from the mixing of water masses
with different origins, the formation of deep water and additional input from sedimentary sources at
sea ﬂoor elevations. No signiﬁcant correlation between Al and silicate (Si) was observed. This is in
contrast to some other ocean regions. In the Southern Ocean the supply of Al is extremely low and any
signal from Al uptake and dissolution with biogenic silica is undetectable against the high dissolved Si
and low dissolved Al concentrations. Here the Al–Si relation in the deep ocean is uncoupled. This is due
to the scavenging and subsequent loss of the water column of Al, whereas the concentration of Si
increases in the deep ocean due to its input from deep dissolution of biogenic diatom frustules settling
from the surface layer.
& 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
Dissolved aluminium (hereafter Al) occurs in a wide range of
concentrations in the world oceans, from as low as 0.1 nM in
surface waters of the Paciﬁc Ocean (Orians and Bruland, 1986;
Measures et al., 2005) to 174 nM in the Mediterranean Sea (Hydes
et al., 1988). Aluminium has been shown to have a quite complex
biogeochemistry. Moreover, its residence time is much shorter in
the surface ocean than in the deep ocean (Orians and Bruland,
1985, 1986). Fluvial inputs of Al to the open ocean are negligible
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due to estuarine removal processes (Mackin and Aller, 1984; Tria
et al., 2007 and references therein). Maring and Duce (1987)
suggested aeolian dust to be the main source of Al to the open
ocean, which has since then been conﬁrmed convincingly (Tria
et al., 2007 and references therein). In the North West Atlantic
Ocean, and also on a global scale, concentrations of Al in the
surface ocean have been related to atmospheric dust input
(e.g. Gehlen et al., 2003; Kramer et al., 2004; Han et al., 2008).
In the surface ocean, Al has a short residence time of only 4 weeks
to 4 years (Orians and Bruland, 1986) due to removal from the
water column. Several studies have suggested passive, inorganic
sorption onto particle surfaces as an important removal mechanism (e.g. Hydes, 1979; Moore and Millward, 1984; Orians and
Bruland 1985, 1986). However, there are also indications of active
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uptake of Al by diatoms. These are the nutrient-like increase with
depth of Al at several locations (Stoffyn, 1979; Hydes et al., 1988;
Chou and Wollast, 1997), as well as the signiﬁcant correlations
often found between dissolved Al and silicate (Mackenzie et al.,
1978; Hydes et al., 1988; Kramer et al., 2004; Middag et al., 2009).
Moreover, Gehlen et al. (2002) have shown that Al is structurally
associated with the biogenic silica of diatom frustules, consistent
with earlier studies of Al incorporation in opal frustules of
diatoms (Van Bennekom et al., 1989, 1991; Van Beusekom and
Weber, 1992). In the deep ocean the concentrations of Al have
been suggested to be quasi-conservative (Measures and Edmond,
1990) due to less scavenging. Deep ocean residence times have
been estimated to be between 50 and 200 years (Orians and
Bruland, 1985, 1986). Additional input in the deeper water
column has been suggested via diffusion from the sediments
(Hydes, 1977), pressure dependent solubility of Al-containing
particles (Moore and Millward, 1984) and shelf water input via
deep slope convection (Measures and Edmond, 1992; Middag
et al., 2009).
An all-titanium CTD sampling system (De Baar et al., 2008)
allows to study complete deep ocean sections of trace elements
with the same high spatial resolution of 24 depths as for traditional
CTD/Rosette sampling. Here are presented the distributions of Al
along a section at (or nearby) the zero meridian (0oW) determined
in February–March 2008, during expedition ANT XXIV/3 aboard
R.V. Polarstern. This expedition was part of the International
Polar Year—Geotraces programme (www.geotraces.org) with the
objective to: ‘identify processes and quantify ﬂuxes that control the
distributions of key trace elements and isotopes in the ocean, and
to establish the sensitivity of these distributions to changing
environmental conditions’ (Geotraces Science Plan, 2006). Among
others, also the distributions of iron (Fe) (Klunder et al., 2011),
manganese (Mn) (Middag et al., 2011), zinc (Croot et al., 2011),
cadmium and its isotopes (Abouchami et al., in press) and the
speciation of zinc (Baars and Croot, 2011) and Fe (Thuróczy et al.,
2011) were successfully measured during this expedition. The
distributions of Al are compared with the distributions of other
variables, notably the salinity and the potential temperature, to
gain insight in the sources and cycling of Al in the Southern Ocean
and in relation to the world oceans.

2. Methods
2.1. Sampling and ﬁltration
The low density polyethylene bottles (LDPE, Nalgene) used for
the storage of reagents and samples were cleaned according to an
intensive three-step cleaning procedure as described in Middag
et al. (2009). After cleaning, LDPE bottles are suitable for use in
the analysis of Al (Brown and Bruland, 2008). Seawater was
collected using 24 internally Teﬂon-coated PVC 12 l GO-FLO
samplers (General Oceanics Inc.) mounted on an all-titanium
frame that was connected to a Kevlar wire and controlled from
onboard (De Baar et al., 2008). Samples were taken at 22 stations
along the transect. There were 18 stations on the zero meridian
proper from 511570 S until 691240 S near the edge of the continental ice-sheet, and 4 stations on the extension towards Cape
Town somewhat to the east in the South East Atlantic Ocean from
421200 S, 091E to 501170 S, 011270 E (Fig. 1). The 22 deployments of
the all-titanium CTD sampling system with 24 GO-FLO samplers
resulted in a total of 487 samples that were analysed for Al. This is
somewhat less than the theoretical maximum of 528 due to the
water requirements of other cruise participants and the occasional malfunctioning of a GO-FLO sampler. Of the 487 samples
analysed for Al, 41 samples (8.4%) were suspected outliers and

therefore not further used in the data analyses and ﬁgures
presented. Suspected outliers were labelled as such based on
three criteria. When for the sampled GO-FLO the nutrient data
(see text Section 2.4.) were anomalous for that depth, indicating
closing at the wrong depth, the sample was marked as suspected
outlier. In case the trace metal data (Al, Mn and Fe) were elevated
for the same GO-FLO for more than one cast, indicating a
contaminated GO-FLO sampler, the sample was also marked as
a suspected outlier. The third criterion was when 1 data point of
Al gave anomalous result for its depth considering the data points
at shallower and greater depths. These anomalous data points
were identiﬁed by visually inspecting the vertical proﬁles for data
points that would not ﬁt in the proﬁle shape. Subsequently, this
data point was compared with the values of potential temperature, salinity, nutrients, Mn and Fe to see if those showed a similar
trend. If this was the case the data point was left in, if not the
following test was applied; a linear regression was determined
between the concentrations of Al below and above the suspect
data point (2 above and 2 below if possible) versus depth. With
the linear regression equation the ‘theoretical’ concentration was
calculated for the depth with the anomalous concentration of Al.
When this calculated value was more than 25% lower than the
measured value, it was marked as a suspected outlier and not
further used in the calculations or graphs.
The complete relational database includes speciﬁc ﬂags
for suspected outlier values and will be available at the international GEOTRACES data centre (http://www.bodc.ac.uk/geotraces/
) and is also available as an Electronic annex with this paper. In
between the 22 stations for trace metals and nutrients, another 30
stations were sampled with the regular CTD/Rosette also for
nutrients and for other variables (see electronic Supplement).
Samples for Al analysis were taken from the GO-FLO samplers
in a class 100 clean room environment. The water was ﬁltered
directly from the GO-FLO sampler over a 0.2 mm ﬁlter capsule
(Sartrobran-300, Sartorius) under nitrogen pressure (1.5 atm).
Therefore all data reported in this paper is dissolved Al. The
ﬁltered seawater samples were collected in cleaned LDPE sample
bottles (125 ml) from each GO-FLO bottle. All sample bottles were
rinsed ﬁve times with the sample seawater.
Underway surface sampling (target depth of 1.5 m) was conducted during transit between stations from south of 661010 S
onwards until 691350 S near the continental ice edge. This was
done with a towed epoxy-coated stainless steel torpedo deployed
off a crane arm on the starboard side of the ship. Water was
pumped aboard with an Almatec A-15 Teﬂon diaphragm pump. A
total of 24 samples were sampled inside the same class 100 clean
room environment (see above) by in-line ﬁltration over a ﬁlter
capsule containing a 0.4 mm pre-ﬁlter and a 0.2 mm end-ﬁlter
(Sartrobran P 0.2 mm, Sartorius).
Unﬁltered samples for nutrients were collected in high density
polyethylene bottles that were rinsed three times with sample
water. Samples were stored in the dark at 4 1C prior to analysis
(see text Section 2.4.).
2.2. Analyses of dissolved Al
The analyses of dissolved Al were performed on shipboard
after the method developed by Resing and Measures (1994) with
improvements by Brown and Bruland (2008). This method is a
ﬂow injection analysis, based on the ﬂuorescence from the
reaction between lumogallion and Al. Samples were stored in a
refrigerator (4 1C) and analysed usually within 24 h after sampling but always within 36 h. Samples were acidiﬁed 1 h before
the start of a run of 10 samples with 12 M ultraclean HCl
(Baselines Hydrochloric Acid, Seastar Chemicals Inc.) to a pH of
1.8. In the ﬂow injection system the samples were buffered inline
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Fig. 1. Trace metal sampling stations along the zero meridian and in the South East Atlantic Ocean during cruise ANT XXIV/3 from 10 February until 16 April 2008 from
Cape Town (South Africa) to Punta Arenas (Chile) aboard R.V. Polarstern. Abbreviations in alphabetical order: ACC: Antarctic Circumpolar Current; PF: Polar Front; PFZ:
Polar Frontal Zone; SAF: Sub Antarctic Front; SAZ: Sub Antarctic Zone; WF: Weddell Front; and WG: Weddell Gyre.

to a pH of 5.570.1 with ultraclean 2 M ammonium acetate buffer.
This buffer was produced by diluting a saturated solution of
ammonium acetate crystals to a 2 M solution with MQ (Millipore
Milli-Q deionised water R418.2 MO cm  1). The pH was subsequently adjusted to be between 8.8 and 8.9 with ultraclean
ammonium hydroxide.
The buffered sample was pre-concentrated for 200 s on a
Toyopearl AF-Chelate 650 M (TosoHaas, Germany) column. Next
the column was rinsed for 60 s with MQ water to remove
interfering salts. The Al was subsequently eluted from the column
with 0.10 M HCl (Suprapure, Merck) during 250 s. The eluate of Al
in HCl entered the reaction stream that consisted of a lumogallion
(Pfaltz & Bauer) solution in 4 M ammonium acetate buffer. The
4 M buffer was produced similar to the 2 M buffer (see above), but
with the pH adjusted to be between 6.4 and 6.5 and the
lumogallion was a 4.8 mM solution in MQ. The mixing of the
HCl and the buffer results in a reaction pH between 5.3 and 5.4 at
which an Al–lumogallion chelate complex is formed, which can
be detected by its ﬂuorescence. The complex was mixed in a 10 m
reaction coil placed in a water bath of 50 1C. Hereafter a 5% Brij-35
(Merck) solution in MQ was added to increase the sensitivity
(Resing and Measures, 1994) and mixed in a 3 m length mixing
coil. Afterwards the emission of the ﬂuorescent complex was
detected on a FIA-lab PMT-FL detector with a 510–580 nm

emission ﬁlter and a 480–490 nm excitation ﬁlter. Concentrations
of Al were calculated in nanomol L  1 (nM) from the peak heights.
2.3. Calibration of Al
The system was calibrated using standard additions from a
5000 nM Al stock solution (Fluka) to ﬁltered acidiﬁed seawater of
low (o0.5 nM) Al concentration that was collected in the Antarctic
Ocean. A six-point calibration line (0, 1, 2, 4, 6 and 8 nM Al
standard additions) and blank determination were made every
day. The 3 lowest points (0, 1 and 2 nM Al standard additions) of
the calibration line were measured in triplicate and the 3 highest
points (4, 6 and 8 nM Al standard additions) in duplicate in order to
add more weight to the lower part of the calibration line. The blank
was determined by plotting the signals of increasing pre-concentration times (30, 60, 120, 180 and 240 s) of the ﬁltered acidiﬁed
seawater of low (o0.5 nM) Al concentration also used for the
calibration. A line was ﬁtted through these data points and the
intercept of the line taken as the blank, which was 0.18 nM
(S.D.¼0.02 nM; n¼23). The value of 0.2 nM was the maximum
allowed blank before starting a series of analyses. The limit of
detection, deﬁned as three times the standard deviation of the
lowest concentration observed, was 0.07 nM. The ﬂow injection
system was cleaned every day by rinsing with a 0.5 M HCl solution.
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A check sample was measured in triplicate every day. This
check sample was a sub-sample of a 25 L volume of ﬁltered
seawater that was taken at the beginning of the cruise in the
South East Atlantic Ocean. This check sample was ﬁltered and
acidiﬁed as the samples. The relative standard deviation (i.e. the
precision) of this replicate analysis seawater sample that was
analysed 36 times on different days in triplicate was 3.16%. The
relative standard deviation on single days was on average 1.5%.
The average concentration of Al of this check sample was 3.56 nM
and the deviation from this average for a given measuring day
was used as a correction factor. This correction factor is on
average implicitly 1 and the standard deviation was 0.03. To
verify whether this correction was decreasing the inter-daily
variability in the dataset, every day a sample, which was collected
and measured the previous measuring day, was analysed once
again. The deviation between the concentrations measured on the
different days decreased from 4.8% to 3.5%, indicating the data
correction is beneﬁcial. Moreover, samples of the SAFe intercalibration programme (Johnson et al., 2007) were analysed in
triplicate (Table 1). Results for both SAFe Surface (S) of
1.6870.04 nM (n ¼8) and SAFe deep (D2) of 1.0170.08 nM
(n¼17) from 1000 m water are in good agreement with the
values found by Brown and Bruland (2008) of 1.6770.02 nM
and 0.9970.02 nM, respectively.
2.4. Additional analyses
The salinity (conductivity), temperature and depth (pressure)
were measured with two different CTD’s of the same type (Seabird SBE 911 þ), one from the Netherlands Institute for Sea
Research (NIOZ) and other from the Alfred Wegener Institute
(AWI). Both had been calibrated before and after the expedition
by the company (Seabird) and mutual agreement was excellent.
Moreover, the conductivity sensors were calibrated during the
cruise against salinity samples measured onboard. The inorganic
Table 1
Results of analysis of Al (nM) for SAFe samples during the cruise ANT XXIV/3 from
06 February until 16 April 2008 aboard Polarstern. Results for both SAFe Surface
(S) (average of 1.68 7 0.04 nM (n¼8)) and SAFe deep (D2) (average of
1.01 70.08 nM (n¼ 17)) from 1000 m water are in good agreement with the
values found by Brown and Bruland (2008) of 1.67 7 0.02 and 0.997 0.02 nM,
respectively.
Date

SAFe Sample

Al (nM)

Standard deviation (nM)

21/02/2008
23/02/2008
24/02/2008
26/02/2008
27/02/2008
06/03/2008
07/03/2008
10/03/2008
11/03/2008
12/03/2008
13/03/2008
16/03/2008
18/03/2008
19/03/2008
22/03/2008
24/03/2008
26/03/2008
28/03/2008
29/03/2008
02/04/2008
03/04/2008
05/04/2008
07/04/2008
08/04/2008
09/04/2008

SAFe
SAFe
SAFe
SAFe
SAFe
SAFe
SAFe
SAFe
SAFe
SAFe
SAFe
SAFe
SAFe
SAFe
SAFe
SAFe
SAFe
SAFe
SAFe
SAFe
SAFe
SAFe
SAFe
SAFe
SAFe

1.59
1.69
1.66
1.04
1.02
0.93
0.99
1.70
1.73
1.71
1.67
0.96
1.01
1.02
1.68
1.07
1.04
1.13
0.88
0.99
1.16
1.03
0.87
1.06
1.07

0.030
0.005
0.025
0.029
0.025
0.005
0.007
0.063
0.054
0.033
0.049
0.024
0.032
0.015
0.021
0.029
0.092
0.033
0.013
0.067
0.005
0.026
0.019
0.050
0.025

S 426
S 426
S 426
D2 524
D2 524
D2 121
D2 121
S 247
S 247
S 247
S 247
D2 19
D2 19
D2 19
S 113
D2 7
D2 7
D2 7
D2 8
D2 416
D2 416
D2 416
D2 347
D2 347
D2 347

major nutrients nitrate, nitrite, phosphate and silicate (Si(OH)4),
from here on Si, were determined following procedures
after Grasshoff et al. (1983).

3. Results
3.1. Hydrography
Several fronts exist, in southward direction the Subtropical
Front (STF), the Sub-Antarctic Front (SAF), the Polar Front (PF), the
Southern Boundary of the Antarctic Circumpolar Current Front
(SB ACC or SBdy) and the Weddell Front (WF). South of the SAF
the Antarctic Circumpolar Current (ACC) ﬂows eastward, extending unbroken around the globe. Within the ACC the mentioned PF
is found (Fig. 2). A more detailed description of the hydrography
can be found in the electronic supplement.
The Subtropical Front was located to the north of the sampled
transect. The zone between the Subtropical Front and the SAF is
known as the Sub-Antarctic Zone (SAZ). The SAF was located
between the stations at 441400 S, 071060 W and 461S, 51530 W
(Fig. 2). About 31 further south, between the stations at 481550 S,
21480 E and 501160 S, 11270 E, the PF was observed (Fig. 2). The zone
between the SAF and the PF is known as the Polar Frontal Zone
(PFZ). The southern boundary of the ACC (SB ACC, also referred to
as SBdy (e.g. Barré et al., 2008)) was located between the stations
at 551300 S, 001E and 561S, 001E (Fig. 2). The SB ACC is considered
part of the ACC at the zero meridian (Klatt et al., 2005). The zone
between the PF and the SB ACC is known as the Antarctic Zone
(AAZ). South of the ACC the sub-polar cyclonic Weddell Gyre
is found. The Weddell Front is the northern boundary of
the Weddell Gyre and was observed by Klatt et al. (2005) at
561220 3000 S during previous expeditions between 1996 and 2001.
The stations in the South East Atlantic Ocean, except the most
northerly one (see text Section 3.2.), and the stations in the
Bouvet triple junction region (see text Section 3.3.) were within
the ACC. The stations in the deep Weddell Basin (see text Section
3.4.) were south of 561220 3000 S and therefore in the Weddell Gyre.
Along the transect several major water masses were sampled,
which are described in Whitworth and Nowlin (1987) and brieﬂy
summarised here (Fig. 2). Between the Subtropical Front and the SAF
the Subantarctic Surface Water (SSW) is found above the salinity
minimum of the Antarctic Intermediate Water (AAIW). The transition surface waters between the SAF and the PF are marked by a
steady decrease in temperature and salinity, and in this paper are
considered to be part of the Subantarctic Surface Water. South of the
PF, in the Antarctic Zone and Weddell Gyre, the cold (y o5 1C)
Antarctic Surface Water (AASW) constitutes the upper water layer.
The Winter Water (WW) is the even colder water layer that shows
as a temperature minimum at the bottom of the AASW. The Winter
Water is a remnant from the last winter before the overlying water
was warmed by the summer. In the deep South Atlantic Ocean the
relatively saline North Atlantic Deep Water (NADW) that ﬂows in
from the north is found, underlain by the cold Antarctic Bottom
Water that ﬂows northward. The Antarctic Intermediate Water is
relatively fresh (compared to NADW) and sinks in between the
Subantarctic Surface Water and NADW at the SAF and ﬂows northward. Within the ACC (between the SAF and the Weddell Front) the
most extensive water mass is the Circumpolar Deep Water, which is
commonly distinguished between Upper Circumpolar Deep Water
(UCDW) and Lower Circumpolar Deep Water (LCDW). The Upper
Circumpolar Deep Water has a relative temperature maximum
induced by the colder overlying Antarctic Intermediate Water and
Winter Water. The LCDW has a salinity maximum due to the
inﬂuence from the relatively warm, saline NADW from the north
(Figs. 2 and 4). The deeper parts of the LCDW receive inﬂuence from
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Fig. 2. Water masses and fronts along the entire transect (see Fig. 1). Salinity is represented in colour scale and isobars represent the potential temperature (1C). Upper
panel shows the upper 1000 m; the lower panel the remainder of the water column. Abbreviations in alphabetical order: AAIW: Antarctic Intermediate Water (salinity
minimum); AASW: Antarctic Surface Water (salinityo 34.6); AAZ: Antarctic Zone; ACC: Antarctic Circumpolar Current; LCDW: Lower Circumpolar Deep Water (salinity
maximum); NADW: North Atlantic Deep Water (salinity maximum); PF: Polar Front; PFZ: Polar Frontal Zone; SAF: Sub-Antarctic Front; SAZ: Sub-Antarctic Zone; SB ACC:
Southern Boundary of the Antarctic Circumpolar Current; SSW: Subantarctic Surface Water (y 44 1C); UCDW: Upper Circumpolar Deep Water (salinity4 34.4); WDW:
Warm Deep Water (y 4 0 1C, salinity 434.6); WF: Weddell Front; WSBW: Weddell Sea Bottom Water (y o 0.7 1C); WSDW: Weddell Sea Deep Water (  0.7 1C o y o 0.0 1C);
and WW: Winter Water (y minimum).

the colder, less saline Weddell Sea Deep Water (WSDW) from the
south. Along the slope of the Bouvet triple junction region (see
text Section 3.3.), the inﬂuence of this WSDW can be clearly seen in
lower potential temperatures (y o0.5 1C) (Fig. 2).
In the deep Weddell Basin, below the AASW and Winter
Water, the Warm Deep Water (WDW) is found, which is largely
replenished by LCDW (Klatt et al., 2005). Underlying the WDW is
the Weddell Sea Deep Water (WSDW), which is more saline and
has a lower potential temperature ( 0.7 1Co y o0.0 1C). Even
colder (y o  0.7 1C) is the deepest water layer, the Weddell Sea
Bottom Water (WSBW) formed at the surface close to the
Antarctic continent in winter by cooling and brine rejection due
to sea ice formation. The WSDW is believed to be formed by
mixing between WDW and WSBW, but there is also evidence that
WSDW is formed directly from surface waters and modiﬁed
WDW (Klatt et al., 2005 and references therein).
3.2. South East Atlantic Ocean
In the South East Atlantic Ocean four stations were sampled
for Al (Fig. 3), of which one in the Sub-Antarctic Zone (421200 S,

91E), two in the Polar Frontal Zone (461S, 51530 E and 471400 S,
41170 E) and one just south of the PF in the Antarctic Zone
(501160 S, 11270 E). In the Subantarctic Surface Water in the SAZ
(421200 S, 91E), the concentrations of Al were below 1 nM until
250 m depth with a minimum of 0.48 at 250 m (Fig. 4A). From
300 m depth downward, values were considerably higher with a
maximum of 2.35 nM coinciding with the salinity minimum of
the Antarctic Intermediate Water at 500 m depth (Fig. 4A). Below
this maximum, concentrations of Al were around 1.6 nM until
about 1750 m depth followed by a steep increase into the NADW
with values over 6 nM at the salinity maximum at about 3000 m
depth (Fig. 4A). Below this maximum the Al values remained
around 6 nM. At the two stations in the Polar Frontal Zone, the
concentrations in the Subantarctic Surface Water were around
1 nM. Concentrations decreased to subsurface minima of 0.23 nM
at 150 m and 0.32 nM at 100 m depth at 461S, 51530 E and 471400 S,
41170 E, respectively. At both stations a maximum in the concentrations of Al (4 and 2.65 nM, respectively) was observed in the
Lower Circumpolar Deep Water, which coincided with the salinity
maximum of the NADW inﬂuence at about 2000 m (Fig. 4B and C).
The station just south of the PF (501160 S, 11270 E) was located at
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Fig. 3. Concentrations of dissolved Al (nM) over the entire water column at all 22 TM stations along the zero meridian and in the South East Atlantic Ocean. Upper panel
shows the upper 1000 m; the lower panel the remainder of the water column. Of the 487 samples analysed for Al, 41 samples (8.4%) were suspected outliers and therefore
not further used in the ﬁgures. Abbreviations in alphabetical order: AAIW: Antarctic Intermediate Water; AASW: Antarctic Surface Water; AAZ: Antarctic Zone; ACC:
Antarctic Circumpolar Current; LCDW: Lower Circumpolar Deep Water; NADW: North Atlantic Deep Water; PF: Polar Front; PFZ: Polar Frontal Zone; SAF: Sub-Antarctic
Front; SAZ: Sub Antarctic Zone; SB ACC: Southern Boundary of the Antarctic Circumpolar Current; SSW: Subantarctic Surface Water; UCDW: Upper Circumpolar Deep
Water; WDW: Warm Deep Water; WF: Weddell Front; WSBW: Weddell Sea Bottom Water; and WSDW: Weddell Sea Deep Water.

the onset of the ﬂank of the Bouvet triple junction region. The
concentrations at this station over the entire water column were
lower than at the stations north of the PF and no coinciding
maxima of Al and salinity were observed. Concentrations in the
upper 500 m were below 0.5 nM and like north of the PF, a
subsurface minimum was observed at 150 m depth (of 0.19 nM).
Below 500 m depth the concentrations of Al increased with depth
to a maximum of 1.44 nM at 2500 m depth, followed by a slight
decrease to 1 nM at the greatest sampled depth (Fig. 3).
3.3. Bouvet triple junction region
The region where the southernmost segment of the MidAtlantic Ridge, the westernmost segment of the Southwest Indian
Ridge and the easternmost segment of the American-Antarctic
Ridge meet is referred to as the Bouvet triple junction region,
hereafter called Bouvet region (Ligi et al., 1999). Five stations
were sampled with 11 resolution at every full degree latitude
along the zero meridian in this Bouvet region (Fig. 5), of which
four in the Antarctic Zone (511570 S, 531S, 541S and 551S) and one
between the southern boundary of the ACC and the Weddell Front
(561S). Concentrations of Al were low (o0.5 nM) in the AASW at

511570 S and a subsurface minimum of 0.25 nM was observed at
250 m depth. Concentrations of Al in the AASW increased in a
southwards direction with concentrations of 0.56, 1.53 and
1.78 nM Al at 531S, 541S and 551S, respectively. Subsurface
minima of about 0.5 nM Al were observed at these three stations
between 100 and 200 m depth. South of the southern boundary of
the ACC, surface concentrations of Al were lower again, around
0.8 nM in the upper 25 m and a subsurface minimum of 0.37 nM
was observed at 200 m depth. A similar trend of higher concentrations over the shallow part and lower concentrations over the
deep part of the Bouvet region was observed in the Circumpolar
Deep Water (Fig. 5). Concentrations were around 1 nM in the
deep LCDW at 511570 S and about 1.4 nM in the deep LCDW at
531S and 541S. At the shallowest station (551S) of 1600 m depth,
the concentration was about 1.4 nM below 1000 m depth, which
is very similar to the deeper concentration in the LCDW observed
at 531S and 541S. South of the southern boundary of the ACC,
concentrations of Al were lower again, around 0.7 nM in the
WDW and around 1 nM in the WSDW. Overall, in the shallowest
part of the Bouvet region the concentrations of Al were elevated
in the surface and the deepest layer, and concentrations
decreased away from the triple junction ridge.
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Fig. 4. (A) Proﬁles of dissolved Al (nM) (ﬁlled circles) and salinity over depth at the most northerly TM station (421200 S, 91E) in the SAZ in the South East Atlantic Ocean.
Error bars represent standard deviation of triplicate analysis. ((B) Proﬁles of dissolved Al (nM) (ﬁlled circles) and salinity over depth at the most northerly of the two TM
stations in the PFZ (461S, 51530 E) in the South East Atlantic Ocean. Error bars represent standard deviation of triplicate analysis. Of the 21 samples analysed for Al, 1 sample
was a suspected outlier and therefore not further used in the ﬁgure. (C) Proﬁles of dissolved Al (nM) (ﬁlled circles) and salinity over depth at the most southerly of the two
TM stations in the PFZ (471400 S, 41170 E) in the South East Atlantic Ocean. Error bars represent standard deviation of triplicate analysis.

3.4. Deep Weddell Basin
South of the Bouvet region the zero meridian transect crosses
the deep Weddell Basin towards the Antarctic continental slope to
the edge of the continental ice-sheet at approximately 691300 S.
Twelve stations were sampled with 11 resolution at every full
degree latitude (except 1 station at 661300 S instead of 661S) and
the southernmost station was as close to the edge of the
continental ice-sheet as possible at 691240 S (Fig. 5).
Two stations were sampled between the Bouvet region and the
deepest part of the Weddell Basin. In the AASW the concentrations
were about 0.6 nM Al at the surface, followed by a subsurface
minima of 0.39 and 0.3 nM around 100 m depth at 581S and 591S,
respectively. Concentrations of Al increased slightly with increase in
depth to about 0.7 nM in the WDW at both stations. At 581S,
concentrations of Al increased to about 2 nM in the WSDW, which
was a higher concentration than observed in the deepest layer over
the Bouvet region. At the station at 591S, concentrations of Al
increased into the WSDW to a maximum of only 0.88 nM and in
the WSBW, concentrations increased to 1.56 nM Al.

In the deepest part of the Weddell Basin ﬁve stations (601S,
611S, 621S, 631S and 631580 S) were sampled with maximum
sampled depths of around 5200 m. In the AASW of the two more
northerly stations, low concentrations of Al around 0.3 nM
were observed in the upper surface, overlying a minimum of
about 0.2 nM between 100 and 150 m depth. Southwards, the
concentrations of Al in the upper surface increased from 0.5 nM,
to 0.8 and 1.4 nM Al, respectively. Subsurface minima in
the concentrations of Al of 0.34, 0.28 and 0.57 nM were
observed around 100 m depth at these three stations. Below the
Al minima, the concentrations of Al varied somewhat in the
deeper part of the Weddell Basin, but gradually increased with
depth until remarkably similar values at 4000 m depth of 0.79,
0.77, 0.81, 0.83 and 0.98 nM, respectively, from north to south.
Deeper than 4000 m the concentrations of Al increased to a
maximum of around 1.5 nM close to the sediments in the WSBW,
except for the most southerly station in this deep part of the
Weddell Basin. At this station the concentration increased to a
maximum of 2.79 nM in the WSBW at the greatest sampled depth
of 5150 m.
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Fig. 5. Concentrations of dissolved Al (nM) over the entire water column at 18 TM stations in the Bouvet triple junction ridge region and the deep Weddell Basin. Upper
panel shows the upper 1000 m; the lower panel the remainder of the water column. Note the different colour scale compared to Fig. 3. Of the 401 samples analysed for Al,
36 samples (9%) were suspected outliers and therefore not further used in the ﬁgures. Abbreviations in alphabetical order: AASW: Antarctic Surface Water; AAZ: Antarctic
Zone; ACC: Antarctic Circumpolar Current; LCDW: Lower Circumpolar Deep Water; PF: Polar Front; SB ACC: Southern Boundary of the Antarctic Circumpolar Current;
UCDW: Upper Circumpolar Deep Water; WDW: Warm Deep Water; WF: Weddell Front; WSBW: Weddell Sea Bottom Water; and WSDW: Weddell Sea Deep Water.

Further south the basin is less deep (3700 m) on the ﬂank of
Maud Rise where one station was sampled at 651S, followed by
three more deep (4500 m) stations at 661300 S, 671S and 681S
(Fig. 5). Surface concentrations of Al in the AASW decreased from
0.56 to 1.3 nM, over and just south of the ﬂank of Maud Rise, to
just below 0.4 nM at the two stations further south. Below the
subsurface minima that were observed around 75 m depth (0.37,
0.30, 0.22 and 0.16 nM from north to south), the concentrations
increased with increasing depth. At the station near Maud Rise
the concentrations were elevated in WSDW with a maximum of
1.75 nM at 3600 m depth. In comparison, the concentrations of Al
were only around 0.8 nM at 4000 m in the WSDW in the deepest
part of the Weddell Basin and around 1.3 nM in the deepest part
of the WSDW south of Maud Rise. A similar enrichment of Al was
observed over the sea ﬂoor rise of the Bouvet region, indicating
that the bottom topography has an inﬂuence on the deep
distribution of Al.
The two most southerly stations of the zero meridian transect
(691S and 691240 S) were sampled over the Antarctic continental
slope. The shallowest station (691240 S) was as close to the edge of
the continental ice-sheet as possible, but given the depth,
obviously not yet on the continental shelf (Fig. 5). Surface
concentrations of Al in the AASW increased from 0.15 nM at
691S to 0.62 nM near the continental ice edge. Below the

subsurface minimum of 0.10 nM observed at 75 m depth at
691S, concentrations of Al increased with increasing depth to
0.81 nM at the greatest sampled depth of 3300 m. This concentration of Al is similar to the concentrations observed at similar
depth in the deeper basin. At the ice edge station, concentrations
of Al below the subsurface minimum (0.35 nM at 100 m depth)
varied between  0.4 and 0.6 nM. At the greatest sampled depth
(1900 m) the concentration of Al was 0.44 nM, which is a similar
concentration as found at comparable depth in the deep basin.
3.5. Surface layer
The concentrations of Al in the upper 25 m of the surface layer
were quite patchy (Fig. 6A). Nevertheless, most concentrations
were between 0.25 and 0.65 nM, but some extreme values of up
to 1.8 nM were observed. Deeper than the relatively high surface
values, usually an Al subsurface minimum was observed at an
average depth of approximately 120 m with an average concentration of Al of 0.33 nM (S.D. ¼0.13 nM; n ¼22). The concentration
of Al in the subsurface minimum followed the average concentration of Al in the part of the water column above the observed
subsurface minimum (i.e. average of all concentrations of Al
shallower than the depth of the subsurface minimum at a station)
quite well (Fig. 6A). However, the peaks in the concentrations of
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Fig. 7. Concentrations of Al (nM) in the upper surface layer sampled with the
towed torpedo (ﬁlled triangles) and with the all-titanium CTD sampling system
(open diamonds) versus latitude south of 661S. Error bars represent standard
deviation of triplicate analysis.

Fig. 6. (A) Average concentrations of dissolved Al (nM) in the upper 25 m of the
water column versus latitude along the transect at all 22 stations. The concentration of Al is an average of two depths (typically 10 and 25 m) in the upper 25 m,
which is within the upper mixed layer at all stations. (b) Concentrations of
dissolved Al (nM) at the Al subsurface minimum (ﬁlled diamonds) and average
concentrations of dissolved Al (nM) above the latter minimum (open circles) (i.e.
average of all concentrations of Al shallower than the depth of the subsurface
minimum at a station) versus latitude along the transect at all 22 stations. Error
bars represent standard deviation of triplicate analysis.

or a derived iceberg can be a very local phenomenon. The
difference between the samples from the torpedo and the CTD
sampling system could potentially be explained by the sampling
method. The samples from the CTD sampling system were taken
even under conditions of ﬂoating ice and near icebergs, whereas
the torpedo could only be deployed under ice-free conditions to
avoid damage or loss of equipment. Therefore, elevated concentrations due to ice melt are likely to be missed by the torpedo
sampling.
The torpedo data shows, like the all-titanium CTD sampling
system data, that concentrations of Al were slightly elevated at
the edge of the ice-sheet, yet in fact the lowest just north of the
edge of the continental ice-sheet. Combined with the localised Al
enrichments in the top of the AASW this indicates that the edge of
the continental ice-sheet is not the most important source of Al.
Most likely both direct atmospheric input and indirect atmospheric input via dust particles entrained in melting ice inﬂuence
the distribution of Al in the surface layer, which can therefore be
quite patchy in regions with intense local icebergs and ice
melting.

4. Discussion
Al in the subsurface minimum are less extreme than the peaks in
the water column shallower than the subsurface minimum. This
shows that elevated surface concentrations affect the underlying
water column, but that this effect fades away with depth, most
likely due to (scavenging) removal of Al.
The samples collected using the torpedo south of 661010 S (see
text Section 2.1.) gave results of around 0.20 nM Al, which was
lower at some stations as compared to the samples from the alltitanium sampling CTD system (Fig. 7). The high surface values
found at 661300 S sampled from the all-titanium sampling CTD
system were not conﬁrmed by samples from the torpedo in the
transit to and from this station. However, at the same station the
concentration of dissolved Mn sampled by the CTD system was
also enriched (Middag et al., 2011) and shipboard underway
salinity at 5 m depth showed a decrease from a salinity of 34.1
at 661280 S to a salinity of 33.9 at 661320 S (not shown). This drop in
salinity was also conﬁrmed by the CTD sampling system, with a
salinity of 33.9 at 661300 S compared to 34.1 and 34.0 at the CTD
stations north and southwards of 661300 S. This indicates that
surface enrichments due to melting of sea-ice or the land-ice edge

4.1. Comparison with previously reported Al data of the Southern
Ocean
The complete section (Fig. 3), including the torpedo data, is the
ﬁrst comprehensive dataset (470 data points) of dissolved Al in
the Southern Ocean. Previously, Moran et al. (1992) collected
unﬁltered seawater and reported concentrations of Al ranging
from 1.1 to 3.1 nM below 1000 m depth (in the WDW and
WSDW) in the central Weddell Gyre. The reported precision of
about 70.5 nM, blank of 1 nM and detection limit of 1–1.5 nM
are in the range of the 0.2–1.5 nM of our dissolved Al values (in
the central Weddell Gyre WDW and WSDW), precluding comparison between the two datasets.
Van Bennekom et al. (1991) collected unﬁltered samples in the
Weddell–Scotia Conﬂuence and used the same method as Moran
et al. (1992). Similarly, the precision (0.3 nM) and the blank
(0.8 nM) would preclude comparison with the low dissolved
concentrations reported here. Nevertheless, when disregarding
the concentration differences and merely looking at the shape of
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vertical proﬁles, similarities are clear between the Scotia Ridge
and Weddell Sea proﬁles reported by Van Bennekom et al. (1991)
and this study. The Weddell Sea proﬁle did show a subsurface
minimum, followed by an increase with depth. The Scotia Ridge
proﬁle had been sampled with less resolution in the upper water
column but also a decrease with increase in depth from elevated
surface values was visible. Moreover, an increase near the top of
this Scotia Ridge had been observed, just as observed here over
the ridge of the Bouvet region.
Van Beusekom et al. (1997) collected unﬁltered seawater in
the Enderby and Crozet Basins near the Kerguelen plateau, at
about 601E. Occasionally bottom water samples were ﬁltered. The
detection limit of the Al determination was 0.24 nM. Their most
southerly station at 521S in the ACC shows good consistency
with the data from this study. At their station the concentration
of Al decreases from 0.76 nM near the surface to about 0.4 nM
between 500 and 1000 m depth followed by an increase
with depth with the highest value of 1.19 nM at 4400 m (Van
Beusekom et al., 1997). At our station just north of the Bouvet
region (501160 S, 11270 E, Fig. 3), hence beyond the profound
inﬂuence from the NADW (see text Section 3.2.), the surface
concentrations were somewhat lower, but deep water values are
in good agreement.
A model using surface concentrations of Al combined with a
global chemical element cycling ocean model and a global dust
entrainment and deposition model has been constructed to
constrain dust deposition to the oceans (Han et al., 2008). For
the Southern Ocean the mean concentrations of Al in the surface
ocean (0–50 m) and the subsurface ocean (150–500 m) are
reported as the averages of previous measurements in the Southern Ocean and the results of the model (Han et al., 2008 and
references therein). For the surface ocean of the Southern Ocean
the average of previous observations was 2.23 nM Al and the
average modelled value is 1.44 nM. The average concentration of
Al in the upper 50 m of all 22 stations in this study is 0.62 nM
(S.D. ¼0.30 nM), which is considerably lower than both the previous observations and the model output. For the subsurface of
the Southern Ocean the average of previous observations was
2.38 nM and the modelled value was 0.9 nM. The average concentration of Al in the 150–500 m depth interval of all 22 stations
from this study is 0.55 nM (S.D. ¼0.30 nM), which is again considerably lower than both the previous observations and the
model output. Nevertheless, in contrast to the average of the
previous observations, the model predicted lower values of Al in
the subsurface compared to the surface of the Southern Ocean,
which is a trend that is conﬁrmed at least qualitatively by the
current data. It should be noted though that the difference
between the average concentration of Al of the surface layer
and the average concentration of Al of the subsurface layer is not
signiﬁcant due to the large standard deviation associated with the
spatial variability along the transect. Nevertheless, further reﬁnement of the global simulation model is now feasible towards
better mimicking the true concentrations of Al.
4.2. Surface distribution
The distribution of Al in the upper water column to about
200–250 m depth shows elevated surface concentrations followed by a subsurface minimum (see text Section 3.5.). The
average concentration of Al in the upper 25 m of all 22 stations
is 0.71 nM (S.D.¼0.43 nM), but there is a quite large variability,
represented in the large standard deviation and also shown
in Fig. 6A. When ignoring all concentrations of Al in the upper
25 m above 1 nM (5 out of 22 values) the average concentration is
less at 0.5 nM (S.D. ¼0.15 nM), with a much smaller standard
deviation. Thus the background concentration of Al in this region

is approximately 0.5 nM and the large deviations suggest that
distinct local inputs of either sea ice or atmospheric dust must be
of importance. Even though the surface concentrations of Al are
elevated, they are lower than most reported concentrations in
other oceanic regions with known low dust input. Surface concentrations reported for ocean regions with high dust input such
as the North Atlantic Ocean or Mediterranean Sea (i.e. Kramer
et al.. 2004; Measures, 1995; Chou and Wollast, 1997) are
much higher and can be up to 96 nM (Hydes et al., 1988) in
the Mediterranean Sea. Moreover in comparison with the concentrations of Al in surface waters of the Southern Ocean, the
average surface concentrations of Al in the upper 25 m of the ice
covered Arctic Ocean are considerably higher at 0.98 nM
(n ¼56 S.D. ¼0.3 nM) (Middag et al., 2009). In the Paciﬁc Ocean
elevated surface concentrations (followed by mid-depth minimum) are usually observed (e.g. Orians and Bruland, 1986;
Bruland et al., 1994; Measures et al., 2005) and range between
0.3 and 8 nM. However in the subarctic gyre of the North Paciﬁc
Ocean, Measures et al. (2005) reported concentrations of Al in
samples of the surface water as low as o0.1 nM collected by a
towed torpedo, but in the collected vertical proﬁles the surface
values of Al were higher at  1 nM (Measures et al., 2005).
Similarly, the concentrations of Al from the towed torpedo
samples (target depth of 1.5 m) were also sometimes lower (see
text Section 3.5.) compared to the concentrations from the
shallowest sampled depth (usually about 10 m depth) with the
all-titanium CTD sampling system.
Besides the variability in the surface concentrations, the
observed subsurface minimum of Al of 0.33 nM (n ¼22;
S.D. ¼0.13 nM) around 120 m depth and the relation between
the subsurface minimum and the surface concentrations indicate
a surface source (see text Section 3.5.). The concentrations of Al in
the surface layer and in the underlying Al minimum (Fig. 6B) do
not show an unambiguous trend of increasing concentrations
towards the edge of the continental ice-sheet. The concentrations
were elevated at the edge of the continental ice-sheet, but the
lowest concentrations were actually found just north of this
continental ice edge. This indicates that melting of this ‘continental’ ice was a source of Al, but apparently not over long
distances. Atmospheric dust input is another source of Al to the
surface layer, but dust input to the Southern Ocean is known to be
very little (e.g. Duce and Tindale, 1991; Han et al., 2008).
Furthermore, in a perennial ice covered ocean like the southern
part of the Southern Ocean, the direct dust deposition is likely to
be highly variable in place and time. When the sea ice melts
pulses of trace metals into the surface waters can be expected
(Measures, 1999). The patchy distribution of Al in the surface
layer of especially the Weddell Gyre matches what one would
expect from inﬂuence of melting sea ice and icebergs, releasing
the accumulated trace metals locally. In the surface waters over
the Bouvet region at 541S and 551S the concentrations of dissolved Al, dissolved Mn (Middag et al., 2011) and dissolved Fe
(Klunder et al., 2011) were elevated over a band of more than 21
latitude. This is consistent with direct atmospheric dust input
(either dry (aeolian) or wet (precipitation) dust deposition) due to
the larger scale and the quite northerly location. This was
conﬁrmed by Klunder et al. (2011) based on air mass backtrajectories using the NOAA HYSPLIT model. In the perennial ice
covered Weddell Gyre the concentrations of Mn are all extremely
depleted by primary production in the surface (Middag et al.,
2011) and do not show a link with concentrations of Al, except for
the station at 661300 S (see text Section 3.5.). Similarly, no strong
relation was observed between the concentrations of Al and Fe in
the Weddell Gyre. Presumably the strong biological function,
hence uptake of Mn and Fe, obscures the likely underlying
correlations with Al due to a common dust input source.
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4.3. Intermediate and deep distribution
Below the Al subsurface minimum the concentrations of Al
showed an increasing trend with depth. This increase is most
profound in the South East Atlantic Ocean part of the transect due
to the NADW (see text Section 3.2. and Fig. 4). This water mass
has relatively high concentrations of Al (Moran and Moore, 1991).
Over the relatively shallow Bouvet region the concentrations of Al
increased with depth to values higher than 1 nM at approximately 1000 m depth and to about 1.4 nM in the deepest part of
the water column (Fig. 5). These concentrations are lower than
observed at similar depths in the South East Atlantic Ocean
(Fig. 3), but considerably higher than at similar depths in the
Weddell Basin (Fig. 3). The shallow end of the LCDW is inﬂuenced
by the NADW (see text Section 3.1.), explaining the elevated
concentrations of Al below 1000 m depth. However, the deep end
of the LCDW receives inﬂuence from the WSDW that has much
lower concentrations of Al ( o1 nM). If only conservative mixing
was of importance for the distribution of Al over the Bouvet
region, lower concentrations of Al would have been observed in
the deep end of the LCDW compared to the shallow end of the
LCDW (Fig. 2). In contrast higher concentrations of Al were
observed (see text Section 3.3. and Fig. 5), indicating another
source of Al for the deep end of the LCDW. In the Weddell Basin at
the ﬂank of Maud Rise elevated concentrations of Al compared to
similar depths elsewhere in the basin were observed (see
text Section 3.4. and Fig. 5). The apparent inﬂuence of these sea
ﬂoor elevations on deep Al has to come from the sediments, as the
water masses around have lower concentrations of Al. Perhaps
sediments get resuspended at these sea ﬂoor elevations by
passing currents that subsequently increase the concentration of
Al in the water by partial dissolution. At the ﬂank of Maud Rise,
the concentrations of Mn were also slightly elevated near the
sediments (Middag et al., 2011), further indicating the elevated
concentrations of Al could indeed have a sedimentary source.
Furthermore, the light transmission and concentrations of oxygen
decreased close to the sediments, indicating some sediment resuspension. However, the decrease of light transmission and
concentrations of oxygen close to the sediments was also
observed at most other stations and not speciﬁcally or more
profoundly at the stations near sea ﬂoor elevations. Another
possible explanation is a diffusive ﬂux of Al from the sediments
as suggested by Van Beusekom et al. (1997), but based on the
presented data there is no reason to assume this process has more
effect near sea ﬂoor elevations.
In the WSBW the concentrations of Al were higher compared
to the overlying WSDW and to the deepest water layers over
Maud Rise and the Bouvet region (see text Section 3.4.) as was
also seen for Mn (Middag et al., 2011). The WSBW is formed at the
surface close to the Antarctic continent in winter by cooling and
brine rejection due to sea ice formation and subsequent sinking
along the slope to the deepest part of the Weddell Basin (see
text Section 3.1.). The concentrations of dissolved Al were generally quite low in the surface of the Southern Ocean when there
is no signiﬁcant dust input or other surface source. The recent
contact with the atmosphere, ice and continental shelf sediments
in combination with scavenging and biological uptake undoubtedly enriched the water near the Antarctic continent in trace
metal rich particles. When the forming WSBW sinks down the
slope, particles are broken down microbially and thereby releasing the Al into solution, perhaps aided by the pressure dependent
solubility of Al (Moore and Millward, 1984). Besides this, sedimentary particles are most likely getting suspended when the
forming WSBW is cascading down the continental slope. These
suspended particles can partly dissolve and also release Al into
solution (Moran and Moore, 1991). Due to microbial breakdown
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and mixing with deep water with lower concentrations of
particles, the scavenging intensity decreases with deep slope
convection. A lower particle concentration means a lower scavenging rate for Al, which aids the dissolution of Al from the Al-rich
particles, in addition to the presumed pressure-dependent
solubility.
Elevated concentrations of Al in the deep basin have also been
observed and related to slope ventilation processes in the Arctic
Ocean (Middag et al., 2009) and Norwegian Sea (Measures and
Edmond, 1992). Deep water formation due to cooling and brine
rejection by sea ice formation appears to be an important factor in
the distribution of Al in the global deep ocean.
4.4. Living apart and together in the modern ocean: cycling of
Al and Si
In the oceans the distribution of Al appears to be partly linked
to the Si cycle through the incorporation of Al in biogenic silica
and/or preferential scavenging of Al onto biogenic siliceous
particles (e.g. Van Bennekom et al., 1991, 1997; Gehlen et al.,
2002; Han et al., 2008; Middag et al., 2009). This shows the clear
correlations that have been found between dissolved Al and Si in
the Mediterranean Sea (Hydes et al., 1988; Chou and Wollast,
1997), the North Atlantic Ocean (Kramer et al., 2004) and the
Arctic Ocean (Middag et al., 2009). In contrast, in the Paciﬁc Ocean
and Indian Ocean these correlations have, to the best of our
knowledge, not been observed. In Fig. 8A, the concentrations of Al
have been plotted versus the concentrations of Si for the Southern
Ocean, and in Fig. 8B for the Mediterranean Sea, North East
Atlantic Ocean and Arctic Ocean. In the Southern Ocean no
correlation between Al and Si was observed with the exception
of a trend in the NADW (Fig. 8A and see text below). Here we will
propose our concept to explain the coupled and uncoupled
cycling of Al and Si based on the observations in the Southern
Ocean and in other ocean regions.
In the North East Atlantic Ocean the slope of the Al–Si relation
observed in the North Atlantic Central Water (NACW) was
1.9  10  3 (Fig. 8C), comparable to the slope of the Al–Si relation
in the Atlantic and Intermediate Depth Water (AIDW) of
2.2  10  3 in the Arctic Ocean (Middag et al., 2009). The slope
of 2  10  3 of the Al–Si relation in the subsurface waters of the
NACW and AIDW is deemed consistent with the concept of
diatoms in the surface waters accumulating Al and Si in that
same ratio (Middag et al. 2009). Upon export of diatom particles
into underlying subsurface waters the siliceous diatom frustules
dissolve with the same ratio, thus imprinting the Al:Si ratio of
biogenic silica in the dissolved Al/Si ratio (derived from the slope
of the Al–Si relation). However, this mechanism can be obscured
by additional Al input like deep slope convection with partly
dissolving sediment particles or very high input of atmospheric
dust, resulting in the much steeper slopes of around 10  10  3 in
the deep Arctic Ocean and the Mediterranean Sea (Middag et al.,
2009). Given the average crustal abundance ratio Al:Si ¼  1:3 one
realises that even a modest lithogenic terrigenous input of Si is
accompanied by a relatively massive input of Al leading to a much
higher value of  10  10  3 as the slope of the Al–Si relation.
The relationship can also be distorted in opposite direction by
very low supply of Al like in the Southern Ocean or Paciﬁc Ocean
where no apparent Al–Si relation is observed. In this case virtually
the entire limited available Al is depleted in the surface layer,
resulting in only minor additions of Al in the deeper water layers
by the dissolution of the formed biogenic silica. The limited
availability of Al in the Southern Ocean also shows in the lower
Al/Si ratio in biogenic silica of natural assemblages of Antarctic
diatoms of 0.033  10  3 (Collier and Edmond, 1984) compared to
observations in the Arctic Ocean with a ratio in the order of
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Fig. 8. (A) Concentrations of Al (nM) versus concentrations of silicate (mM) for the whole water column from all 22 TM stations in the South East Atlantic Ocean and along
the zero meridian. No relation was observed between Al and Si, with the exception of a trend in the NADW ( o 2000 m depth) at 421200 S, 91E, in the Sub-Antarctic Zone. The
trend can be described by [Al][nM] ¼ 0.02[Si][mM]þ 4.6 with R2 ¼0.3, n ¼5, but is not a signiﬁcant correlation (P ¼0.3). (B) Concentrations of Al (nM) versus concentrations
of silicate (mM) in the Arctic Ocean, North East Atlantic Ocean and the Mediterranean Sea. A relationship between Al and Si was observed in the Atlantic and Intermediate
Water (AIDW) in the subsurface Arctic Ocean; in the deep Arctic Ocean; in the North Atlantic Central Water (NACW); in the subsurface North East Atlantic Ocean; in the
North Atlantic Deep Water (NADW; in the deep North East Atlantic Ocean; and over the whole water column of the Mediterranean Sea. The Arctic correlations are
described by [Al][nM] ¼2.2[Si][mM]  8.5 with R2 ¼0.95, n¼68 and Po 0.0001 for the AIDW and by [Al][nM] ¼10.3[Si][mM]  92 with R2 ¼0.85, n ¼39 and Po 0.0001 for the
deep Arctic Ocean (for further details see Middag et al. (2009)). The North East Atlantic Ocean correlations are described by [Al][nM] ¼ 1.9[Si][mM] þ4.9 with R2 ¼ 0.97,
n¼ 36 and P o0.0001 for the NACW and by [Al][nM] ¼ 0.3 [Si][mM]þ 11.3 with R2 ¼0.92 n¼ 20 and Po 0.0001 for the NADW (results from 391440 N, 141100 W; (Middag et al.,
2010) ). The Mediterranean correlation is described by [Al][nM] ¼9.8[Si][mM]þ 50 with R2 ¼ 0.94, n ¼141 and Po 0.0001 (data from Hydes et al., 1988). Inset is shown at
expanded scale in Fig. 8C. (C) Concentrations of Al (nM) versus concentrations of silicate (mM) in the AIDW, deep Arctic Ocean and NACW at expanded scale.

2  10  3 in the AIDW (Middag et al., 2009). As a result upon
export and dissolution, the dissolved Al increases only modestly
with increase in depth, as observed in the Weddell Basin from
0.2 nM Al in the subsurface minimum at about 100–150 m depth
to 0.77–0.98 nM at 4000 m depth in the WSDW.
Besides inputs and export of Al and Si, the Al–Si cycling is also
affected by deep ocean circulation. The residence time of Si (in the
order of 16,000 years; Sarmiento and Gruber, 2006, p. 310)
exceeds the approximate 2000-year ventilation time of the
oceans, while the residence time of Al is considerably shorter
(50–200 years). The particle-reactive nature of Al causes a rapid
removal of Al from deep waters, while Si is ‘inert’ and therefore
left behind in deep waters. Thus the two biogeochemical cycles
become decoupled during deep ocean circulation. This is conﬁrmed when following the circulation of NADW. The deep Arctic

Ocean is an important source of NADW (Rudels et al., 2000) and
has a relatively high Al/Si ratio of about 10  10  3 (see text
above). Following the NADW on its way south, in the North East
Atlantic Ocean the ratio derived from the Al–Si relation already
has decreased over one order of magnitude from around
10  10  3 to 0.3  10  3 (Fig. 8B). In the NADW in the South East
Atlantic Ocean at our most northerly station (421200 S, 91E), there
is no signiﬁcant correlation between Al and Si (P¼0.3; Fig. 8A).
Nevertheless, the slope of this relation of 0.02  10  3 would be
another order of magnitude lower than the slope of the relation
observed in the North East Atlantic Ocean. The transit time of the
NADW from its origin in the Nordic oceans to our station at
421200 S, 91E, is in the order of 200 years (Broecker et al., 1998).
This transit time exceeds or equals the residence time of Al,
implying that upon arrival of NADW at 421S virtually all Al of
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Nordic origin has disappeared, implying that the deep concentrations of Al at 421S are the result of relatively recent ‘underway’
inputs of mixing and surface export during the journey of the
NADW. This explains the relatively low concentration of Al
(  6 nM) observed in the NADW at 421S compared to a concentration of about 18 nM in the deep North Atlantic Ocean (Hall and
Measures, 1998). In contrast the concentrations of Si at 421S are
the result of (virtually all) the ‘original’ Si concentration in the
NADW in the North Atlantic Ocean plus (virtually all of) the
‘underway’ inputs from the 200-year journey of the NADW. This
can be seen in the increase in the concentration of Si from below
20 mM in NADW in the North Atlantic Ocean (Hall and Measures,
1998) to about 80 mM at the station at 421S.
Summarising, in some other deep oceans a relation between Al
and Si is observed but not here in the deep Southern Ocean. We
suggest the Al–Si relation is apparent in deeper waters when the
Al and Si supplied to the surface layer are proportional with the
Al:Si ratio of the exported diatom opal (biogenic silica). In the
Southern Ocean hardly any Al is supplied but Si is available in
large excess. This causes a much lower Al:Si ratio for local
biogenic silica. When this is exported and next dissolves in the
deep ocean, the ensuing Al/Si signal is too small to detect against
the high Si and low Al background concentrations. Moreover, the
Al–Si relation gets further uncoupled in the deep ocean due to
scavenging removal of dissolved Al while dissolved Si is left
behind, thus yielding the much shorter deep ocean residence
time of Al (50–200 years) compared to Si (  16,000 years).
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5. Conclusions
The complete section of the Antarctic Circumpolar Current and
Weddell Gyre is the ﬁrst comprehensive assessment of the
distribution of Al in the Southern Ocean and shows that the
actual concentrations are lower than most previous reports.
Further improvement of global simulation models that use surface concentrations of Al to constrain dust deposition to the
oceans is now feasible. The distribution of Al in the surface of
the Southern Ocean suggests that the upper surface is slightly
elevated by atmospheric input, which is due to a combination of
direct atmospheric (wet and dry) input and indirect atmospheric
input via melting sea ice. Melting from continental ice also
inﬂuences the distribution of Al in the surface ocean, but only
close to the edge of the continental ice-sheet or close to melting
icebergs. The distribution of Al in the intermediate and deep
Southern Ocean is mainly the result of mixing of water masses
with different origins, deep water formation and additional input
from sedimentary sources at sea ﬂoor elevations. No apparent
relation was observed between Al and Si in the Southern Ocean.
We have argued that the relation between Al and Si, as observed
in the water column of some other ocean regions, is apparent in
the deeper water layers when the Al and Si supplied to the surface
layer are proportional with the Al:Si uptake ratio of diatoms.
Upon export of the diatom particles into underlying subsurface
waters the siliceous diatom frustules dissolve with the same ratio,
thus imprinting the Al:Si ratio of biogenic silica in the dissolved
Al/Si ratio. In the Southern Ocean, the biogenic silica has a much
lower Al:Si ratio due to the limited input of Al and when this
biogenic silica dissolves in the deep ocean the resulting Al/Si
signal is too small to detect against the high Si and low Al
background concentrations. Moreover, the Al–Si relation gets
further distorted in the deep ocean due to the different chemistries and resulting residence times, uncoupling the Al–Si relation.
Here it is envisioned that the particle-reactive nature of Al versus
‘inert’ silicate causes a rapid removal of Al from deep waters
while dissolved silicate is left behind in deep waters.
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