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INTRODUCTION

The Subtropical Front (STF) is considered the
northern limit of the Subantarctic Surface Waters
(Orsi et al., 1995). In the central Indian sector of the
Southern Ocean, both the STF and the Subantarctic
Front (SAF) are found north of the Crozet and Ker-
guelen Plateaus, forming an unique frontal zone
(Gamberoni et al., 1982). In this frontal zone, the
advection of water masses is driven by the Antarctic
Circumpolar Current (ACC). The single-band
frontal structure observed in the ACC is most pro-

nounced north of Kerguelen, where it is concentrat-
ed along the shelf edge within a narrow frontal zone
of about 200 km (Park et al., 1991). In this Crozet
Basin area, the Polar Front (PF) is completely sepa-
rated from the frontal zone. 

The confluence of the Agulhas Return Current
with the ACC at the entrance of the Crozet Basin,
as well as the topographic control of the current
flow by the Crozet and Kerguelen Plateaus are
responsible for such a particular regional ACC
frontal structure (Park et al., 1993a). The hydrog-
raphy of the area has been well studied on the basis
of the distribution of temperature, salinity and dis-
solved oxygen. 
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The nutrient richness of the Southern Ocean
(Jones et al., 1990) and the low nutrient concentra-
tions in the water masses to the north of the ACC
is the reason for a strong lateral gradient of nutri-
ents, the direction of a gradient is from high to low
concentration (Lujeharms et al., 1985; Bennekom
et al., 1988). The nitrate and phosphate concentra-
tions change slowly close to the Antarctic conver-
gence areas, but dissolved silicate concentration
does so more rapidly (Walsh, 1971; Holm-Hansen
et al., 1977). Near the PF in the Indian sector of the
Southern Ocean (Jones et al., 1990), a high hori-
zontal silicate gradient occurs in comparison to the
much smaller change of the other two main nutri-
ent salts, i.e. nitrate and phosphate (Le Jehan and
Tréguer, 1983; Le Corre and Minas, 1983). For
these reasons, silicate would be an appropriate
tracer of the frontal zones in the Indian sector of
the Southern Ocean, as has been highlighted in the
Atlantic Ocean by Cooper (1952), and later by
Metcalf (1969).

The aim of this paper is to describe the distribu-
tion of dissolved silicate in the upper 600 m of the
Crozet Basin area and to propose the silicate-salini-
ty diagram as a useful tool in the position of the
frontal zone (STF+SAF).

DATA AND METHODS

Salinity, temperature and dissolved silicate data
were obtained during the April-May 1991 SUZIL
cruise, on board the French M/V Marion Dufresne.
The cruise was carried out in the Indian sector of the
Antarctic Ocean (Crozet, Kerguelen and New Amster-
dam Islands, Fig.1). Water samples were taken with
rosette using 12 L Niskin bottles mounted on a Neil
Brown CTD and General Oceanic rosette, at the sur-
face in all the stations and at depths of 50, 100, 150,
200, 250, 300, 400, 500 and 600 m on the stations 19-
31 and at 50, 100, 250 and 500 m on stations 32-58.

Analyses of dissolved silicate were carried out
on all samples soon after the rosette was brought on
board. Non-filtered water samples were analyzed
using a Technicon AAII autoanalyser, following the
method given by Tréguer and Le Corre (1975). The
overall measurement error for silicate is estimated as
± 0.1 µmolSi kg-1 based on duplicate sample analy-
ses. Potential temperature was taken from the CTD
record and salinity was determined on board using a
Guildline “Portasal” salinometer, with water sam-
ples taken at the aforementioned depths. The cali-
brated CTD data are reported in Park et al. (1993b),
and an analysis of the data in terms of water masses
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FIG. 1. – Position of stations sampled in the Indian sector of the Southern Ocean during the April-May 1991 SUZIL
cruise. Depth contours are in meters.



and circulation is made in Park et al. (1993a). The
data for salinity, temperature and dissolved silicate
in discrete water samples taken in the upper 600 m
appear in Lasalle (1991).

RESULTS

Surface dissolved silicate distribution

The surface concentration of dissolved silicate
vary from 1 to 18 µmolSi kg-1 (Fig. 2), in accor-
dance with Le Corre and Minas (1983) and LeJehan

and Treguer (1985). The highest values appear in the
southernmost stations (7 µmolSi kg-1 near stations
18, 19 and 20) and around Kerguelen and Crozet
Islands (18 µmolSi kg-1 at stations 43 and 44, and 6
µmolSi kg-1 at stations 14 and 15). The larger hori-
zontal gradients are also associated with these high-
silicate content regions.

The PF, defined as a northern limit of the subsur-
face temperature minimum of 2°C at around 200 m
depth (Emery, 1977), is illustrated in Fig. 3 between
stations 20 and 21 at about 50°S. But, the PF just
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FIG. 2. – Surface isolines of (a) salinity; (b) temperature; and (c) dis-
solved silicate in the surveyed area during the April-May 1991

SUZIL cruise.

FIG. 3. – Vertical distribution of (a) salinity; (b) potential tempera-
ture; and (c) dissolved silicate along the section between stations 19

and 32 (Fig.1).



northeast of Kerguelen is shifted further north to
about 47°S. While surface temperature and salinity
associated with the PF in the Crozet Basin area cor-
respond to about 5°C and 33.75 psu (Park et al.,
1991), their spatial distributions (Fig. 2) do not
clearly indicate the position of the front. However, a
pronounced silicate gradient, with silicate concen-
trations higher than 5 µmolSi kg-1, indicates clearly
the surface expression of the PF. The highest silicate
values, 18 µmolSi kg-1, were found between Ker-
guelen and Crozet Islands.

Further north are the STF and SAF regions. The
STF can be defined by a sharp rise in surface salinity
above 34.9 psu (Deacon, 1982) or by subsurface tem-
perature and salinity ranges of 4-8°C and 34.6-35.0 psu
at 200 m depth. As indicated by Orsi et al. (1995), there
is a narrow transition between warm and saline surface
waters of the subtropical regime and colder and fresh-
er subantarctic waters. The SAF can be defined by 4-
8°C and 34.1-34.5 psu at 200 m (Park et al., 1993a).
Both fronts are very near one to the other forming a
single-band frontal zone, as can be seen by the closely
packed surface isotherms and isohalines (Fig. 2).
Between 75% and 80% of the ACC transport in the
Crozet Basin area is associated with this frontal zone
(Park et al., 1993a). This zone encompasses stations 8-
10, 25-27, 36-39 and 49-51, the northern boundary of
which corresponds approximately with the 2 µmolSi
kg-1 isoline of silicate at the surface (Fig. 2).

The Agulhas Return Current advects warm and
low silicate water into the study area along the
northern boundary of the frontal zone, i.e. the north-
ern part of the Crozet Basin. In Fig. 2, the Agulhas
influence can be evidenced to the north of the frontal
zone by (Park et al., 1993a) high temperatures
(>16oC) and salinities (35.3 psu), especially in the
western half of the basin. Surface silicate concentra-
tions associated with the subtropical Agulhas water
are lowest, generally not exceeding 1.5 µmolSi kg-1.

Vertical dissolved silicate structure

The vertical property structures in the upper 600
m of the section formed by stations 19 to 32 are
shown in Fig. 3. This section was chosen because it
is located far from island influences and also due to
the greater number of sampling points in the verti-
cal. The frontal zone (STF/SAF) is clearly marked
between stations 25 and 27 by a band (between
43.6° to 45.2°S) of strong gradient, separating
warm, saline and silicate-poor subtropical water
from cold, fresh and silicate-rich subantartic water.

The most remarkable features in silicate distribu-
tion north of the frontal zone are the very low con-
centrations (less than 5 µmolSi kg-1) in the upper 500
m and a low vertical silicate gradient in comparison
with the silicate concentrations south of station 25
(Fig. 3). The maximum concentration there is only
about 15 µmolSi kg-1 at 600 m depth. This shows a
striking contrast to the situation south of the frontal
zone where strong silicate stratification begins just
underneath the surface mixed layer, with values
varying from 10 µmolSi kg-1 at 100 m depth to a
maximum of about 70 µmolSi kg-1 at 600 m depth. 

There are two exceptions to this general descrip-
tion of silicate distribution: 

(1) station 24, is located south of the frontal zone
but shows lower silicate concentrations (and surface
salinity, < 33.75 psu) than nearby stations.

(2) station 29, is located north of the frontal zone
but has higher silicate concentrations than the sur-
rounding stations (Fig.2). In this station, the subsur-
face silicate isolines also correspond with isotherms
and isohalines (Fig.3). This feature is probably relat-
ed to an eddy, a feature that Park et al. (1993a) have
pointed out in other cruises.

DISCUSSION

The dissolved silicate in the Indian sector of the
Southern ocean provides useful information for
positioning the subantarctic frontal zone. During the
end of summer (SUZIL cruise carried out during
autumn): (1) the diatom populations are not abun-
dant (Jacques et al., 1979); (2) the primary produc-
tion is low (El-Sayed and Jitts, 1973), similar to
oligotrophic seas (Jacques and Minas, 1981); and
(3) the surface silicate has a non-conservative
behaviour (Le Jehan and Tréguer, 1983; 1985). Hov-
ewer, the large increase of silicate concentration
(horizontal, Fig. 2; vertical, Fig. 3), makes the sili-
cate an useful chemical tracer for the frontal zone in
the cruise area.

Silicate-salinity diagrams

Further information on the surface structure of
the frontal zone can be obtained, as shown in Fig.4.
In a potential temperature-salinity (θ-S) diagram,
two clusters of points clearly define stations north
and south of the frontal zone. The silicate-salinity
(Si-S) and potential temperature-silicate (θ-Si) dia-
grams show the points seen in the θ-S diagram
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appear with a new perspective. In the Si-S diagram,
they appear separated, while in the θ-Si diagram
they are grouped within a narrow band of dissolved
silicate. As both silicate scales in θ-Si and Si-S are
the same, the Si-S diagram is more suitable for sep-
arating the different water masses across the frontal
zone than the θ-Si diagram.

Surface data in the study area (Fig. 2) show in the
Si-S diagram (Fig. 4) three distinct zones which cor-
respond to:

1) stations with silicate between 1 and 3 µmolSi
kg-1 and surface salinity above 35.0 psu. These sta-
tions are found north of the frontal zone (st. 1-8, 27-
35, 37 and 52-73);

2) stations with silicate above 2 µmolSi kg-1 and
surface salinities below 34.0 psu. They are found
south of the frontal zone (st. 10, 11, 13-22, 40-47
and 49);

3) intermediate stations within the frontal zone.

These frontal zone stations show a silicate content of
2-3 µmolSi kg-1. Some of these stations (st. 9, 26, 36
and 51) are influenced by seawater north of the
frontal zone, with salinities between 34.0 and 35.0
psu. Other stations (st. 12, 23-25, 39 and 48) are
affected by seawater south of the frontal zone, with
salinities of below 34.0 psu. 

The sets pointed out on the Si-S diagram (Fig. 5)
show four different groups of data: (1) north; (2)
south; (3) within the frontal zone; and (4) Kerguelen
continental shelf. Towards the south of the frontal
zone, linear regression between silicate-salinity
(Fig. 5) supports mixing between two water types.

Data points of stations 42 and 43 (Fig. 5) are
clustered outside of this regression line, around a Si-
S point: 18 µmolSi kg-1, 33.7 psu. These stations,
located on the continental shelf (upper 150 m) just
north of Kerguelen, with narrow ranges of dissolved
silicate (16-19 µmolSi kg-1), salinity (33.58-33.72
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FIG. 4. – Surface station data shown in Fig. 2: potential temperature-salinity (Θ-S); potential temperature-
silicate (Θ-Si); and silicate-salinity (Si-S). 



psu) and temperature (4.8-5.1 °C) receive freshwa-
ter inputs from the Kerguelen Islands and show the
vertical mixing from the surface to the bottom
caused by the autumn weather.

CONCLUSIONS

The distribution of dissolved silicate in the Crozet
Basin, as observed during the April-May 1991
SUZIL cruise, provide useful information for locating
and describing the subantarctic frontal zone. 

Used in conjuntion with temperature and salinity,
dissolved silicate is a useful tracer for identifying
the frontal zone water masses in the Indian sector of
Antarctic Ocean. Here, the silicate-salinity diagrams
are shown to be useful tools for describing different
water masses.
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