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Abstract

Natural iron fertilization promotes the phytoplankton bloom that takes place on the Kerguelen Plateau in the Indian
sector of the Southern Ocean. We measured ***Ra (T 12 =15.75yr) and 226Ra (T, = 1602yr) in waters above the
Kerguelen Plateau in order to provide information on the water-mass pathways, which in turn could help elucidate the
mechanisms controlling iron fertilization in that area. >*Ra activities are extremely low in this region, being in most cases
<0.15dpm/100 kg (<2.5 x 10~"¥ g/kg). Station A3 (520 m depth), located on the plateau in the middle of the bloom area,
also displays such low values but with higher ***Ra activities (and higher ***Ra/?**Ra ratios) in the upper 150m. Such a
pattern suggests the presence of a water mass that recently interacted with sediments and therefore has been advected onto
the Kerguelen Plateau. Elevated *Ra activities were found in shallow waters in the vicinity of Heard Island, south of the
Kerguelen Plateau. Contact of the water masses with the shallow lithogenic sediments likely explains these high ***Ra
activities. When combined with physical observations, these results suggest that the water mass advected onto the plateau
originates from the south of the Kerguelen Plateau. This northward advection might represent a supply of dissolved and/or
particulate Fe for the observed phytoplankton bloom.

Using the 2?®Ra profile obtained at station A3, we could estimate the vertical eddy diffusivity (K.) on the Kerguelen
Plateau. Our K. estimate (1.5 x 107*+1.3 x 10~*m?/s) compares well with that reported by Park et al. [2008a. Internal
tides and vertical mixing over the Kerguelen Plateau. Deep-Sea Research II, doi:10.1016/j.dsr2.2007.12.027] based on
CTD/LADCP data. By combining this K. estimate with the gradient of dissolved Fe observed at A3 [Blain, S., Sarthou, G.,
Laan, P., 2008. Distribution of dissolved iron during the natural iron fertilization experiment KEOPS (Kerguelen
Plateau, Southern Ocean). Deep-Sea Research II, doi:10.1016/j.dsr2.2007.12.028], we calculate a vertical Fe flux of
1.0-14.3 nmol/m>d.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

**°Ra (T, = 1602yr) and ***Ra (T, = 5.75yr)
have been widely used as tracers of water masses
and to provide rates of mixing in the ocean (Koczy,
1958; Moore, 1972; Li et al., 1980; Sarmiento et al.,
1982; Moore et al., 1986; Rutgers van der Loeff
et al., 1995). The global oceanic distribution of
226Ra and **®Ra was well-documented during the
GEOSECS and TTO programs (Broecker et al.,
1967, 1976; Li et al., 1973; Kaufman et al., 1973;
Ku and Lin, 1976; Chan et al., 1976; Ku et al.,
1980).

226Ra and **®Ra are supplied to the ocean by
diffusion from deep-sea and continental-shelf sedi-
ments after being produced in the sediments by
#30Th and #**Th, respectively. With its half-life of
5.75y, *?®Ra is particularly adapted to investigate
mesoscale oceanographic processes. Highest activ-
ities are reported in coastal seas where waters are
enriched in ***Ra due to diffusive input from the
sediments (Moore, 1969), riverine input (Moore
et al., 1986) or submarine groundwater discharge
(e.g., Moore, 1996). The ***Ra activity of these
water masses then decreases with increasing dis-
tance from the source, as a result of dilution
(mixing) and radioactive decay. ***Ra could thus
be used to trace water masses that entered in contact
with the shelf or deep-sea sediments (Rutgers van
der Loeff, 1994; Rutgers van der Loeff et al., 1995)
but also to estimate horizontal mixing rates between
the shelf and the open ocean (Moore, 2000).

In the open ocean, ***Ra activities are usually
highest in the upper water column—typically ca.
1-3dpm/100kg (17-50 ag/kg; a for atto, 107'®) in
the Atlantic Ocean and an order of magnitude lower
in the Pacific Ocean (Moore, 1969; Kaufman et al.,
1973; Li et al., 1980; van Beek et al., 2007)—and
decrease rapidly through the permanent pycnocline
(Kaufman et al., 1973; Li et al., 1980; Moore, 1987).
228Ra activities increase again close to the bottom.
The high ***Ra activities in the upper water column
and in bottom waters reflect lateral transport of
228Ra that diffused from shelf sediments and release
from deep-sea sediments, respectively. The low
activities in intermediate waters reflect the slow
vertical mixing compared to radioactive decay.
From the vertical distribution of *?®Ra, vertical
mixing rates could thus be estimated, both in the
deep-sea bottom boundary layer (Sarmiento et al.,
1976, 1982) and in the thermocline (Moore, 1972; Li
et al., 1980; Ku et al., 1995).

2%Ra data are scarce in the Southern Ocean.
Kaufman et al. (1973) and Li et al. (1980) reported
activities for several surface samples. Most values
were found to be close to detection limits
(<0.1dpm/100kg or <1.7ag/kg), while higher
228Ra activities were found close to the Antarctic
continent (0.5dpm/100kg; Kaufman et al., 1973).
The Atlantic sector is the region of the Southern
Ocean that has been most investigated for ***Ra,
with the first extensive work—including samples
collected at depth—conducted during a transect
across the Antarctic Circumpolar Current (Rutgers
van der Loeff, 1994). Hanfland (2002) further
contributed to increase the **Ra dataset in that
sector. The Indian sector of the Southern Ocean has
been poorly investigated, with only few surface
values reported by Kaufman et al. (1973) and few
deep *?®Ra activities reported by Moore and
Santschi (1986).

High biological productivity takes place on the
Kerguelen Plateau in the Indian sector of the
Southern Ocean although it is known to be a
high-nutrient low-chlorophyll (HNLC) region
(Blain et al., 2001, 2007). Natural iron fertilization
derived from sediments on the plateau is suspected
as the driver for this productivity anomaly. We
proposed to measure the distribution of ***Ra and
226Ra on the Kerguelen Plateau in order to provide
information on the water mass pathways, which
could help elucidate the mechanisms controlling
iron fertilization in that area.

2. Material and methods

2.1. Stations investigated during the KEOPS project
(A3, BI, B5, Cl, C5, Cl1, Kerfix)

The KEOPS campaign took place between 19
January and 13 February 2005 on board the RV
Marion Dufresne (Institut Polaire Francais Paul
Emile Victor/Terres Australes et Antarctiques
Frangaises). Three transects (A, B, C) were con-
ducted on and off the Kerguelen Plateau (that is,
inside and outside the phytoplankton bloom;
Fig. 1). A comparison of contrasting conditions
(bloom region versus HNLC) allows us to provide
information on the mechanisms of natural iron
fertilization that takes place on the Kerguelen
Plateau (Blain et al., 2007, 2008).

Among the 34 stations visited during KEOPS,
seven stations were selected for conducting the
radium analyses. Two deep stations located east and
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Fig. 1. Location of the stations investigated for *Ra and ***Ra/**°Ra during KEOPS. The bathymetry of the Kerguelen Plateau is also

shown.

west of the Kerguelen Plateau were investigated and
can be considered as HNLC-type stations (Fig. 1;
Table 1). First, Kerfix station is located west of the
Kerguelen Plateau and southwest of the Kerguelen
Islands (50°40’'S, 68°25’'E; 1650m depth). Station
Kerfix (for “Kerguelen Fixed station’) used to be a
time-series station between 1990 and 1995 where
hydrological and biological variables were measured
once a month (Jeandel et al., 1998). Second, C11
(3435m depth) is located east of the Kerguelen
Plateau. Seawater was collected for radium analyses
at Kerfix on 11-12 February 2005, while station C11
was sampled on 25-28 January 2005.

Five stations located on the Kerguelen Plateau
were also investigated (Fig. 1; Table 1). Based on
real-time MODIS-MERIS composite images, sta-
tion A3 (520 depth) was identified as a station
located in the middle of the bloom area and was
thus visited five times during KEOPS. A3 was
sampled three times for radium (A3-3, 23-24
January 2005; A3-4, 03-04 February 2005; A3-5,
11-13 February 2005). Station B5 (530m depth)
was also sampled in the bloom area (31 January-1
February 2005) while B1 (384 m depth) was sampled
outside the bloom (2 February 2005), being located
on the western flank of the plateau. Finally, two
stations—also located outside the bloom—were
investigated on the southern flank of the plateau:

station C1 (150m depth; 89 February 2005) and
station C5 (566m; 7-8 February 2005). Note
that station Cl1 was a very shallow station
(150m depth) located in the vicinity of Heard
Island, south of the Kerguelen Plateau.

2.2. Collection of seawater samples and separation of
radium isotopes

2.2.1. Sample collection

The collection of large volumes of seawater is
required to analyze the very low *?®Ra activities
characterizing waters from the Southern Ocean.
During KEOPS, several techniques aimed at separ-
ating Ra isotopes from large volumes of seawater
were used (Bourquin et al., in press). Large volumes
of seawater were collected using either: (i) the
“OISO” seawater supply used for the continuous
pCO, analysis (as part of the OISO program, Océan
Indien Service d’Observations) and/or the ship’s
seawater intake that supplies the wet laboratory; (ii)
an in situ pump that returns water to the deck via a
hose with a flow rate of 50 L/min, allowing us to
collect samples from up to 120m (Trull and
Armand, 2001); or (iii) 12-L Niskin bottles, allowing
the collection of samples from full ocean depth. For
the latter case, up to 12 Niskin bottles were fired for
a single depth in order to provide ca. 140kg



Table 1

Dissolved ***Ra activities and *?*Ra/***Ra ratios measured during KEOPS at stations above and outside the Kerguelen Plateau

Depth Yo Sample® Sampling date  Counting Sample 22Ra (dpm/ 22Ra net 28Ra (dpm/ 228Ra net 228Ra/zzﬁRa
(m) duration weight 100kg) counts 100kg) counts
(min) (kg)
Kerfix
6 26.88 Uuw 2/11/2005 970 557 15.940.10 25681+163 0.0440.040 29+30 0.002+0.003
6 26.88 OISO 2/11/2005 975 141 15.34+0.19 6662+ 84 0.08+0.073 20+ 18 0.00540.005
51 26.87 CTD #104 2/10/2005 4366 85 16.24+0.12 19160+ 142 0.074+0.037 57430 0.004+40.002
202 27.16 CTD #104 2/10/2005 5941 99 14.6+0.11 27176+ 171 0.174+0.050 138+ 51 0.0124+0.003
500 27.45 Nylon 2/10/2005 5590 1111914340 0.064+0.019 187463 0.00340.001
502 27.45 CTD #104 2/10/2005 3921 97 17.34+0.12 20764+ 148 0.114+0.046 75+32 0.006+0.003
806 27.61 CTD #109 2/11/2005 4552 102 16.94+0.11 24804+ 161 <0.07° -
1207 27.73 CTD #109 2/11/2005 5665 96 18.7+0.11 32193+183 0.10+0.076 25+19 0.008 +0.002
1571 27.80 CTD #109 2/11/2005 4147 99 19.340.13 25050+ 162 0.2940.060 88 +35 0.015+0.003
Cl1
6 27.04 uw 1/25/2005 2538 3005 14.940.03 340766+ 594 0.0440.011 351+102 0.00240.001
6 27.04 OISO 1/26/2005 7954 274 17.14+0.05 117679 +350 0.064-0.020 203+66 0.00440.001
21 27.05 Pump 1/26/2005 4216 104 16.14+0.11 22316+153 0.134+0.052 85+35 0.00840.003
99 27.18 Pump 1/26/2005 2883 103 18.0+0.14 16940+ 134 0.144+0.063 66+29 0.008 +0.003
150 27.29 CTD #49 1/28/2005 248 138 17.340.45 1608 +41 sc -
201 27.34 CTD #49 1/28/2005 4268 63 16.940.14 15637 +130 0.1240.062 64433 0.00740.004
200 27.36 Nylon 1/25/2005 5722 384444201 0.1340.059 143442 0.0084-0.003
303 27.48 CTD #43 1/28/2005 4216 95 18.24+0.12 23205+ 156 0.114+0.050 73+33 0.006+0.003
706 27.67 CTD #43 1/28/2005 4040 96 18.240.13 223624154 <0.08° -
1010 27.74 CTD #43 1/28/2005 186 94 17.6+0.63 841+30 sc -
2021 27.81 CTD #39 1/25/2005 5656 132 19.940.10 20708 + 147 0.07+0.042 82447 0.004+0.002
3200 27.85 Nylon 1/25/2005 5630 102590+ 326 0.224+0.031 436+63 0.0104+0.001
3343 27.83 CTD #39 1/25/2005 4431 138 22.240.11 43020+212 0.284+0.049 240442 0.01340.002
A3-3
6 26.94 uw 1/24/2005 5586 949 14.14+0.03 223327+481 0.094+0.013 592487 0.00640.001
20 26.94 CTD #28 1/23/2005 5579 140 13.44+0.08 28304+ 175 0.20+0.051 182447 0.0154+0.004
51 26.95 CTD #34 1/24/2005 7085 128 13.440.08 32958 +188 0.1340.043 142+49 0.009+0.003
102 27.02 CTD #34 1/24/2005 3579 139 10.44+0.08 16405+ 133 0.174+0.051 122438 0.01640.005
223 27.24 CTD #36 1/24/2005 5195 136 15.440.09 344584191 0.1240.045 127447 0.0084-0.003
304 27.32 CTD #36 1/24/2005 7085 132 16.3+0.08 48365+227 0.06+0.030 107453 0.00440.002
404 27.43 CTD #37 1/24/2005 5664 133 14.84+0.09 30325+ 180 <0.054° -
484 27.47 CTD #37 1/24/2005 5664 141 17.5+0.09 44091 +215 0.08+0.033 109 +46 0.004+0.002
A3-4
20 26.95 Pump 2/4/2005 4201 137 14.1+0.09 25535+163 <0.053° -
98 27.04 Pump 2/4/2005 4201 138 15.640.11 24442+ 161 0.1740.059 106437 0.0114-0.004
151 27.12 CTD #78 2/4/2005 4305 105 20.1+0.13 25642+ 164 0.16+0.051 102432 0.008 +0.003
253 27.31 CTD #79 2/4/2005 5647 102 15.940.10 28939+ 174 0.154+0.042 129437 0.009+0.003
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Table 1 (continued)

Depth Yo Sample® Sampling date  Counting Sample 22°Ra (dpm/ 226Ra net 228Ra (dpm/ 228Ra net 228Ra/zz(’Ra
(m) duration weight 100kg) counts 100kg) counts
(min) (kg)
455 27.45 CTD #74 2/3/2005 4293 85 16.54+0.13 16352 +132 0.0740.064 33431 0.00440.004
A3-5
50 26.93 CTD #115 2/12/2005 4170 139 16.740.10 27130+ 169 0.1440.047 110+37 0.008+0.003
100 26.99 CTD #l116 2/12/2005 2794 139 18.240.12 22398 +153 0.2540.057 148433 0.01440.003
201 27.26 CTD #121 2/12/2005 4224 141 16.340.10 26332+ 166 <0.051° -
301 27.33 CTD #123 2/13/2005 4619 139 17.54+0.09 35573+193 0.11+0.039 110+38 0.006+0.002
Bl
6 26.97 OISO 2/2/2005 5722 143 14.84+0.08 32980+ 186 0.10+0.037 110+40 0.007+0.003
50 26.97 CTD #70 2/2/2005 5678 87 14.540.11 19475+ 144 <0.08° -
150 27.15 CTD #70 2/2/2005 5678 97 16.440.10 28501+173 0.1240.043 106439 0.00740.003
251 27.23 CTD #71 2/2/2005 4310 131 13.640.09 24429+ 161 0.1640.047 130+38 0.01240.003
324 27.29 CTD #71 2/2/2005 5722 133 16013+ 131 123+32 0.01640.004
B5
21 27.03 Pump 2/1/2005 4190 137 16.340.10 29448 +176 0.16+0.052 119439 0.010+0.003
127 27.16 Pump 1/31/2005 4205 137 15.240.10 25063+ 163 0.1240.058 74435 0.00840.004
353 27.43 CTD #60 2/1/2005 4224 99 15.840.11 20806+ 149 0.2540.069 136438 0.0164-0.004
Cl
30 27.06 Pump 2/9/2005 4232 97 16.840.12 218624151 0.28+0.053 174 +34 0.016+0.003
81 27.07 CTD #103 2/9/2005 2825 95 16.340.14 14252+ 124 0.2840.093 108 +36 0.01740.006
132 27.09 CTD #103 2/9/2005 2899 84 17.64+0.16 13593 +120 0.364-0.087 121429 0.02040.005
C5
20 27.02 Pump 2/8/2005 5197 138 15.6+0.09 30299 + 180 0.394+0.063 304 +49 0.025+0.004
100 27.05 Pump 2/8/2005 5795 141 15.440.09 34173 +192 <0.051° -
151 27.18 CTD #96 2/8/2005 7025 97 16.440.09 35282+195 0.08+0.043 99+53 0.005+0.003
202 27.25 CTD #95 2/8/2005 951 94 14.440.25 3513461 sc -
301 27.35 CTD #95 2/8/2005 7025 97 16.740.10 30895+ 184 0.1640.071 122+53 0.0104-0.004
405 27.44 CTD #95 2/8/2005 976 97 16.540.24 4949+ 72 sc -
453 27.47 CTD #91 2/7/2005 5620 119 16.340.09 345094191 0.1340.040 130+42 0.00840.002

The **®Ra activities in nylon net samples were obtained by combining the >**Ra/***Ra ratio measured in these samples with the **°Ra activity of a sample collected at the same water
depth with Niskin bottles.
sc: Short counting (<17 h); only 2**Ra activities are reported; counting duration was too short to provide accurate **Ra activities. Samples with low counting statistics are reported in
the table only when counting duration was long (typically 3-5 days counting).

2UW” and “OISO” refer to samples collected using the ship seawater supply that provides seawater to the wet laboratory and to the ship seawater supply used for the continuous
pCO, analysis, respectively (see Methods for details). “Pump” refers to samples collected using an in situ pump that returns water to the deck (0—120 m depth). ““Nylon” refers to samples
filtered using nylon nets (in situ deployment of four hours). The number of the CTD cast is reported for samples collected using Niskin bottles.

®Detection limit is based on twice the background noise; arrows on the figures indicate activities below detection limit.

929

£89-229 (8002) SS II Yo1pasay pag-doaq | ‘v 12 yaog uva g



P. van Beek et al. | Deep-Sea Research II 55 (2008) 622637 627

seawater for one sample. For this method, vertical
profiles of **®Ra at a given station were obtained
from a series of successive CTD casts. Techniques
aimed at extracting radium isotopes in situ have also
been tested (see below).

2.2.2. Radium extraction

We used MnO;-coated acrylic fibres—so-called
“Mn-fiber”—to extract radium isotopes from the
seawater samples (Moore and Reid, 1973; Moore,
1976; Moore et al., 1985; Charette et al., 2001, 2007;
van Beek et al., 2007). Seawater collected using
either the “OISO” seawater supply (referred to as
“OISO” in Table 1), in situ pump that returns water
to the deck via a hose (referred to as “Pump” in
Table 1) or Niskin bottles (referred to as the number
of the associated CTD cast in Table 1) was passed
by gravity on a PVC column filled with Mn-fiber at
low flow rate (<200 mL/min), providing an extrac-
tion efficiency of 100% for Ra. Once on station, a
column filled with Mn-fiber was also attached
directly to the ship’s seawater supply and forced
through the fiber at a flow rate <1 L/min followed
by a flowmeter to record the volume of seawater
that was filtered. These latter samples are referred to
as “UW” in Table 1. In particular, the long stay at
station CI11 allowed us to filter up to ~3000L
through Mn-fiber.

Once back in the laboratory, the Mn-fibers were
ashed (16h at 820°C) and transferred into sealed
vials for gamma counting (Charette et al., 2001; van
Beek et al., 2007).

2.2.3. In situ extraction of radium

During KEOPS, in situ pumps (Challenger
Oceanic and MacLane pumps) were deployed in
order to filter large volumes of seawater to collect
suspended particles. Cartridges impregnated with
MnO; (e.g., Hytrex-brand) placed in series after the
filter have often been used by geochemists to
separate radionuclides—including radium—from
seawater (Bacon and Anderson, 1982; Rutgers van
der Loeff and Berger, 1993; Baskaran et al., 1993;
Rutgers van der Loeff, 1994; Hanfland, 2002;
Geibert et al., 2002). Rather than using cartridges
impregnated with MnO,, we filled the space in the
middle of an untreated Hytrex cartridge with MnO,
fiber. Doing so, we prevent the lengthy chemical
treatment required for the separation of Ra isotopes
when using impregnated cartridges. As is the case
for cartridges impregnated with MnO,, we placed
fiber-packed Hytrex cartridges in series. Yield of

radium fixation was determined by comparison with
the *?°Ra activity of a sample collected at the same
depth with Niskin bottles and filtered by gravity on
Mn-fiber (Bourquin et al., in press).

During the 4-h pump deployment at stations
Kerfix and C11, we also suspended nylon nets filled
with Mn-fibers to the frame of the in situ pumps so
that large volumes of seawater could passively
interact with the fiber (Kim et al., 2003; Charette
et al., 2007). These samples are referred to as
“Nylon” in Table 1. Because the volume of seawater
that passed through the Mn-fiber is unknown, the
228Ra activities in these samples are obtained by
combining the ***Ra/***Ra ratio measured in these
samples with the ?°Ra activity of a sample collected
with Niskin bottles at the same depth.

2.3. Analytical methods

Radium isotopes adsorbed on MnQO, ash were
counted at the underground laboratory of Modane
(Laboratoire Souterrain de Modane, French Alps).
High-efficiency, low-background, well-type germa-
nium detectors (430 and 950 cm®) were used (Reyss
et al., 1995). These detectors are shielded from
cosmic radiation by 1700 m of rocks, which results
in a very low background that allows for the
measurement of very low activities. **Ra activities
were determined using the 2'*Pb (295 and 352keV)
and *'Bi (609keV) peaks. **®Ra activities were
determined using the 338, 911 and 969 keV peaks of
228 Ac. Counting time for each sample ranged from
three hours to five days (Table 1). Uncertainties
reported for **°Ra and **®Ra activities are errors
due to counting statistics (one standard deviation).

3. Results
3.1. Hydrography

The general circulation in the region has been
previously described by Park and Gamberoni
(1995), Park et al. (1998a) and Charrassin et al.
(2004), but it is only during the KEOPS program
that a detailed view of the circulation on and
around the Kerguelen Plateau was obtained
(Park et al., 2008b). Hydrographic characteristics
over the Kerguelen Plateau are discussed in
details by Park et al. (2008b). A striking feature in
this area is the presence of a water mass character-
ized by a subsurface temperature minimum cente-
red at around 200m called Winter Water
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Fig. 2. 22®Ra activities and 2*®Ra/?*°Ra ratios at stations Kerfix and C11, outside the Kerguelen Plateau. For information, **Ra

concentration is also given in ag/kg (10~'® g/kg; a for atto, 10~'%). Open and solid squares represent 2**Ra activities and >**Ra/**°Ra ratios
obtained in nylon net samples. In the latter samples, the ***Ra activities were obtained by combining the ***Ra/***Ra ratio measured in
these samples with the >°Ra activity of a sample collected with Niskin bottles at the same water depth. Arrows indicate samples below
detection limit (see Table 1). Horizontal lines denote the depth of the bottom.

(WW; Figs. 2-4). The WW was found at the stations
investigated on and off the plateau, displaying
variable temperature (Park et al., 2008b). The
Circumpolar Deep Water (CDW) lies just below
the WW and can be decomposed into the (i) Upper
Circumpolar Deep Water (UCDW), which could be
found on the plateau and (ii) the Lower Circumpo-
lar Deep Water (LCDW), which could be found at
depths greater than 1400m. Antarctic Bottom

Water (AABW) is present below 2600m (i.e. at
station C11).

3.2. ??°Ra activities

The measurement of dissolved **Ra activities by
gamma spectrometry typically requires ca. 10 kg of
seawater. Because large volumes of seawater were
collected for the ?*Ra analysis (> 100 kg), counting
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Fig. 3. ®Ra activities and ***Ra/**°Ra ratios at station A3 visited three times during KEOPS (A3-3, 23-24 January 2005; A3-4, 34
February 2005; A3-5, 12-13 February 2005), A3 being located on the Kerguelen Plateau in the middle of the phytoplankton bloom.
Arrows indicate samples below detection limit (see Table 1). Horizontal lines denote the depth of the bottom.

rates were high and uncertainties were low for **’Ra
(Table 1). >*°Ra activities on the plateau range from
13.7dpm/100 kg (surface) to 17.5dpm/100 kg (near
bottom). Note that repeated visits at station A3

show significant variability in the upper 200m,
while ?°Ra activities below this depth are relatively
uniform. The deep open-ocean stations Kerfix and
C11 exhibit comparable >**Ra activities that range
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Fig. 4. 2*Ra activities and 22*Ra/**°Ra ratios at stations C1, C5, Bl and B5 located on the Kerguelen Plateau. Arrows indicate samples
below detection limit (see Table 1). Horizontal lines denote the depth of the bottom.
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from 14.5dpm/100 kg (surface) to 22.2dpm/100 kg
at 3300 m (station C11); Kerfix, however, had lower
226Ra activities in the WW (200 m depth) compared
with station C11 (150 m depth).

3.3. ??Ra activities and *** Ra/?*° Ra ratios

228Ra activities are extremely low outside the
plateau and also generally on the plateau. The
detection of these very low activities was made
possible because we used the very low background
facility available at the underground laboratory of
Modane (LSM) and also because large volumes of
seawater were collected during KEOPS. Counting
rates for **Ra were very low (Table 1), with
samples rarely exceeding 100 net counts even after
3-day analyses. Higher count rates were obtained in
samples collected in situ (using e.g. Mn-fiber in
nylon nets) or using the ship’s seawater supply.
Note that several samples exhibit very low counting
rates (<50 total net counts). Despite their low
counting statistics, we did not reject these data
because these counts were obtained during long
counting sessions (5 days) (Table 1).

3.3.1. Stations off plateau

The 2*®Ra activities at station Kerfix are
<0.15dpm/100kg throughout the water column
with significantly higher values in the WW and close
to the bottom (Fig. 2). Station C11 shows a similar
profile, with low values in surface and intermediate
waters and slightly higher values between 20 and
300m. The highest activities found at station C11
are close to the bottom. The *?*Ra/*°Ra ratio
displays a trend similar to that of *®Ra. Note that
two independent measurements of the ***Ra/**Ra
ratio are available at stations Kerfix (500 m) and
C11 (200 m), with one value derived from the Niskin
bottle sampling and one from the nylon net sample
(Table 1). The two values are in good agreement.

3.3.2. Stations on the plateau

At station A3, ?*®Ra activities are low at the
surface (6m) and below ~150m, with values very
similar to open-ocean stations (Fig. 3). We observe
a slight enrichment in 2*Ra activities and in the
228Ra/*?°Ra ratio in the upper 150 m, just above the
WW. This enrichment is more obvious at A3-3 and
A3-5 and can reach up to 0.25dpm/100 kg at 100 m
(A3-5). Note that we do not find significantly higher
228Ra activities and *?®Ra/**°Ra ratios close to the
bottom as was the case for the open-ocean stations.

Stations C5 and B1 also show low ***Ra activities.
In contrast, station C5 (20m) displayed a higher
22%Ra activity (0.39dpm/100kg) and a higher
228Ra/*°Ra ratio (Fig. 4). The shallow station
(C1) off Heard Island exhibits high **Ra activities
as well (and **®Ra/**°Ra ratios). The constant
values found throughout the 150 m of the water
column (0.28-0.36 dpm/100kg) can be related to
mixing driven by strong winds present during the
sampling at station C1 (see the potential tempera-
ture profile, Fig. 4). Station B5 also exhibits slight
228Ra enrichments in samples collected at 20 and at
350m (0.16 and 0.25dpm/100kg, respectively).
Note that for sample collected close to the bottom
at station Bl, we measured an unexpectedly low
226Ra activity, suggesting either a low recovery on
the Mn-fiber or an error in the estimate of the
volume that passed through the fiber; therefore, for
this sample we report only the ***Ra/*°Ra ratio
(Table 1).

4. Discussion
4.1. ?’°Ra activities

The **°Ra values reported here compare well with
values reported for the Southern Ocean (Ku and
Lin, 1976; Broecker et al., 1976; Hanfland, 2002). In
particular, **’Ra activities of surface waters from
the Southern Ocean are much higher than surface
waters from the Atlantic and Pacific Oceans
(Broecker et al., 1967, 1976; Chung, 1974; Ku and
Lin, 1976; Chan et al., 1976; Chung and Craig,
1980), a feature that can be related to the upwelling
at high latitudes of deep waters being enriched in
22°Ra (Ku and Lin, 1976). The **Ra variability
observed in the upper 200m, when sampling
repeatedly station A3—together with the **°Ra/Ba
variability that was also observed—will be discussed
in another paper on the impact of biological activity
and/or changes in the water mass pathways at this
location.

4.2. ??*Ra activities and *** Ra/?*° Ra ratios

The low ***Ra activities (and ***Ra/***Ra ratios)
found in open-ocean stations and many stations
located on the plateau are very similar to those
reported by previous studies in the Southern Ocean:
Kaufman et al. (1973) who report three surface
values of 0.1-0.2dpm/100kg in the Indian Sector
of the Southern Ocean, west of Kerguelen Island; Li
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et al. (1980) who report activities below detection
limit (i.e. <0.1dpm/100kg) in the upper 200m of
stations from the Atlantic sector of the Southern
Ocean; Rutgers van der Loeff (1994) who report
values <0.23dpm/100kg in waters away from the
228Ra sources (shelf and bottom); and Hanfland
(2002) who report **Ra in open-ocean surface
waters as low as 0.02-0.07dpm/100kg (off the
Antarctic Peninsula). The 2?Ra activities (and
228Ra/*°Ra ratios) found at station Cl, in the
upper 150 m at station A3 and in surface waters at
station C5 (0.25-0.39dpm/100 kg) are significantly
higher than the activities found in open-ocean
waters. Therefore, these high activities suggest that
these water masses have been enriched in ***Ra
through contact with shallow sediments.

22%Ra activities at station A3 do not show a
significant increase close to the bottom as would be
expected from a deep sedimentary source [see e.g.
increase of ***Ra activities and ***Ra/**°Ra ratios in
bottom waters from open-ocean stations Kerfix and
Cl11 (Fig. 2) or from stations Bl and BS5 on the
plateau (Fig. 4)]. In contrast, iron concentrations do
increase with depth at station A3, implying that the
shallow sediments of the plateau could constitute a
source for iron (Blain et al., 2007, 2008). Enrich-
ment in “**Ra of a water mass in contact with the
sediment is function of (i) the residence time of this
water mass over the sediment and (ii) the intensity
of the ?*®Ra flux that diffuses out of the sediment,
which depends on the >**Th concentration in the
sediment. Accumulation rates as well as the
intensity of bioturbation also impact the sediment-
derived radium flux (Cochran, 1980). In particular,
high accumulation rates are associated with low
radium flux (Cochran, 1980, Fig. 4). Sediments from
station A3 located under the phytoplankton bloom
consist mainly of siliceous ooze that results from the
accumulation of diatoms (Armand et al., 2008).
Consequently, the lithogenic fraction containing
22Th is highly diluted in these sediments (ca.
0.2dpm/g; data not shown). >'"Pb., activities
measured in sediments from station A3 further
indicate deep penetration and therefore high accu-
mulation rates under the bloom (Reyss and van
Beek, unpublished data). Taken together, the
relatively low 2*Th activities in the sediment
located under the bloom associated with high
accumulation rates might result in relatively low
228Ra fluxes diffusing out of the sediment at station
A3, thereby explaining the relatively low *?*Ra
activities in bottom waters at station A3. On the

other hand, high diapycnal diffusivity was observed
on the Kerguelen Plateau during KEOPS (see
Section 4.2.1.1; Blain et al.,, 2007; Park et al.,
2008a). Enhanced vertical mixing at station A3
would vertically transport the **Ra activity that
diffused from the sediment, thus lowering the ***Ra
activity close to the bottom.

All the other stations located on the plateau—
except C5—do exhibit increased **Ra activities and
228Ra/*Ra ratios close to the bottom. Again,
presence or absence of **Ra enrichments near the
bottom may be related to the intensity of the ***Ra
flux diffusing out of the sediment and to the
residence time of deep waters near the sediment.

4.2.1. Origin of the **Ra enrichments in upper
waters at station A3

4.2.1.1. Vertical mixing. Strong diapycnal diffusiv-
ity (K.) estimated from vertical density profiles
(Osborn, 1980) was found during KEOPS based on
CTD/LADCEP data (Blain et al., 2007; Park et al.,
2008a). Park et al. (2008a) report a K. value of
~3 x 107*m?/s beneath the base of the mixed layer
at station A3. This value is an order of magnitude
higher than the most recent estimate of K. in the
Antarctic  Circumpolar Current (1.1 x 107> m?/s;
Law et al., 2003) and indicates enhancement of the
vertical mixing on the Kerguelen Plateau. This
enhancement of vertical mixing, especially obvious
when comparing time-series profiles of physical
parameters (e.g., potential temperature; Figs. 2—4),
is likely due to internal wave activity.

Enhanced vertical mixing on the plateau is also
expected to impact the distribution of **Ra, which,
like Fe, diffuses out of the sediments. However, in
contrast to the dissolved Fe profiles (Blain et al.,
2007, 2008), ***Ra activities on the plateau do not
show significant increase close to the bottom. As
discussed above, sediments from station A3 may not
be a strong source for ***Ra, while they may be a
significant source for Fe. Consequently, the higher
228Ra activities found in the upper 150 m at station
A3 are unlikely to be generated by vertical mixing of
the (low) **®Ra activities found in bottom waters.

4.2.1.2. Lateral transport. Upwelling on the pla-
teau of deep waters enriched in **Ra could generate
a 2*®Ra signal in surface waters at station A3. No
isopycnal surfaces, however, rise toward the surface
above the plateau, which allow us to rule out this
hypothesis (Table 1). Consequently, lateral trans-
port of ?*®Ra-enriched waters on the plateau might
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best explain this signal. This implies interaction of a
water mass with shallow sediments (<200m) so
that the *?®Ra enrichment can be transferred
horizontally in the upper 150m of station A3.
Shallow sediments can be found on the continental
shelves of Kerguelen Island and Heard Island, north
and south of the Kerguelen Plateau, respectively
(Fig. 5).

A strong current is clearly established south of
Kerguelen Island and circulates to the north-east
along the eastern continental shelf break (Park and
Gamberoni, 1997; Park et al., 1998b, 2008b;
Charrassin et al., 2004; Blain et al., 2007; Mongin
et al., 2008; Fig. 5). This current—which can be
clearly seen on MODIS-MERIS images (Blain
et al., 2007)—isolates the island from the Kerguelen
Plateau, southeast of the island, and likely prevents
significant transfer of shallow waters from the
continental shelf towards the south. In contrast,
Charrassin et al. (2004), based on temperature
data collected by penguin-borne loggers, report a
northwestward flow of surface and subsurface
waters on the Kerguelen Plateau. They also
suggested that this flow was consistent with the

45

o

Latitude ('S)

tidal residual circulation resulting from a tidal
current—bottom topography interaction. Addition-
ally, the mean flow measured at station A3 during
KEOPS was heading to the NW, in agreement with
the pattern observed by Charrassin et al. (2004).
Note that current speed was weak on the plateau
(<0.05m/s; Park et al., 2008b). Waters that flow
northwestward above the plateau may therefore
have interacted with the shallow lithogenic sedi-
ments from the continental shelf of Heard Island
(Fig. 5).

Sediment cores collected at station C1 indicate
that the sediment in that area consists mainly in
coarse grains of basalt. Contact of the water masses
with these shallow lithogenic sediments would
increase their ®Ra activity, as it was observed at
station C1 (Fig. 4). Zhang et al. (2008) and
Venchiarutti et al. (submitted for publication) also
report high concentrations of dissolved rare earth
elements (REEs) and dissolved **Th, respectively,
in waters off Heard Island, which are attributed to
the dissolution of lithogenic material possibly
weathered from Heard Island. Because surface
waters at stations C5 and A3 are also enriched in
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Fig. 5. Map showing the bathymetry in the area of the Kerguelen Plateau. This map allows us to locate sediments shallower than 200 m
depth. The arrow on the Kerguelen Plateau indicates the circulation pattern of the upper ~150-m waters deduced from the ***Ra activities
in this study: waters that have interacted with the shallow lithogenic sediments surrounding Heard Island are advected northward onto the
Kerguelen Plateau (towards station A3). This pattern agrees with the northwestward flow of surface and subsurface waters reported by
Charrassin et al. (2004) on the Kerguelen Plateau. The arrow south of Kerguelen Island indicates a strong current that is especially obvious

from the plume of chlorophyll-poor waters (Blain et al., 2007).
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228Ra, this suggests that the *?*Ra enrichment
observed on the shelf of Heard Island might be
transferred along the southern flank of the Kergue-
len Plateau (towards station C5; Fig. 5) and
northwestward above the plateau (towards station
A3; Fig. 5). Similar conclusions were reached based
on the distribution of dissolved REEs above the
plateau (Zhang et al., 2008). The former circulation
pattern agrees with the counterclockwise current
(in the southern hemisphere) that would result
along the slope from the interaction between tidal
current and bottom topography (Charrassin et al.,
2004).

4.2.2. Estimate of vertical mixing coefficient on
the plateau

228Ra profiles can be used to estimate vertical
mixing either in the thermocline or in bottom waters
(Moore, 1972; Li et al., 1980; Sarmiento et al., 1982;
Ku et al., 1995). It has been proposed that enhanced
vertical mixing over the plateau brings Fe from
bottom waters that are enriched in Fe to surface
waters (Blain et al., 2007, 2008). In contrast, 22%Ra
activities over the plateau (A3) are higher in the
upper water column as a result of lateral transport
and decrease with depth. The vertical >**Ra gradient

(observed below the upper waters enriched in ***Ra)
can be used to calculate a vertical eddy diffusion
coefficient.

A steady state is established when the supply of
228Ra by mixing balances radioactive decay. If the
mixing is vertical, the concentration as a function of
depth is given by

Ci = Cs exp(—[ins/K:]"2) (1)

where C; and C, are concentrations at two depths; z
is the depth interval; 1,5 is the decay constant of
228Ra; and K. is the coefficient of vertical eddy
diffusion. This simple model assumes that disper-
sion of **®Ra could be approximated as a 1-D
diffusive process (i.e. no advection on the depth
interval we consider) (Fig. 6). K. can thus be
calculated from the slope (m) of a plot of In
(**®Ra) versus water depth (K. = Jyys/m?).

We calculated K. at station A3-3 between 100 and
400m (i.e. below the layer of waters enriched in
228Ra). The activity at 450m has been excluded
from the calculation considering it likely reflects
input from the sediment. On the plot In (***Ra)
versus water depth, we obtain a slope (m) of
0.00511+0.00229. The resulting K. is 1.5 x 1074+
1.3 x 107*m?/s. This estimate should be considered
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Fig. 6. Estimate of the coefficient of vertical eddy diffusion (K.) at station A3-3 using a simple one-dimensional diffusion model. K. was
estimated considering the decrease of the ?*Ra activities below the surface layer enriched in *Ra. The ***Ra activity close to the bottom
that likely reflects input from the sediment was excluded from the calculation. The line on the figure shows the best exponential fit
considering ***Ra data in the 100-400 m depth interval. Using Eq. (1), we calculate a K. of 1.5 x 107#+ 1.3 x 10~*m?/s. The horizontal line

denotes the depth of the bottom.
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cautiously, keeping in mind the steady-state as-
sumption. However, the K. that derives from the
228Ra profile is in good agreement with the K.
estimated based on CTD/LADCP data during
KEOPS (Blain et al., 2007; Park et al., 2008a).
Between 180 and 470 m, Park et al. (2008a) report a
value of 0.8+ 1.1 x 10~*m?/s. As mentioned above,
such a K. is high (i.e. higher than the most recent
estimate of K. for the Southern Ocean; Law et al.,
2003) and suggests enhanced mixing over the
plateau.

4.3. Implication for the understanding of the
mechanisms controlling Fe fertilization on the
Kerguelen Plateau

Combining our K estimate (100-400 m) with the
vertical gradient of dissolved Fe observed at A3-3
for the same depths (0.059 nmol/L Fe at 100 m and
0.236 nmol/L Fe at 400 m; Blain et al., 2008), we
obtain a potential vertical flux of Fe of
1.0-14.3 nmol/m?d. Blain et al. (2007) and Sarthou
et al. (2008) report a flux of dissolved Fe into
surface waters of A3 significantly higher than our
estimate (i.e. 31 nmol/m*d) by combining the K.
deduced from CTD/LADCP data between 100 and
200m and the vertical gradient of dissolved Fe
observed on the same depth interval. Both esti-
mates, however, are lower than the net dissolved Fe
requirements of phytoplankton (defined as the
difference between uptake and regeneration rates
of dissolved Fe; i.e. 208 +77 nmol/m2 d, Blain et al.,
2007). This suggests an additional source of Fe. The
atmospheric input of Fe (i.e. transport of continen-
tal dusts originating from the Kerguelen Island) is
considered to be insignificant above the Kerguelen
Plateau (Wagener et al., 2007; Blain et al., 2008).
Blain et al. (2007) calculated that, in addition to the
vertical supply of Fe, either the ongoing depletion of
the winter surface stock of Fe or dissolution of
lithogenic particulate Fe could balance the demand.
Because waters off Heard Island exhibit high
dissolved Fe concentrations (0.5nmol/L; Blain
et al., 2008), it cannot be excluded also that the
northward advection—as shown by the ***Ra data
and physical observations—supplies Fe to the
Kerguelen Plateau. Such advection could contribute
to the winter surface stock of Fe and/or to fertilize
the phytoplankton bloom in that area.

We note, however, that chlorophyll a concentra-
tions are relatively low in the southern part of the
Kerguelen Plateau (i.e. east/northeast of Heard

Island; Blain et al., 2007) and that dissolved Fe
concentrations decrease rapidly away from Heard
Island (Blain et al., 2008). Strong currents around
Heard Island and on the southern slope of the
Kerguelen Plateau (Park et al., 2008b; Maraldi
et al., 2007) may prevent bloom formation in that
area. The decrease of Fe away from Heard Island,
which cannot be associated with the consumption
by phytoplankton, raises the question of how far Fe
originating from the shelf of Heard Island, south of
the plateau, can be transported and how such lateral
input can contribute to fertilize the bloom located
on the northern part of the plateau. Based on the
analysis of dissolved REE concentrations, Zhang
et al. (2008) calculated a potential Fe flux to the
Kerguelen Plateau of from the Heard Island shelf of
> 100000 ton/yr. Although most of this Fe is likely
to be quickly removed from the water column (e.g.,
via oxide/hydroxide precipitates), it cannot be
excluded that a small fraction of this Fe contributes
to the maintenance of the phytoplankton bloom.

5. Conclusion

The **®Ra data suggest a northward advection
over the Kerguelen Plateau of waters that have
interacted with shallow lithogenic sediments from
the continental shelf of Heard Island, south of the
plateau. This pattern agrees with that deduced from
the dissolved REEs (Zhang et al., 2008) and with
physical observations (Charrassin et al., 2004; Park
et al., 2008b). Because waters off Heard Island
exhibit high dissolved Fe concentrations (Blain
et al., 2008), the northward advection also could
supply Fe to the Kerguelen Plateau. Although most
of this Fe may be quickly removed from the water
column by scavenging processes, this advection
could either contribute to the winter surface stock
of Fe and/or to initiate and sustain the annual
phytoplankton bloom that takes place above the
Kerguelen Plateau. In addition to the vertical
supply of Fe and to the ongoing depletion of the
winter surface stock of Fe, the Fe potentially
transported by the northward advection—in dis-
solved and/or particulate forms—could partially
balance the net dissolved Fe requirements of
phytoplankton.
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