
ARTICLE IN PRESS
0967-0645/$ - se

doi:10.1016/j.ds

�Correspondi
fax: +4423 805

E-mail addre
1Present addr

Dunstaffnage M
Deep-Sea Research II 54 (2007) 2208–2232

www.elsevier.com/locate/dsr2
234Th-derived particulate organic carbon export from an
island-induced phytoplankton bloom in the Southern Ocean

Paul J. Morrisa,�, Richard Sandersa, Robert Turnewitscha,1, Sandy Thomallab

aNational Oceanography Centre, University of Southampton, European Way, Southampton SO14 3ZH, UK
bDepartment of Oceanography, University of Cape Town, Private Bag, Rondebosch, Cape Town 7701, South Africa

Accepted 26 June 2007
Abstract

It has long been recognised that some oceanic regions have persistently low-chlorophyll levels, even though there are

abundant inorganic nutrients. Studies have shown that these high-nutrient low-chlorophyll (HNLC) areas are depleted in

iron, an essential micronutrient. In these regions biological production can be enhanced with artificial mesoscale iron

fertilisation. However, the ability of iron-induced blooms to efficiently sequester carbon to mesopelagic depths is still an

open question. It is hypothesised that sub-Antarctic islands in the HNLC Southern Ocean are also a source of iron and

thus fuel the natural phytoplankton blooms observed in their proximity, thereby enhancing levels of particulate organic

carbon (POC) export. To test the third part of this hypothesis, POC export was measured in the Southern Ocean region of

the Crozet Islands (521E, 461S) during the austral summer of 2004/2005 as part of the CROZEX project. Based on satellite

imagery, a high-chlorophyll region (maximum concentration ¼ 4mg l�1) north and downstream of the islands was

distinguished from a low-chlorophyll region (typical concentration ¼ 0.3mg l�1) south and upstream of the islands. POC

export estimates were obtained by using the naturally occurring particle-reactive radionuclide tracer 234Th. POC export

was initially 15mmolCm�2 d�1 in the high-chlorophyll bloom region, compared with 5mmolCm�2 d�1 in the low-

chlorophyll, non-bloom region. After a moderately small bloom at the southern control stations (max con-

centration ¼ 0.7mg l�1) the spatial variability in POC export was lost, resulting in equally high levels of POC export

(ca. 20mmolCm�2 d�1) throughout the study region. Comparison of 234Th-derived POC export with estimates of new

production, calculated from nitrate budgets, revealed evidence for a decoupling of new and export production, with this

effect most apparent within the northern bloom area. In addition to methodological issues this apparent decoupling of new

and export production could be due to a buildup of dissolved organic nitrogen within the bloom region, thus reducing the

amount of POC available for export to mesopelagic depths.

r 2007 Elsevier Ltd. All rights reserved.

Keywords: CROZEX; Crozet; Southern Ocean; 234Th; Carbon export; POC
e front matter r 2007 Elsevier Ltd. All rights reserved

r2.2007.06.002

ng author. Tel.: +44 23 8059 2012;

9 3052.

ss: pjmorris@noc.soton.ac.uk (P.J. Morris).

ess: The Scottish Association for Marine Science,

arine Laboratory, Oban PA37 1QA, UK.
1. Introduction

The role of the Southern Ocean in the global
carbon cycle has come under increased scrutiny
since the publication of the ‘‘iron hypothesis’’ by
Martin (1990). Martin hypothesised that iron was a
.
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limiting micronutrient in high-nutrient low-chloro-
phyll (HNLC) ocean regions, and this has since been
validated in various locations by artificial, in situ iron-
fertilisation experiments (Martin et al., 1994; Coale
et al., 1996, 2004; Boyd et al., 2000, 2004; Gervais
et al., 2002; Tsuda et al., 2003; Hoffmann et al.,
2006). The Southern Ocean is one such iron-limited
HNLC area (Martin et al., 1990) and is of particular
interest not only because it covers such a large area
ca. 20� 106 km2 (6% of total ocean area) but also
because it has the potential to play a significant role in
the global carbon cycle. Current estimates suggest
that the Southern Ocean is responsible for the uptake
of about 1GtCyr�1 (Metzl et al., 1999), approxi-
mately 1% of the 90GtCyr�1 taken up by the
world’s oceans annually (Prentice et al., 2001).
However, models indicate that this figure has the
potential to rise to 6–30GtCyr�1 given a scenario of
complete nutrient utilisation supported by iron-
replete conditions (Sarmiento and Orr, 1991).

The ability to induce phytoplankton blooms with
the addition of iron raised hopes that it may be
possible to sequester anthropogenic CO2 in the deep
ocean (Martin, 1990). By increasing phytoplankton
productivity and the activity of the biological pump
with the addition of iron, CO2 could be drawn down
from the atmosphere and therefore help reduce
atmospheric CO2 levels (Joos et al., 1991). However,
determining whether iron fertilisation could be used
to reduce atmospheric CO2 has been an elusive
question to answer (Zeebe and Archer, 2005, 2006;
Chisholm et al., 2001; Johnson and Karl, 2002).
Even though there remains continued discussion in
the scientific literature as to whether iron fertilisa-
tion is a feasible strategy to sequester anthropogenic
CO2 (Buesseler and Boyd, 2003), the impetus and
need to understand the effects of iron on phyto-
plankton productivity and the biological pump
should be no less great.

To date, four iron-fertilisation experiments have
been carried out in the Southern Ocean (Boyd et al.,
2000; Gervais et al., 2002; Coale et al., 2004;
Hoffmann et al., 2006), but the extent to which
iron-induced blooms can sequester carbon to the
deep ocean is still poorly constrained (Nodder et al.,
2001; Charette and Buesseler, 2000; Buesseler et al.,
2005; Bishop et al., 2004; Rutgers van der Loeff and
Vöge, 2001). This is possibly because carbon export
may continue to occur for some time period after
the initial fertilisation by iron (Buesseler and Boyd,
2003; Buesseler et al., 2005), a time period that has
been poorly sampled.
Artificial iron-fertilisation experiments have fo-
cussed on just the alleviation of iron limitation by
adding iron in the form of FeSO4. Although these
elegant experiments have successfully shown the in

situ link between iron enrichment and enhanced
productivity, they are nonetheless simple perturba-
tions of complex natural systems. Therefore, in
addition to artificial iron-fertilisation experiments,
recent years have seen efforts to try to understand
the effects of natural iron fertilisation in HNLC
regions. In natural fertilisation experiments the
marine environment is probably influenced by a
range of terrigeneous micronutrients. This contrasts
with artificial iron-fertilisation experiments in which
the concentration of only one micronutrient is
changed. The challenge with natural fertilisation
experiments will be to establish links between
specific micronutrients and environmental responses
to their injection.

The existence of large-scale blooms in the South-
ern Ocean tied to topographic features is clearly
observable with satellite imagery (see Fig. 1 in
Pollard et al., 2007a) and it is hypothesised that
these blooms are sustained by a point source release
of lithogenic iron into the surrounding waters. The
most notable of these are austral summer blooms
associated with South Georgia, Crozet and Kergue-
len (Bucciarelli et al., 2001; Pollard et al., 2002;
Korb and Whitehouse, 2004). Evidence supporting
this hypothesis for the Kerguelen Islands and South
Georgia has been reported by Blain et al. (2001,
2007) and Holeton et al. (2005), respectively. In
studying these areas it may be possible to better
understand the implications of iron fertilisation
and thereby improve our ability to assess the
response and efficiency of the biological pump to
inputs of iron.

The focus of the CROZet natural iron bloom and
EXport experiment (CROZEX) project is the
annual bloom observed to the north of the Crozet
Islands situated in the Indian sector of the Southern
Ocean (Pollard and Sanders, 2006; Pollard et al.,
2007b). Pollard et al. (2002) have hypothesised that
this area is likely to be fertilised with iron from the
plateau, giving rise to iron-replete conditions that
induce a phytoplankton bloom in this otherwise
HNLC region. The multidisciplinary CROZEX
project aimed to survey the pervasive phytoplank-
ton bloom to the north of the Crozet Islands and
test the hypothesis that the islands and surround-
ing plateau are a source of bioavailable iron. In
addition to an extensive physical hydrographic



ARTICLE IN PRESS

20 30 40 50 60
East

S
o
u
th

50

45

40

35

30
South
Africa

Crozet
Islands

passage legs

working area
Discovery cruise 285/286

Fig. 1. Location of the Crozet Islands in the Indian sector of the

Southern Ocean: 1000m bathymetry contours are shown.
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survey to better constrain the circulation and flow
of the Antarctic Circumpolar Current (ACC) in
the region, a comprehensive set of biogeochemical
observations was also made to categorise water-
column chemistry, bloom ecology, and resultant
carbon export.

In this study the radioactive particle tracer
thorium-234 (234Th, t1/2 ¼ 24.1 d) (Bhat et al.,
1969) was used to estimate how much photosynthe-
tically fixed CO2 was exported to mesopelagic
depths as particulate organic carbon (POC) (Bues-
seler et al., 1992). 234Th is the daughter isotope of
naturally occurring uranium-238 (238U), which is
conservative in seawater and proportional to
salinity (Ku et al., 1977; Chen et al., 1986). Unlike
238U, 234Th is insoluble in seawater and adheres to
particles in the water column. As particles sink
through the water column, a radioactive disequili-
brium is formed between 238U and 234Th, which can
be used to quantify the rate of carbon export from
the surface ocean when combined with data on the
ratio of POC to particulate 234Th activity (Tsunogai
and Minagawa, 1976).

The hypothesis is: Does a topographically asso-
ciated bloom in the HNLC Southern Ocean export
more POC to mesopelagic depths than non-bloom
control sites.

2. Methods

2.1. Study area

The Crozet archipelago consists of five islands, on
a plateau that covers an area of approximately
1200� 600km. The plateau rises from a surrounding
abyssal depth of E3800m to form a subsurface
plateau 0–1000m deep. The two major islands, Île de
l’Est and Île de la Possession, are centred around
521E and 46.41S, approximately 2500km southeast
of Durban, South Africa. Île de l’Est and Île de la
Possession reach maximum heights of 1090 and
934m and cover areas of 130 and 150 km2, respec-
tively (Fig. 1). Their remoteness from any continental
landmasses means they are ideally located for study-
ing island effects in this HNLC region.

The Crozet Islands lie within the ACC, which has
a generally eastward flow. As the ACC encounters
the Del Caño Rise and the Crozet Plateau, it is
forced to fragment with one filament pushed
northwards and another filament skirting south of
the topographic features. The northern filament
moves north between the Del Caño Rise and the
Crozet Plateau, turns west following constant depth
topography, resulting in an anticyclonic flow, before
finally turning east as part of the Crozet Front
(Pollard and Read, 2001) (Fig. 2). It is believed that
the northern branch of the ACC is a physical
constraint on the spatial distribution of the Crozet
bloom (Pollard et al., 2002). For a complete
overview of the circulation around the Crozet
archipelago, see Pollard et al. (2007b).

2.2. Sampling

Sampling for the CROZEX project took place
from November 2004 to January 2005 on two
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cruises onboard the R.R.S. Discovery, cruises D285
and D286, which will be referred to as leg 1 and leg
2, respectively, from hereon (Pollard and Sanders,
2006). Fig. 1 shows the study area and Fig. 2 shows
the station locations. Sampling of discrete water
samples was carried out with a 24-place sampling
rosette with 20L Niskin bottles and a CTD
package. Samples for total 234Th were taken from
10 depths from 0 to E500m, with the highest
resolution in the top 200m of the water column, and
calibration samples were taken from 1000m. Water
samples were drawn into carboys rinsed with sample
and were then transferred into the lab for total
234Th analysis.

2.3. Total 234Th analysis

The measurement of total (dissolved+particu-
late) 234Th activity in seawater samples was based
on the MnO2 precipitation method described by
Rutgers van der Loeff and Moore (1999), similar to
the procedures used by Turnewitsch and Springer
(2001) and Thomalla et al. (2006). The procedure
was scaled to use 10L samples and all apparatus
were washed with a solution of 10ml of 30%
H2O2 l

�1 in 1-l of 1M HCl followed by rinsing with
Milli-Q water.

To 10L (70.002L) aliquots of each sample, three
drops of 25% NH3 and 125 ml of 60 g l�1 KMnO4

were added and mixed, followed by 50 ml of 400 g l�1

MnCl2 � 4H2O. After thoroughly mixing again,
which produces a MnO2 precipitate, the samples
were allowed to stand for 8 h. The precipitate was
resuspended and then filtered onto a 142mm
diameter (0.8 mm pore size), polycarbonate, Isopore
filter, (Millipore product ATTP 142 50), ensuring all
the solution passed through the filtration apparatus.
Before departure for fieldwork the filters were
checked for background activity in accordance with
Rutgers van der Loeff and Moore (1999), and
showed a combined filter and detector blank of
0.1270.02 cpm (x̄� 1s, n ¼ 8). Following filtra-
tion, the filters were rinsed with 50ml of Milli-Q
water and drained of excess water under vacuum.
While filters were still damp they were folded
exactly in half and allowed to air dry. Once dry,
filters were folded with repeatable geometry into
18� 18mm squares, wrapped in mylar film, and
counted onboard ship on a low-level beta GM
multicounter system (Model Risø GM-25-5A) for
234Th activity. Samples were counted as soon as
possible after sampling with repeated counting over
a 6-month period (46 234Th half-lives). This was to
check that the activity decrease followed the decay
of 234Th and also allowed a background correction
for activity intrinsic to the detector and from other
long-lived natural b-emitters. A regression analysis
was carried out on the repeated counts to back
calculate the 234Th activity to the time of sampling.
All 234Th data are reported in units of disintegra-
tions per minute per litre of seawater (dpm l�1).
Samples were counted to give a counting standard
error of better than 73.5% (ca. X1000 counts) and
the final activity of 234Th had a propagated error
ranging from 75% to 10%.

To calibrate the total 234Th technique mid-water
(1000m) samples were used. These samples were
collected well away from the surface ocean, coastal
areas and seafloor nepheloid layers. Therefore, rates
of processes other than radioactive production and
decay of 234Th are negligible and 234Th is assumed
to be in secular equilibrium with 238U (e.g., Bhat et
al., 1969; Bacon et al., 1996; Bacon and Anderson,
1982; Charette and Moran, 1999; Buesseler et al.,
2005; Rutgers van der Loeff et al., 1997, 2002, 2006;
Bacon and Rutgers van der Loeff, 1989). As it is
safe to assume radioactive equilibrium in mid-water
samples, the 238U activity equals the total 234Th
activity in these samples. Based on these known
234Th activities in mid-water samples counting
efficiencies of 0.2670.01 and 0.2870.01 cpmdpm�1

(x̄� 1s) were determined for legs 1 and 2, respec-
tively. The likeliest explanation for this slight
difference between these two sets of samples is that
a different operator performed the total 234Th
extractions and filter folding on each leg. Using
the counting efficiencies for each leg and individual
238U and 234Th values for each sample, 234Th:238U
activity ratios at 1000m were 1.0070.02 and
1.0070.02 (x̄� 1s, n ¼ 10, n ¼ 9) for legs 1 and 2,
respectively. The corresponding reproducibility for
total 234Th activities was 2.4470.12 dpm l�1 (4.9%)
and 2.4670.08 dpm l�1 (3.3%) (x̄� 1s, n ¼ 10,
n ¼ 9) for legs 1 and 2, respectively. 238U is
conservative in oxygenated seawater and can there-
fore be calculated from salinity (Chen et al., 1986;
Delanghe et al., 2002; Ku et al., 1977; Rutgers van
der Loeff et al., 2006). 238U activities (Au, dpmkg�1)
were calculated from the relationship published by
Chen et al. (1986), where Au ¼ 0.0686� salinity,
based on the average uranium concentration in
seawater of 3.238 ng g�1 normalised to a salinity of
35. The uncertainty in the 238U–salinity relationship
was estimated to be 3.3%, an average of linear
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regression errors at the 68.3% (1s) and 95.4% (2s)
confidence levels in the data by Chen et al. (1986).
Traditionally the 1s uncertainty of the Chen et al.
(1986) data set has been used as a representative
uncertainty of 238U activities. However, since the
work of Chen et al. (1986) more data have been
added to the 238U–salinity relationship (see, e.g.,
compilations in Rutgers van der Loeff et al.,
2006; Speicher et al., 2006). Given the evolving
shape of the 238U–salinity data set we believe an
uncertainty of E3.3% is more representative than
the 1s uncertainty in the Chen et al. (1986) data
set usually used. The extraction efficiency of 234Th
from seawater samples was estimated by re-pre-
cipitating a number of samples for a second time.
The extraction efficiencies were 9873% and
9973% (x̄� 1s, n ¼ 10, n ¼ 8) for legs 1 and 2,
respectively, and were therefore not considered to
be significantly different from 100% extraction
efficiency. These extraction efficiencies compare
well with the efficiencies reported by Rutgers
van der Loeff and Moore (1999) and Turnewitsch
and Springer (2001). The in situ activity per unit
volume of water was calculated based on the in situ

density.

2.4. 234Th export model description

The rate of 234Th export out of the surface ocean
was calculated using a steady state (SS) scavenging
model (Coale and Bruland, 1985, 1987; Buesseler
et al., 1992; Cochran et al., 1995, 2000). In a given
parcel of water, the total (dissolved+particulate)
activity of 234Th is controlled by several processes:
ingrowth from 238U, radioactive decay, loss on
settling particles, and advection and turbulent
diffusion. These processes can be expressed as

qAt

qt
¼ AU � ðAp þ AdÞ
� �

l� Pþ V , (1)

where qAt/qt (dpmm�3 d�1) is the rate of change in
total 234Th activity (dpmm�3), AU is the 238U
activity (dpmm�3), Ap and Ad are the particulate
and dissolved 234Th activities, respectively
(dpmm�3) (the sum of which is At the total 234Th
activity (dpmm�3)), l is the decay constant of 234Th
(d�1), P is the loss of 234Th activity on sinking
particles (dpmm�3 d�1), and V is the sum of
advective and turbulent diffusive 234Th activity
fluxes into and out of the parcel of water
(dpmm�3 d�1). P is the term of interest when
calculating particle flux so Eq. (1) can be rearranged
to give

P ¼ ðAU � AtÞl�
qAt

qt
þ V . (2)

By integrating Eq. (2) by depth intervals through
the water column it is then possible to calculate the
flux of 234Th through any depth horizon that has
been sampled. By treating every station as a
separate profile, thus assuming SS conditions (qAt/
qt ¼ 0) and assuming V ¼ 0, Eq. (2) can be
simplified to give

P ¼

Z z

0

lðAU � AtÞdz. (3)

The term V comprises of processes such as
horizontal and vertical advection and horizontal
and vertical turbulent diffusion. These processes are
associated with gradients in the 234Th distribution
and have an impact on 234Th budget calculations. It
has been shown that horizontal advection, upwel-
ling (vertical advection) and horizontal turbulent
diffusion can be significant in upwelling regions
such as the equatorial Pacific at 1401W and the
northwestern Arabian Sea (Buesseler et al., 1995,
1998; Bacon et al., 1996; Dunne and Murray, 1999),
and in coastal areas where enhanced particle
scavenging in shallower water columns is often seen
(e.g., Gustafsson et al., 1998). How valid is the
assumption that V ¼ 0 in this study?

Most sampling sites of the CROZEX process
study (M1, M2, M5, M6, M7, M8, M10, 15632)
were located away from regions that could be
associated with major vertical advective current
velocities. The Polar Frontal Zone (PFZ), at which
cold Antarctic water is subducted beneath warm
subtropical water (Deacon, 1984), is typically
located 4100 km from our sampling sites based
on the flow on the northern branch of the ACC
(Fig. 2). Thus, even if some water from the sampling
sites should be entrained by the downwelling typical
of the PFZ, it would probably still be a rather
horizontal water movement at the sampling sites.
Deeper water has to flow around the Crozet Plateau
and this movement may involve vertical advective
flow. However, this vertical flow component is likely
to occur mainly in the vicinity of the plateau. Only
the topmost few hundred metres of the water
column was sampled while total water depths were
X2000m, and horizontal distances to the slope and
shallow parts of the plateau were at least several
tens of kilometres. Therefore, it seems to be relati-
vely safe to assume that large-scale topographically
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related vertical advective flow did not play an
important role in controlling the 234Th distribution
at our sampling sites.

At M3, the assumption that vertical turbulent
diffusive fluxes were negligible could be directly
scrutinised with measured vertical turbulent diffu-
sion coefficients (Kz). Kz at M3 was estimated by
two methods: with LADCP data (Naveira Garabato
et al., 2004) and with radium-228 (228Ra) data
(Moore, 2000). LADCP results gave a Kz in the
upper 50–300m of the water column of
0.34–0.41 cm2 s�1, whereas 228Ra data gave much
higher rates of 11–100 cm2 s�1 (Charette et al.,
2007), thus presenting a very large range. Charette
et al. (2007) suggest that the reasons for the much
higher 228Ra-derived values for Kz may result from
(1) the highly dynamic nature of the surface ocean
over seasonal time-scales, (2) that the 228Ra method
integrates over a much longer time period, and (3)
the 228Ra 1-D model approach for estimating Kz

may be influenced by horizontal advection. There-
fore, the LADCP-derived Kz values were considered
to be more representative of vertical diffusion across
the base of the mixed layer. The LADCP-derived Kz

at M3 agrees well with estimates of Kz measured in
the Southern Ocean during SOIREE of 0.3 cm2 s�1

(Law et al., 2003). Therefore, to put a reasonable
upper limit on the flux of 234Th activity being
brought into the surface ocean through vertical
turbulent diffusion, a value of 1 cm2 s�1 was applied
to the 234Th gradient across the bottom depth
horizon of 234Th/238U. The turbulent diffusive flux
of 234Th, Vz (dpmm�2 d�1), across this layer was
calculated using

V z ¼ Kz

q234Th
qz

� �
, (4)

where Kz is the vertical diffusion coefficient
(cm2 s�1) and q234Th/qz is the 234Th activity
gradient across the bottom depth horizon of
234Th/238U disequilibrium. At M3, the upward
vertical turbulent diffusive flux of 234Th was
estimated to be in the range of 2–52 dpmm�2 d�1,
less than 3% of particle-associated downward fluxes
in all cases, which is within the overall uncertainty
of 234Th export estimates. Based on a combination
of this information it was assumed that vertical
turbulent diffusion was negligible throughout the
study region.

Horizontal advection and diffusion were also
considered to be minimal because the residence time
of water in the region is about 62 days (Pollard
et al., 2007b), which is about three times the half-life
of 234Th. In addition to this the profiles of 234Th
were reasonably consistent between stations there-
fore limiting horizontal gradients in 234Th and
resultant lateral net flux. Based on these results it
seems reasonably safe to assume that no significant
horizontal and vertical advection and horizontal
and vertical turbulent diffusion were having an
impact on the 234Th distribution at our sampling
sites. Therefore, a model without advection and
turbulent diffusion term V was applied to individual
total 234Th profiles to give 234Th flux estimates out
of the surface ocean and into the deep ocean (cf.,
Tanaka et al., 1983; Wei and Murray, 1991; Moran
and Buesseler, 1993).

The SS model is a useful approach because it
requires only one profile of 234Th activities to
calculate a 234Th flux. However, if multiple profiles
of 234Th activities are collected from the same site
over a period of time then a NSS model can be
applied. It has been shown that a non-steady state
(NSS) model is more suitable during high particle
export events, for example during a plankton bloom
onset and termination (Buesseler et al., 1992;
Buesseler, 1998; Cochran et al., 1995, 1997; Savoye
et al., 2006). However, a NSS approach requires
multiple observations of the same parcel of water.
An initial analysis using the SS model was applied
to all the stations individually and then a NSS
model was applied to selected stations. During the
cruise, four locations were sampled more than once:
M2 and M6 to the south of the Crozet plateau, M9
in the NW of the study region and M3 the time-
series station (Fig. 2). The NSS model factors in the
term qAt/qt, which was originally made to equal
zero in the SS model. The advective and turbulent
diffusive term V was still made to equal zero for the
reasons previously discussed. Therefore, the NSS
model for the calculation of 234Th export across a
depth horizon z can be represented by

P ¼

Z z

0

lðAU � AtÞ �
qAt

qt
dz. (5)

By calculating qAt/qt a NSS 234Th flux was
calculated for M2, M6, and M9. M3 will be
discussed separately due to its unique situation.

2.5. Carbon-to-thorium (C:Th) ratio

To estimate POC export, the ratio of POC to
particulate 234Th activity (C:Th mmol dpm�1) has
to be applied to the measured 234Th export fluxes.
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Although the abundance of particles fall into the
smaller size classes, it is thought that the larger
particles dominate particle export (Fowler and
Knauer, 1986), with the larger size class (453 mm)
considered to represent the bulk of particulates
rapidly settling through the water column (Bishop
et al., 1977). To sample adequately the rarer large
particles, large sample volumes must be filtered to
allow enough material to be collected for analysis,
with in situ filter pumps typically the method of
choice (Buesseler et al., 2006). Therefore, every time
a profile for total 234Th was taken, particles were
collected by filtering large volumes of seawater
through a 293mm diameter, 50 mm nylon mesh.
High-volume filtration was carried out with an in

situ stand-alone pump system (SAPS; Challenger
Oceanic) deployed approximately 20m below the
mixed layer. The depth of the mixed layer was
deduced from a combination of temperature,
fluorescence and transmittance data collected in
real time from the CTD package. Once on board,
the particles were rinsed off the mesh and re-
suspended with ‘‘thorium-free-seawater’’ (which is
the filtrate remaining after particulate and MnO2

extraction). The suspension was split using a
Folsom sample splitter so that POC and 234Th
could be quantitatively measured on the same
sample. One split was filtered onto a pre-combusted,
pre-weighed, 25mm diameter, GFF filter and stored
at �20 1C for POC/nitrogen (N) analyses. POC/N
samples were analysed with the high-temperature
combustion technique with acetanilide as a stan-
dard. A good account of POC/N analysis is given by
Ehrhardt and Koeve (1999). The second split was
filtered for 234Th analysis onto a 142mm diameter
(0.8 mm pore size), polycarbonate, Isopore filter,
(Millipore product ATTP 142 50), ensuring all the
particles passed through the filtration apparatus.
These filters were prepared for beta counting in the
same way as that described for total 234Th and were
calibrated using the total 234Th counting efficiency.
The C:Th ratios were then applied to the 234Th
fluxes according to equation:

POC flux ¼ C : Th� P, (6)

where POC flux is the quantity of POC
(mmolm�2 d�1) falling out the surface ocean, C:Th
is the ratio of POC to 234Th (mmol dpm�1) on the
large size class of particles (450 mm), and P is the
integrated 234Th flux (dpmm�2 d�1) derived from
Eqs. (3) and (5). This procedure was first demon-
strated by Tsunogai and Minagawa (1976), but was
not routinely used until the concept was again
highlighted by Buesseler et al. (1992). This same
approach can be used to calculate fluxes of other
elements such as nitrogen and silica by calculating
ratios between 234Th and particulate organic nitro-
gen (PON) and biogenic silica, respectively.

3. Results

3.1. General synopsis

During the sampling period, a total of 20 process
stations were occupied (Pollard and Sanders, 2006)
(Fig. 2, Table 1) and sampled for 234Th. Ten stations
were sampled on each of leg 1 and leg 2. Of the 20
stations sampled for 234Th, six were repeat occupa-
tion of three locations (M2, M6, and M9), eight
were repeat occupations of M3, and six were single
profile stations. Station M3 was located 38 km north
of Île de la Possession and was deemed a time-series
station to make repeated observations in an area,
which usually sustains a bloom throughout the
bloom season. The locations of Stations M2 and M6
were picked for their non-bloom characteristics to
act as control, stations. Repeat occupations of the
same location are denoted by decimals, e.g., M3.1
and M3.2 are the first and second occupations of
M3, respectively.

As with previous years, an intense bloom was
observed to the north of the islands with chlorophyll
levels peaking at 4 mg l�1 at the start of November.
To the south of the islands, no such bloom was
observed, again consistent with previous years,
although at the start of December a small increase
in surface chlorophyll up to 0.7 mg l�1 was observed.
Typical chlorophyll levels prior to the bloom
development were E0.3 mg l�1 throughout the study
area. For details of the bloom progression see
Figs. 3 and 5 in Venables et al. (2007). An
interesting feature near this location was the
appearance of a small, secondary, eddy bloom
(Allen et al., 2006) that persisted after the main
widespread bloom had declined. The eddy had
chlorophyll levels of 6 mg l�1, the highest observed
during both legs.

3.2. 234Th disequilibria

The complete data set of total 234Th, 238U
(dpm l�1) and associated 234Th:238U ratios for all
stations and all depths is given in Table 1. A
234Th:238U ratio of o1 in a given parcel of water
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Table 1

Total 234Th and 238U activities (dpm l�1), and 234Th:238U activity ratios with 1s errors for all stations

Station name and

number

Date (dd/mm/yy) Depth (m) Total 234Th (dpm l�1) 238U (dpm l�1) 234Th:238U

15492-M1 38301 12 1.4070.07 2.3870.08 0.5970.04

17 1.5170.10 2.3870.08 0.6470.05

26 1.4370.07 2.3870.08 0.6070.04

46 1.3670.07 2.3870.08 0.5770.04

66 1.5970.08 2.3870.08 0.6770.04

87 1.9770.10 2.3870.08 0.8370.05

117 2.6770.16 2.3970.08 1.1270.08

158 2.3970.17 2.3970.08 1.0070.08

209 2.4170.13 2.4070.08 1.0070.06

1014 2.6670.14 2.4570.08 1.0870.07

15495-M3.1 38303 6 1.6870.08 2.3870.08 0.7070.04

41 1.9070.10 2.3870.08 0.8070.05

77 1.8070.09 2.3970.08 0.7570.05

126 2.0570.10 2.3970.08 0.8670.05

153 2.6370.13 2.3970.08 1.1070.07

203 2.1970.13 2.3970.08 0.9170.06

228 2.1870.11 2.3970.08 0.9170.05

254 2.5670.13 2.4070.08 1.0770.06

304 2.4870.12 2.4070.08 1.0370.06

1010 2.7270.13 2.4570.08 1.1170.07

15498-M3.2 38308 13 2.0170.14 2.3970.08 0.8470.07

44 2.0670.10 2.3970.08 0.8670.05

63 2.0770.10 2.3970.08 0.8770.05

83 2.2070.11 2.3970.08 0.9270.05

103 2.4870.16 2.3970.08 1.0470.08

128 2.2370.11 2.3970.08 0.9370.06

154 2.3270.11 2.4070.08 0.9770.06

179 2.2770.13 2.4070.08 0.9570.06

206 2.3770.13 2.4070.08 0.9970.06

304 2.7070.15 2.4170.08 1.1270.07

15503-M2.1 38310 12 2.0570.10 2.3870.08 0.8670.05

42 2.2570.13 2.3870.08 0.9470.06

63 2.1870.11 2.3870.08 0.9170.05

83 2.1170.10 2.3870.08 0.8870.05

128 2.4070.12 2.3970.08 1.0070.06

153 2.3670.14 2.3970.08 0.9970.07

178 2.5070.13 2.3970.08 1.0470.06

254 2.4370.12 2.4070.08 1.0170.06

381 2.4870.12 2.4270.08 1.0370.06

506 2.5370.13 2.4370.08 1.0470.06

15512-M6.1 38313 12 2.0570.10 2.3870.08 0.8670.05

42 2.2170.18 2.3870.08 0.9370.08

62 2.2570.11 2.3870.08 0.9470.06

83 2.1870.12 2.3870.08 0.9170.06

104 2.4270.12 2.3870.08 1.0170.06

126 2.2070.13 2.3970.08 0.9270.06

154 2.3370.11 2.3970.08 0.9870.06

177 2.2570.12 2.3970.08 0.9470.06

204 2.4270.12 2.3970.08 1.0170.06

507 2.6670.13 2.4370.08 1.1070.07

15517-M3.3 38315 14 1.7770.09 2.3970.08 0.7470.04

44 1.8370.15 2.3970.08 0.7670.07

65 1.7870.09 2.3970.08 0.7470.04

P.J. Morris et al. / Deep-Sea Research II 54 (2007) 2208–2232 2215
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Table 1 (continued )

Station name and

number

Date (dd/mm/yy) Depth (m) Total 234Th (dpm l�1) 238U (dpm l�1) 234Th:238U

85 1.8270.09 2.3970.08 0.7670.05

105 2.1670.11 2.3970.08 0.9070.05

130 2.1470.11 2.3970.08 0.9070.05

156 2.3370.12 2.3970.08 0.9770.06

179 2.4270.13 2.3970.08 1.0170.06

205 2.3770.12 2.4070.08 0.9970.06

307 2.5470.13 2.4170.08 1.0570.07

15523-M7 38317 12 1.3570.07 2.3870.08 0.5670.03

43 1.4770.13 2.3870.08 0.6270.06

63 1.4770.08 2.3870.08 0.6270.04

84 1.6970.09 2.3970.08 0.7170.04

103 2.1770.11 2.3970.08 0.9170.05

129 2.4370.13 2.3970.08 1.0170.06

153 2.6670.13 2.3970.08 1.1170.07

179 2.3970.12 2.4070.08 1.0070.06

204 2.3670.14 2.4070.08 0.9870.07

302 2.6470.13 2.4170.08 1.0970.06

15533-M8E 38320 12 1.5670.10 2.3870.08 0.6670.05

43 1.7570.13 2.3870.08 0.7470.06

63 1.8470.10 2.3870.08 0.7770.05

82 1.9570.11 2.3870.08 0.8270.05

101 2.4770.13 2.3970.08 1.0470.06

126 2.4370.14 2.3970.08 1.0270.07

153 2.4570.13 2.3970.08 1.0370.06

179 2.4670.13 2.4070.08 1.0370.06

204 2.4470.14 2.4070.08 1.0270.07

405 2.5570.13 2.4270.08 1.0670.06

15539-M8W 38322 10 1.3670.07 2.3970.08 0.5770.04

41 1.5070.08 2.3970.08 0.6370.04

62 1.6670.11 2.3970.08 0.6970.05

81 1.8070.09 2.3970.08 0.7570.04

103 2.2470.12 2.3970.08 0.9370.06

127 2.2370.14 2.3970.08 0.9370.06

152 2.4770.13 2.3970.08 1.0370.06

177 2.3570.12 2.4070.08 0.9870.06

205 2.3370.12 2.4070.08 0.9770.06

404 2.5470.21 2.4170.08 1.0570.09

15542-M9.1 38323 10 0.9470.05 2.3870.08 0.3970.03

41 1.3170.08 2.3870.08 0.5570.04

61 1.9370.09 2.3970.08 0.8170.05

81 2.3170.14 2.3970.08 0.9770.07

101 2.5570.14 2.3970.08 1.0670.07

121 2.3670.12 2.4070.08 0.9970.06

122 2.3870.13 2.4070.08 0.9970.06

122 2.3170.13 2.4070.08 0.9670.06

203 2.4470.23 2.4070.08 1.0270.10

404 2.6370.18 2.4170.08 1.0970.08

15548 38325 1004 2.4670.14 2.4470.08 1.0170.07

1003 2.5170.19 2.4470.08 1.0370.09

1003 2.4770.16 2.4470.08 1.0170.07

1004 2.3970.12 2.4470.08 0.9870.06

1002 2.5970.14 2.4470.08 1.0670.07

1005 2.2270.11 2.4470.08 0.9170.05

1005 2.2770.11 2.4470.08 0.9370.06

P.J. Morris et al. / Deep-Sea Research II 54 (2007) 2208–22322216
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Table 1 (continued )

Station name and

number

Date (dd/mm/yy) Depth (m) Total 234Th (dpm l�1) 238U (dpm l�1) 234Th:238U

1003 2.5470.15 2.4470.08 1.0470.07

1004 2.4270.16 2.4470.08 0.9970.07

1005 2.5470.18 2.4470.08 1.0470.08

15554-M9.2 38339 11 1.4370.13 2.3870.08 0.6070.06

26 1.5870.15 2.3870.08 0.6670.07

52 1.5470.09 2.3970.08 0.6570.04

77 1.7170.06 2.3970.08 0.7270.03

102 2.0970.08 2.3970.08 0.8770.04

120 1.8970.07 2.4070.08 0.7970.04

150 2.1770.08 2.4070.08 0.9170.04

175 2.3070.18 2.4070.08 0.9670.08

200 2.1670.08 2.4070.08 0.9070.04

405 2.4170.08 2.4170.08 1.0070.05

15560-M10 38340 12 1.6270.09 2.3870.08 0.6870.04

22 1.7270.06 2.3870.08 0.7270.03

42 1.7170.07 2.3870.08 0.7270.04

62 1.8170.08 2.3870.08 0.7670.04

81 2.0870.17 2.3870.08 0.8770.08

112 2.2070.10 2.3970.08 0.9270.05

152 2.4470.18 2.3970.08 1.0270.08

178 2.3970.09 2.3970.08 1.0070.05

203 2.3170.08 2.4070.08 0.9670.05

404 2.6170.18 2.4270.08 1.0870.08

15574-M3.4 38343 12 1.6370.06 2.3870.08 0.6870.03

23 1.7770.14 2.3870.08 0.7470.06

52 1.6170.07 2.3870.08 0.6770.04

73 1.6670.07 2.3970.08 0.7070.04

103 2.0370.09 2.3970.08 0.8570.05

133 2.1170.09 2.3970.08 0.8870.05

154 2.2370.09 2.3970.08 0.9370.05

184 2.2370.10 2.4070.08 0.9370.05

305 2.3370.11 2.4170.08 0.9770.06

409 2.4570.10 2.4270.08 1.0270.05

15580-M5 38347 13 1.6370.16 2.3870.08 0.6970.07

22 1.6070.05 2.3870.08 0.6770.03

52 1.6970.15 2.3870.08 0.7170.07

72 1.6770.08 2.3870.08 0.7070.04

103 1.8570.06 2.3870.08 0.7870.04

128 1.9570.06 2.3870.08 0.8270.04

154 2.1770.10 2.3970.08 0.9170.05

203 2.3370.14 2.3970.08 0.9870.07

304 2.2870.12 2.4170.08 0.9570.06

508 2.6470.10 2.4370.08 1.0970.05

15590-M3.5 38351 12 1.7170.11 2.3970.08 0.7270.05

22 1.7570.07 2.3970.08 0.7370.04

53 1.8170.16 2.3970.08 0.7670.07

72 1.8770.06 2.3970.08 0.7870.04

104 2.1370.09 2.3970.08 0.8970.05

129 2.0870.07 2.4070.08 0.8770.04

155 2.1370.08 2.4070.08 0.8970.04

204 2.3270.22 2.4070.08 0.9770.10

305 2.3770.20 2.4170.08 0.9870.09

507 2.4070.11 2.4270.08 0.9970.06
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Table 1 (continued )

Station name and

number

Date (dd/mm/yy) Depth (m) Total 234Th (dpm l�1) 238U (dpm l�1) 234Th:238U

15595-M6.2 38354 13 1.6570.07 2.3870.08 0.6970.04

43 1.8670.17 2.3870.08 0.7870.08

72 1.7870.07 2.3870.08 0.7570.04

104 1.7370.06 2.3970.08 0.7370.03

122 1.9970.08 2.3970.08 0.8370.04

144 2.3170.08 2.3970.08 0.9770.05

164 2.3170.11 2.3970.08 0.9770.05

204 2.2170.11 2.3970.08 0.9370.06

305 2.3170.08 2.4170.08 0.9670.05

507 2.2870.12 2.4370.08 0.9470.06

15604-M2.2 38357 11 1.4670.05 2.3870.08 0.6270.03

21 1.5870.06 2.3870.08 0.6670.03

41 1.5870.05 2.3870.08 0.6770.03

71 1.6370.07 2.3870.08 0.6970.04

103 1.9970.06 2.3870.08 0.8370.04

133 2.1670.08 2.3970.08 0.9070.05

163 2.4270.08 2.3970.08 1.0170.05

204 2.3370.08 2.3970.08 0.9770.04

304 2.3570.11 2.4170.08 0.9870.06

506 2.6670.09 2.4370.08 1.1070.05

15613-M3.6 38360 21 1.7170.06 2.3870.08 0.7270.04

41 1.9370.07 2.3970.08 0.8170.04

61 2.0870.13 2.3970.08 0.8770.06

82 2.0070.07 2.3970.08 0.8470.04

102 2.1870.07 2.4070.08 0.9170.04

127 2.0270.07 2.4070.08 0.8470.04

153 2.2270.09 2.4070.08 0.9370.05

202 2.2770.10 2.4070.08 0.9570.05

304 2.2570.16 2.4170.08 0.9470.07

506 2.4470.09 2.4270.08 1.0070.05

15620-M3.7 38361 13 1.5570.05 2.3870.08 0.6570.03

23 1.7770.06 2.3870.08 0.7470.04

42 1.9070.06 2.3970.08 0.8070.04

63 1.9270.06 2.3970.08 0.8070.04

83 2.1770.10 2.3970.08 0.9170.05

103 2.0470.10 2.4070.08 0.8570.05

128 1.9570.10 2.4070.08 0.8170.05

154 2.3170.07 2.4070.08 0.9670.04

255 2.3570.11 2.4170.08 0.9870.06

507 2.5270.09 2.4270.08 1.0470.05

15627-M3.8 38363 12 1.4870.06 2.3870.08 0.6270.03

22 1.7270.16 2.3870.08 0.7270.07

33 1.7770.14 2.3870.08 0.7470.07

52 1.6770.05 2.3970.08 0.7070.03

82 2.1570.07 2.3970.08 0.9070.04

104 2.0470.08 2.3970.08 0.8570.04

153 2.2570.12 2.4070.08 0.9470.06

204 2.2370.15 2.4070.08 0.9370.07

304 2.3270.12 2.4170.08 0.9670.06

506 2.4270.10 2.4270.08 1.0070.05

15632 38000 1012 2.4570.12 2.4570.08 1.0070.06

1011 2.4070.09 2.4570.08 0.9870.05

1011 2.3870.08 2.4570.08 0.9770.05

1012 2.6170.18 2.4570.08 1.0770.08
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Table 1 (continued )

Station name and

number

Date (dd/mm/yy) Depth (m) Total 234Th (dpm l�1) 238U (dpm l�1) 234Th:238U

1012 2.4470.11 2.4570.08 1.0070.06

1012 2.4270.08 2.4570.08 0.9970.05

1012 2.4670.20 2.4570.08 1.0070.09

1012 2.3970.08 2.4570.08 0.9770.04

1012 2.5570.09 2.4570.08 1.0470.05
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indicates particle export from this parcel (Bacon
and Anderson, 1982; Kaufman et al., 1981; Santschi
et al., 1979; Tsunogai et al., 1986). A 234Th:238U
ratio of 41 indicates particle accumulation and
perhaps remineralisation (Waples et al., 2006), and
a ratio of 1 indicates a situation where 234Th
ingrowth from 238U is balanced by 234Th removal
and decay. In general the 234Th:238U activity ratios
in surface waters were o1, ranging from 0.39 to
0.86, and reached a ratio of 1 at depths between 100
and 200m. In a few instances (Stations M1, M3.1,
M7, and M9.1), a ratio of E1.1 was observed
immediately below the surface disequilibrium,
suggesting that remineralisation was taking place
in the mesopelagic zone. It is interesting to note that
ratios of E1.1 also were measured at greater depths
at certain locations (Stations M1, M3.1, M3.2,
M6.1, M7, M5, and M2.2), but will not be
investigated further in this paper. Fig. 3 shows four
example profiles to highlight major points of
interest. During leg 1 there was a clear difference
between the disequilibria observed north and south
of the Crozet Islands: large disequilibria of o1 were
observed to the north and small disequilibria were
observed to the south. This trend was not observed
during leg 2: large disequilibria were observed
throughout the study site.

3.3. Carbon-to-thorium (C:Th) ratios

The C:Th ratios are shown in Table 2. Ratios
ranged from 5–10 and 6–11 mmol dpm�1 on leg 1
and leg 2, respectively. There are no temporal or
spatial large-scale pattens of C:Th ratios, suggesting
that small-scale variation is controlling the small
range of values that were observed. The small
variation in the C:Th ratios is the most striking
aspect of the data considering the wide range of
bloom conditions that were sampled.

The importance of the C:Th ratio is clear when
Eq. (6) is expressed graphically as shown in Fig. 1 of
Buesseler et al. (2006). For example, given the same
234Th disequilibrium a doubling of the C:Th ratio
will also result in a doubling of the calculated POC
export. The measurement of C:Th ratios has
recently received much attention in the literature
and has been summarised by Buesseler et al. (2006).
Given the importance of the C:Th ratio for
estimates of POC export, a conclusion that this is
driving the estimates of POC flux should be one that
is not dismissed lightly. However, during CROZEX
the variation of the C:Th ratio on leg 1 is less than
the variation observed in the POC flux estimates,
varying by factors of 2 and 3, respectively. In
addition to this, the highest C:Th ratio was observed
at M6.1, one of the sites of lowest POC flux. During
leg 2, this distinction was not present but the
generally homogenous nature of both the C:Th
ratios and POC fluxes suggests that the C:Th ratio is
again not the primary driving parameter of levels of
POC flux. The C:Th ratios measured on CROZEX
generally agree well with other studies of natural
systems in the Polar Front (PF) (Table 3).

4. Discussion

4.1. 234Th export fluxes

234Th/238U disequilibria were integrated to a
depth where the 234Th:238U ratio reached 1. If a
remineralisation peak was evident above this
equilibrium depth, such as the one highlighted
in Fig. 3B, the integral of this peak was sub-
tracted from the integrated 234Th deficit. Integrated
234Th fluxes (dpmm�2 d�1) calculated using the
SS model (Eq. (3)) for each station are shown in
Table 2. For leg 1 234Th disequilibria fall into
two distinct groups: 573–813 dpmm�2 d�1 (x̄ ¼
709 dpmm�2 d�1) and 1619–2352 dpmm�2 d�1

(x̄ ¼ 2026 dpmm�2 d�1). The first group are Sta-
tions M2, M6, and M3.2, and the second group are
the other seven stations. The 234Th flux for M3.2
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Fig. 3. (A–D) Four example profiles of the 234Th disequilibria observed. Circles and solid line are total 234Th activities, and triangles and

dashed line are 238U activities. Error bars are 1s for 234Th and 3.3% of the calculated 238U activities. Fig. 3A of Station M2.1 south of the

Crozet Islands on leg 1 shows a small 234Th disequilibrium. A subsurface remineralisation peak is apparent in Fig. 3B at Station M7. At

greater depths a 234Th:238U ratio of 41 was also evident. Note the x-axis starts at 1.2 dpm l�1.

P.J. Morris et al. / Deep-Sea Research II 54 (2007) 2208–22322220
appeared to be anomalously low compared to the
other leg 1 occupations of M3, but very similar to
the fluxes measured for M2 and M6. This was due
to advection of water from south of the islands
(Pollard et al., 2007b). For leg 2, 234Th disequilibria
do not fall into any distinct groups but formed
one group with fluxes ranging from 1744 to
2846 dpmm�2 d�1 (x̄ ¼ 2306 dpmm�2 d�1). The
general trend was for higher 234Th disequilibria
during leg 2.

M2, M6, and M9 were each occupied twice
during the sampling period with 47, 41, and 16 days,
respectively, between subsequent occupations of the
same station. Savoye et al. (2006) recommended
that the NSS model is most appropriate when
reoccupations of the same station are 1–4 weeks
apart. This is true for M9 but not for M2 and M6.
However, despite the long time interval between the
two profiles at M2 and M6, the NSS calculation
shown in Eq. (5) was nonetheless applied. In order
to apply the NSS model it has to be assumed that
the same water mass was sampled on both
occasions. To examine this assumption, the salinity
profiles were compared between subsequent occu-
pations of the same station. Salinity varied with
an average of 0.04270.01, 0.00370.004, and
0.02870.03% (x̄� 1s) for M2, M6, and M9,
respectively, between subsequent profiles at the
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Table 2
234Th (dpmm�2 d�1), POC (mmolm�2 d�1) and PON (mmolm�2 d�1) export fluxes calculated with the steady state model

Station name

and number

Mixed layer

depth (m)a
Integration

depth (m)

234Th flux

(dpmm�2 d�1)b
C:Th ratio

(mmol dpm�1)

Depth (m)c

N:Th ratio

(mmol dpm�1)d
POC export

(mmolm�2 d�1)b
PON export

(mmolm�2 d�1)b

14C primary

production

(mmolm�2 d�1)e

ThE ratio

(%)b

15492-M1 67 158 20437483 (22477342) 8.470.9 (200) 1.370.1 17.174.5 (18.873.5) 2.770.7 (2.970.6) 90 19 (21)

15495-M3.1 138 182 18457485 (16247336) 8.370.9 (225) 1.370.1 15.374.4 (13.573.2) 2.470.7 (2.170.5) 44 35 (31)

15498-M3.2 95 103 8137380 (8217376) 6.070.7 (200) 1.170.1 4.972.3 (4.972.3) 0.970.4 (0.970.4) 31 16 (16)

15503-M2.1 113 128 7407409 (6777361) 7.270.8 (150) 1.370.1 5.373.0 (4.972.7) 0.970.5 (0.970.5) 36 15 (14)

15512-M6.1 167 104 5737387 (5767383) 10.171.1 (175) 1.970.2 5.874.0 (5.873.9) 1.170.8 (1.170.7) 20 30 (30)

15517-M3.3 51 156 19657424 (16417338) 7.170.8 (200) 1.270.1 13.973.4 (11.672.7) 2.470.6 (2.070.5) 40 35 (29)

15523-M7 79 179 23527457 (24677317) 5.570.7 (150) 1.170.1 13.073.0 (13.672.5) 2.670.6 (2.770.5) 64 20 (21)

15533-M8E 66 101 16197349 (16217347) 9.471.1 (150) 1.670.2 15.373.8 (15.373.8) 2.570.6 (2.670.6) 11 133 (133)

15539-M8W 44 103 22327327 (22167324) 6.170.7 (150) 0.970.1 13.772.5 (13.672.5) 2.170.4 (2.070.4) 41 34 (33)

15542-M9.1 26 122 21257277 (21077327) 7.970.9 (120) 1.170.1 16.872.9 (16.773.2) 2.370.4 (2.370.4) 57 29 (29)

15554-M9.2 26 175 28317434 (21877330) 10.671.2 (120) 1.570.2 30.075.6 (23.274.3) 4.370.8 (3.370.6) 10 305 (235)

15560-M10 43 152 17447449 (16037351) 7.170.8 (110) 1.370.1 12.373.4 (11.372.8) 2.370.6 (2.170.5) 36 35 (32)

15574-M3.4 77 184 25247443 (19577319) 10.271.1 (180) 1.770.2 25.875.3 (20.073.9) 4.270.9 (3.370.6) 60 43 (34)

15580-M5 104 203 28467485 (20297333) 6.370.7 (125) 1.070.1 17.973.6 (12.872.5) 2.970.6 (2.170.4) 34 52 (37)

15590-M3.5 75 204 22957503 (16067346) 9.771.1 (100) 1.470.2 22.275.4 (15.673.8) 3.270.8 (2.270.5) 27 81 (57)

15595-M6.2 87 144 22847382 (17987326) 8.070.9 (120) 1.270.1 18.373.6 (14.473.0) 2.870.6 (2.270.5) 25 73 (57)

15604-M2.2 73 163 25467397 (21707310) 8.771.0 (160) 1.470.2 22.074.2 (18.873.4) 3.570.7 (3.070.5) 17 128 (109)

15613-M3.6 30 202 19787466 (13407325) 10.371.1 (80) 1.770.2 20.475.3 (13.873.7) 3.370.9 (2.270.6) 250 8 (6)

15620-M3.7 39 154 19607416 (14487335) 7.070.8 (80) 1.170.1 13.773.3 (10.172.6) 2.270.5 (1.770.4) 184 7 (5)

15627-M3.8 21 153 20517416 (16657340) 7.370.8 (80) 1.270.1 15.073.5 (12.272.8) 2.570.6 (2.170.5) 138 11 (9)

The mixed layer depths (m), integration depths (m) for 234Th/238U disequilibria, and C:Th and N:Th ratios (mmol dpm�1) on 450mm SAPS-filtered particulate matter are given for

reference, in addition to primary production (mmolm�2 d�1) and ThE ratios (%). Stations 15492–15542 are leg 1 and 15554–15627 are leg 2.

All errors are 1s.
aMixed layer depths were calculated using the method described by Venables et al. (2007).
bValues in parenthesis are the fluxes and ThE ratios integrated to 100m for comparison with other studies.
cValues in parenthesis are sampling depths for C:Th and N:Th ratios.
dN:Th ratios were sampled from the same depth as the C:Th ratios.
eData from Seeyave et al. (2007).
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Table 4
234Th (dpmm�2 d�1), POC (mmolm�2 d�1) and PON (mmolm�2 d�1) export fluxes calculated with a non-steady state model

Station

name

Integration

depth (m)

234Th flux

(dpmm�2 d�1)a
C:Th ratio

(mmol dpm�1)

N:Th ratio

(mmol dpm�1)

POC export

(mmolm�2 d�1)a
PON export

(mmolm�2 d�1)a
ThE ratio

(%)a,b

M2 120 29317477 (26737429) 7.970.6 1.370.1 23.374.2 (21.273.8) 3.970.7 (3.670.6) 88 (80)

M6 100 23267468 9.070.7 1.670.1 21.074.5 3.770.8 93

M9 120 29497956 (22887823) 9.370.7 1.370.1 27.379.1 (21.277.8) 3.871.3 (3.071.1) 81 (63)

The integration depths (m) for 234Th/238U disequilibria and C:Th and N:Th ratios (mmol dpm�1) are also given for reference.

All errors are 1s.
aValues in parenthesis are the fluxes and ThE ratios integrated to 100m for comparison with other studies.
bThE ratios were calculated using the average primary production of subsequent occupations of the same station.

Table 3

C:Th ratios measured in different regions of the Polar Front in the Southern Ocean

Region/study Date Size fraction

(mm)

Depth range

(m)

C:Th ratio

(mmol dpm�1)

Reference

Atlantic October–November 1992 41 20–200 20.9 (6–12)a Rutgers van der Loeff

et al. (1997)

Atlantic December 1995–January

1996

41 480 10.2 Rutgers van der Loeff

et al. (2002)

Pacific-AESOPS October 1997–March 1998 470 80–150 3.0–6.2 Buesseler et al. (2001)

Indian January–February 1999 460 100 0.8–1.4 Coppola et al. (2005)

Indian-KEOPS January–February 2005 55–210 18–129 5.9–53.4 Savoye et al. (2007)

Indian-CROZEX November 2004–February

2005

450 80–225 5.5–10.8 This study

aPOC concentrations were calculate from suspended particulate matter which were then combined with particulate 234Th data. The ratio

of 20.9mmol dpm�1 was then scaled down to 30–60% based on literature data on organic carbon and 234Th in suspended matter and trap

material to give ratios in parenthesis.
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same station down to the 234Th integration depth.
M6 showed least variation in salinity and M2 and
M9 showed more variation. This is not surprising
because M6 is far enough south to be clear of
circulation fronts: the sub-Antarctic Front (SAF)
and a newly described southern branch of the SAF
that skirts to the south of the Crozet Plateau,
whereas M9 and M2 are much closer to these
circulation fronts (Pollard et al., 2007b). Salinity is
one way of assessing whether the same water mass
was sampled during subsequent profiles and only
reveals if the same type of water is entering the
station location. Ideally a surface drifter or con-
servative tracer such as SF6 would have been
released while first sampling a location so that the
ship may return to that same parcel of water to
sample it again, but the nature of the cruise and
project did not allow for such an approach.
Consequently, the authors recognise this limitation,
and for the purpose of the NSS calculation it
was assumed that the same water mass was sampled
on subsequent occupations of the same station.
In addition to this, term V comprising the advec-
tive and turbulent diffusive transport was assumed
to be negligible as discussed in Section 2.4.
Integrated 234Th fluxes calculated using the NSS
model (Eq. (5)) are shown in Table 4. The fluxes
are high both to the north and to the south of
the region with 234Th fluxes ranging from 2326 to
2949 dpmm�2 d�1. The NSS fluxes compare well
with the leg 2 SS fluxes.

Station M3 was visited eight times over the course
of two cruises, therefore providing a series of
opportunities to take repeated profiles of 234Th to
be used in a NSS analysis. As previously described,
in order for a NSS analysis to be applied, the
same parcel of water should be sampled; otherwise
the analysis runs into complications due to the
advective and turbulent diffusive term V, which is
assumed to be zero in Eqs. (3) and (5). During
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various occupations of M3 it was clear that the
same parcel of water was not encountered at M3
based on hydrographical observations. In particu-
lar, M3.2 was shown to be characteristic of HNLC
water that had been advected from south of the
Crozet Plateau (Pollard et al., 2007b). In addition to
this the last three occupations of M3 were centred in
a blooming eddy close to the M3 location (Allen
et al., 2006). It was hypothesised by Allen et al.
(2006) that the bloom was fuelled by entraining
nutrient-rich coastal waters from the local Île de la
Possession, which were then vertically mixed with
water in the centre of the eddy. Although the
general residence time for water entering the bloom
area to the north of the islands is typically 62 days
(Pollard et al., 2007b) the area immediately north of
the islands (M3) is probably experiencing more
hydrodynamic variability, thus complicating the use
of a NSS model at this site. For the interpretation of
M3 fluxes, it needs to be kept in mind that there is
an unknown uncertainty resulting from the prob-
able impact of lateral advection and/or a non-steady
state. Therefore, only the SS model was applied
to the data from M3 due to the uncertainties
and highly complex nature of the circulation seen
there.

4.2. POC and PON export fluxes

The primary, biogeochemical idea to be tested in
this paper was whether enhanced POC export was
observed in a topographically iron-fertilised bloom
(Planquette et al., 2007) in an HNLC region, when
compared with control sites. By using calculated
234Th fluxes, it is possible to estimate the POC
flux by multiplying it by the C:Th ratio (Eq. (6);
Table 2). POC fluxes for leg 1 fall into the same two
distinct groups as those described for the 234Th
disequilibria with Stations M2, M6, and M3.2
showing low POC fluxes (ca. 5mmolCm�2 d�1)
and with high POC fluxes (ca. 15mmolCm�2 d�1)
across the rest of the study site. Leg 2 showed high
POC fluxes across the whole region ranging from 12
to 30mmolCm�2 d�1. The same procedure is used
for calculating PON fluxes using 234Th fluxes and
PON to 234Th ratios (N:Th). PON fluxes follow the
same pattern as POC fluxes: for leg 1 M2, M6, and
M3.2 had low PON fluxes (ca. 1.0mmolNm�2 d�1)
whereas high PON fluxes (ca. 2.4mmolNm�2 d�1)
were encountered across the rest of the study site.
Leg 2 showed high PON fluxes across the whole
region ranging from 2.2 to 4.3mmolNm�2 d�1.
To calculate the NSS POC and PON fluxes
(Table 4), the 234Th fluxes were multiplied by the
mean of the two C:Th (and N:Th) ratios measured
at subsequent occupations of the same station.
Generally the NSS fluxes are comparable to the SS
fluxes measured during leg 2. In the north at M9 the
NSS POC flux of 27.3mmolCm�2 d�1 agrees best
with the leg 2 SS POC flux of 30.0mmolCm�2 d�1.
To the south at M2 and M6 the NSS POC fluxes of
E22mmolCm�2 d�1 agree well with the leg 2 SS
fluxes ofE20mmolCm�2 d�1 but are about 4 times
higher than the leg 1 SS fluxes. The confirmation
of high POC fluxes in the southern region during leg
2 suggest that the small bloom observed there
resulted in a reasonable export event. Again, NSS
PON fluxes followed the same pattern as the
SS PON fluxes. NSS fluxes ranged from 3.7 to
3.9mmolNm�2 d�1.

4.3. Export efficiency

To put some perspective on the proportion of
primary production that is exported out of the
surface ocean the ThE ratio can be calculated
(Buesseler, 1998). The ThE ratio is the ratio of
234Th-derived POC flux to 14C primary production
and is therefore similar in concept to the f-ratio
which is the ratio of new production to total
production (Eppley and Peterson, 1979). Table 2
shows the ThE ratios and associated 14C fixation
(mmolm�2 d�1) measured at each station by
Seeyave et al. (2007). Fig. 4 shows how 234Th-
derived POC export varies with 14C primary
production. In general ThE ratios are lower during
leg 1 than leg 2. Leg 1 ThE ratios range from 15% to
35% with the exception of M8E which peaks at
133%. Leg 2 shows much higher variability in ThE

ratios with low values in the M3 eddy bloom of
7–11%, high values of 35–81% and two values in
excess of 100%. ThE ratios during CROZEX were
almost alway 410% which is typical of the South-
ern Ocean (Buesseler, 1998). Higher ThE ratios of
12–24% have been reported by Rutgers van der
Loeff et al. (1997) in a Polar Frontal bloom, and
Buesseler et al. (2003) reported a wide range of ThE

ratios from 15% to 65% during a project to assess
the effect of an ice margin on production and
particle export. Therefore the majority of CROZEX
ThE ratios agree with values reported in the
literature. ThE ratios calculated from the NSS
POC fluxes at M2, M6, and M9 were 98%, 93%,
and 81%, respectively (Table 4).
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Although the ThE ratio can be used to assess the
POC export efficiency of a bloom, some caution
should be exercised when interpreting the results. In
particular, the two properties used to generate the
ThE parameter operate on different time-scales. 14C
primary production is a rate measurement typically
measured with 12–24 h bottle incubations whereas
234Th export estimates integrate over the mean
lifetime of the tracer, which is 34.8 days (Buesseler,
1998). Given this large difference in time-scales it is
easy to see how one might arrive at a ThE ratio of
4100%. For example, should a 14C measurement
be made on a particularly cloudy day the measured
rates of primary production are likely to be
depressed and the consequent ThE ratio enhanced.
This could result in two different conclusions as to
the export efficiency of the bloom: a low ThE ratio
in the case of the sunny day (with high primary
production) or a high ThE ratio in the case of the
cloudy day (with low primary production). This
issue is of relevance in an area of dynamic
meteorological activity, such as the Southern
Ocean, and worthy of future investigation. In
addition to the scenario just described, a variety of
other factors can contribute to difficulties in
interpreting ThE ratios such as the onset or decline
of a bloom or a particularly efficient biological
pump (Buesseler, 1998).

Given the many factors that are involved in
potentially driving the ThE ratio of the Crozet
bloom, the ThE ratios calculated in Table 2 have to
be treated with some caution. However, keeping this
caveat in mind, some conclusions can be drawn
from the CROZEX ThE ratios, in particular, the
general trend to higher ThE ratios observed during
leg 2. The most likely cause of these are the decline
and termination of the bloom resulting in an
instantaneously efficient biological pump. However,
a stable bloom supporting a continuously efficient
biological pump can not be ruled out except in the
cases of where ThE ratios exceed 100%, which
clearly have to result from an offset of the
characteristic time-scales of the measured para-
meters.

4.4. Comparison with other Southern Ocean 234Th

studies

Since SOIREE, the first iron fertilisation experi-
ment in the Southern Ocean in February 1999, there
have been three other such experiments: EisenEx in
November 2000, SOFeX in January–February 2002,
and EIFEX in January–March 2004 (Boyd et al.,
2000; Gervais et al., 2002; Coale et al., 2004;
Hoffmann et al., 2006). All these experiments
followed the same general pattern whereby an area
of the ocean was artificially fertilised with iron and
then the ensuing biological response was monitored
in the patch of fertilisation, with a control site
outside of the iron fertilised area. All these
experiments noted an increase in biomass in the
patch of fertilisation, but have yielded varying
results in the amount of POC flux to mesopelagic
depths when compared to their respective control
sites and/or to observations made in the same
oceanic region during a different time period. The
SOIREE and EisenEx blooms, which were mon-
itored for 13 and 22 days, respectively, showed no
significant enhancement of POC export in the iron
fertilised area (Nodder et al., 2001; Charette and
Buesseler, 2000; Rutgers van der Loeff and Vöge,
2001). However, the SOFeX bloom that was
monitored for 27 days, showed 2.5 times more
POC flux within the iron-fertilised patch when
compared to outside the patch (Buesseler et al.,
2004, 2005). Although the SOFeX POC flux
measured was still smaller than a natural bloom at
the same site in 1998 (Buesseler et al., 2001).
EIFEX, which was monitored for 36 days, recorded
the highest POC flux ever measured in the Southern
Ocean in addition to generally higher POC fluxes
within the iron-fertilised patch (Vöge et al., 2006).
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After SOFeX, Bishop et al. (2004) concluded that
POC export only showed a significant increase
several weeks after the first iron addition, with
fluxes peaking at day 41. Unfortunately these
experiments are usually restricted in time, therefore
allowing the ship to be present in the study site for
the release of iron and initial bloom development
but not for the bloom termination when particle
export is likely to be highest (Buesseler and Boyd,
2003; Buesseler et al., 2005). This may explain why
the shorter iron-fertilisation experiments showed
less POC export than the longer experiments.

CROZEX did not suffer from the issue of
restricted time because the bloom area was fertilised
naturally with iron from the Crozet Plateau (Char-
ette et al., 2007; Planquette et al., 2007), thus
allowing the study to focus its sampling on the later
half of the bloom period. The first observation of
234Th-derived POC flux on CROZEX was made
about 15 days after the chlorophyll peak of the main
bloom in the north of the study site (Venables et al.,
2007) with observations then made across the study
site for 2 months, hence during the decline of the
bloom. This time frame should give the opportunity
to resolve the lack of data from the declining phase
of a phytoplankton bloom, but before this is done
the CROZEX 234Th-derived POC fluxes should be
compared to other 234Th POC fluxes made in the
Southern Ocean under natural conditions.

There have been several studies into 234Th-
derived POC fluxes in the PFZ in the Southern
Ocean (Rutgers van der Loeff et al., 1997, 2002;
Buesseler et al., 2001; Coppola et al., 2005). Within
the PFZ of the Indian sector of the Southern Ocean,
the area in which the Crozet Plateau lies (Pollard
et al., 2002), Coppola et al. (2005) obtained 234Th-
derived POC flux estimates in January-February
1999 on the ANTARES 4 cruise, approximately
101E of the Crozet Islands in an area known as
the Crozet Basin. This area is northwest of the
Kerguelen Plateau in a deep basin (E5000m depth)
and away from any significant bottom topography.
During this study, very low fluxes of POC were
measured, ranging from 0.1 to �2.5mmolCm�2

d�1 at 100m, which are less than half the lowest
fluxes measured to the south of the CROZEX study
site through the same depth horizon (Table 2).
Coppola et al. (2005) hypothesised that these
resulted from either a very efficient remineralisation
process and/or a high bacterial activity, or a
decoupling of primary production and POC export.
The low abundance of diatoms, which are typical of
Southern Ocean Polar Frontal blooms, was also
hypothesised to contribute to the low fluxes. In
other regions of the Southern Ocean, POC fluxes at
100m in the PF were estimated to be 19.5–39.1 and
8.8mmolCm�2 d�1 (Atlantic PF blooms Rutgers
van der Loeff et al., 1997, 2002), and 5.5–
14.5mmolCm�2 d�1 (Pacific PF blooms Buesseler
et al., 2001). The CROZEX data fit well within the
range of these Polar Frontal observations.

The most relevant study for comparison with the
CROZEX project is the KErguelen Ocean and
Plateau compared Study (KEOPS), which sampled
the annual bloom observed over the Kerguelen
Plateau during January–February 2005 (Blain et al.,
2007), and partly overlapped CROZEX. 234Th POC
fluxes measured within the Fe-replete bloom refer-
ence station on KEOPS gave POC fluxes at 100m of
10.5–38.4mmolCm�2 d�1 (Savoye et al., 2007),
which is generally in good agreement with bloom
fluxes measured at 100m, ranging from 10.1 to
23.2mmolCm�2 d�1 on CROZEX (Table 2), if
slightly greater in range. This compares to a 100m
POC flux of 12.2mmolCm�2 d�1 in the control,
non-bloom reference station on KEOPS, which is
greater than the 100m flux observed on CROZEX
during leg 1 of 5mmolCm�2 d�1, but less than the
flux of 14.4–18.8mmolCm�2 d�1 during leg 2.
However, the average 100m POC flux of all
the CROZEX non-bloom stations was 10mmol
Cm�2 d�1 (Table 2), in very close agreement with
KEOPS. The ratio during KEOPS showed a trend
of increasing export efficiency at the low productiv-
ity site when compared to the high-productivity
sites. 58% of primary production was exported
below 100m at the non-bloom reference station,
compared with 13–48% being exported below 100m
at the Fe-replete bloom station. A similar, but less
clear-cut trend was evident during CROZEX. For
CROZEX on leg 1 the export efficiency at 100m
was 16–30% and 21–133% for non-bloom and
bloom stations, respectively (Table 2). If the value
of 133% for bloom stations is removed, as this is
clearly due to a decoupling of primary production
and export production, then the range narrows to
21–33% and is almost the same as the non-bloom
observations and in close agreement with the
KEOPS range of 13–48%. However, on leg 2 after
a small bloom had occurred in the south on
CROZEX (Venables et al., 2007), the export effici-
ency at 100m had changed to 57–109%, 32–235%,
and 5–9% for non-bloom, bloom and M3 eddy
bloom stations, respectively (Table 2). Once again if
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Fig. 5. The latitudinal variation in total primary production (A),

new production (B), and 234Th-derived POC export (C). Satellite-
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from the start of the bloom period until the date of sampling

(Sanders et al., 2007). Not all the units on the y-axis are the same:

primary and new production are displayed in gCm�2 (integrating

over the sampling period) and export production is displayed in

mmol Cm�2 d�1 thus not allowing a direct comparison.

Although there is a time-scale difference between the POC flux

and both primary and new production, this should be somewhat

dampened by the integrating properties of the 234Th method

which quasi-integrates over the mean lifetime of the tracer (34.8

days).
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the ThE ratios of 4100% are removed, the export
efficiencies change to 57%, 32–57%, and 5–9% for
non-bloom, bloom and M3 eddy bloom stations
respectively. Therefore, a trend of decreasing ThE

ratio with increasing productivity can be seen. These
results not only support the KEOPS results but are
also in agreement with resent work published by
Lam and Bishop (2007) on high-biomass low-export
regimes in the Southern Ocean.

4.5. Comparison with CROZEX primary and new

production estimates

The CROZEX project benefits from its multi-
disciplinary nature and wide range of parameters
measured. In addition to the 234Th approach several
other methods were used during the CROZEX
cruise to estimate new and export production. These
were neutrally buoyant sediment traps (Salter et al.,
2007), 15N uptake rates (Lucas et al., 2007), and
nutrient-drawdown budgets (Sanders et al., 2007).
Each of these is an alternative method of constrain-
ing export estimates, assuming that new and export
production are equivalent when integrated over at
least one annual cycle (Eppley and Peterson, 1979).
To clarify terminology for this section: primary
production will refer to total carbon assimilation,
new production (which relates to the export from
the euphotic zone of both particulate and dissolved
material (Bronk et al., 1994)) will refer to produc-
tion resulting from sources of nutrients from outside
the euphotic zone, and export production will refer
to POC that has settled out of the surface ocean.

Of the other methods used to constrain export
during CROZEX the nutrient-drawdown budgets of
Sanders et al. (2007) provide the best comparison
with the 234Th-derived POC fluxes. This is because
the nutrient-drawdown approach operates on a
similar time-scale as the 234Th approach. Sanders
et al. (2007) calculated levels of temporally inte-
grated primary and new production. Temporally
integrated primary production was calculated by
coupling the chlorophyll to production relationship
derived by Seeyave et al. (2007) and satellite
chlorophyll imagery. Temporally integrated new
production was calculated by determining nitrate
removal. Both these parameters, primary and new
production, show a clear north–south gradient with
high levels in the north and low levels in the south
(Fig. 5A and B).

Estimates of 234Th-derived POC export from the
study region during leg 1 show a clear north–south
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gradient with values of E15mmolCm�2 d�1 in the
north during the period immediately following the
phytoplankton bloom, and E5mmolCm�2 d�1 in
the south prior to the small southern plankton
bloom (Fig. 5C). During leg 2 no gradient was
seen once the modest bloom had occurred in the
south but ranged by approximately a factor of two
across the study region from about 10 to
23mmolCm�2 d�1. Both SS and NSS analyses of
the 234Th data suggest no significant north–south
gradient of 234Th-derived POC export existed
during this leg, thus the results presented here do
not support a higher level of POC export in the
large bloom to the north when compared to the
small bloom in the south (Fig. 5C).

Sanders et al. (2007) and Seeyave et al. (2007)
concluded that primary and new production varied
by approximately a factor of 4 between the most
northen and southern sites (Fig. 5A and B). While,
during leg 1 234Th-derived export also showed a
north–south gradient, it failed to show the same
clear north–south gradient during leg 2 (Fig. 5C). It
is worth mentioning at this point that not all the
units used in Fig. 5 are the same. Primary and new
production are displayed in gCm�2 and export
production is displayed in mmolCm�2 d�1, thus not
allowing a direct comparison. However, this does
not invalidate the comparison of the north–south
trends observed, which have three possible explana-
tions:
(1)
 the bulk export event from the northern bloom
may not have been sampled due to arrival in the
region 2 weeks after the peak of the bloom,
(2)
 the estimates of new production and/or export
production are inaccurate, or
(3)
 new and export production are not equivalent,
with this lack of equivalence being particularly
pronounced in the north.
These three possibilities will now be examined.

Explanation 1. The bulk export event from the
northern bloom may not have been sampled due to
arrival in the region 2 weeks after the peak of the
bloom.

234Th-derived POC fluxes are representative of
the flux condition over the mean lifetime of the
tracer, that is 34.8 days (Buesseler, 1998). Therefore
234Th-derived fluxes have a natural temporal
integrating power built into the tracer. The CRO-
ZEX cruise arrived in the study region 2 weeks after
the peak of the bloom, which is a shorter time
period than the half-life of 234Th, thus weakening
the strength of this explanation.

Explanation 2. The estimates of new production
and/or export production are inaccurate.

The possibility that the methods used are
generating inaccurate results is an issue that
frequently arrises and likewise neither the nutrient
drawdown nor the 234Th method are free of flaws or
caveats. For example, issues may have arisen in the
new production estimates resulting from mesoscale
spatial variability in nitrate concentrations (Sanders
et al., 2007), or with the 234Th method when
incorporating uncertainties such as the C:Th ratio
and the issues related to advection and turbulent
diffusion. Given that these issues have been
addressed already with the caveats already spoken
to, another explanation and hypothesis will be
proposed to explain the observed trends and
discrepancies seen in the new and export production
estimates, based on the assumption that the new and
export production estimates are correct.

Explanation 3. New and export production are not
equivalent, with this lack of equivalence being
particularly pronounced in the north.

The paradox to be tackled is why do the patterns
of new and export production not agree? When new
production takes place it generates organic carbon,
essentially the organic carbon that makes up the
primary producers: POC and PON. This organic
matter then has several possible fates: (1) it ‘‘dies’’
and sinks out, (2) it enters a buoyant or very slowly
settling organic particulate phase, (3) it enters the
dissolved organic pool, (4) it is grazed and moves
to a higher trophic level-which will ultimately
enter routes 1, 2, or 3 nonetheless. The first pathway
is the exported production and can be regarded
as the particle flux measured with the 234Th
technique, with a 100m flux of approximately
12–23mmolCm�2 d�1 and 2.0–3.3mmolNm�2 d�1

(Table 2). Evidence for the second pathway playing
a role has been observed by Sanders et al.
(unpublished data) with a POC build up in the
surface waters of approximately 12–18 mmolC l�1

and 1.8–2.8 mmolN l�1 over the course of the
sampling period.

Some evidence for the third pathway has been
seen in the concentration of the dissolved organic
nitrogen (DON) pool over the course of the cruise.
A subset of DON samples has been measured



ARTICLE IN PRESS
P.J. Morris et al. / Deep-Sea Research II 54 (2007) 2208–22322228
according to Sanders and Jickells (2000) and has
shown that on first arrival in the northern part of
the study region the surface DON was approxi-
mately 5.3 mmolN l�1, which then declined to
approximately 3.2 mmolN l�1 at the end of the
sampling period. In contrast to this, the southern
region showed a relatively constant level of DON
throughout the sampling period of approximately
2.7 and 2.5 mmolN l�1 at the start and end of the
sampling period respectively (Morris et al., unpub-
lished data). A build up of DON during the first
phase of the bloom (which could not be sampled)
followed by a decrease of DON (as detected) is not
an unreasonable suggestion, as this type of organic
matter storage has been observed in another high-
latitude setting, the Irminger Basin (Sanders et al.,
2005). The elevated levels of DON to the north on
first arrival may therefore have been even higher
prior to arrival given that the peak of the bloom to
the north occurred approximately two weeks before
sampling commenced (Venables et al., 2007). This is
interesting because the moderate bloom to the south
occurred during the sampling period and as yet no
evidence of a DON buildup in this region has
become apparent. This then opens the question of
differential export efficiencies in these two different
settings with potentially a high-biomass low-export
regime in the productive north and a low-biomass
high-export regime in the south (Lam and Bishop,
2007). Therefore, in the context of the Crozet region
it is proposed that the high-production region is
characterised with low fractional levels of export, in
contrast to the low-production region which is
characterised with high fractional levels of export.

5. Conclusions

It has been demonstrated here that POC export
during the Crozet bloom showed high levels in the
bloom area and low levels at the southern control
stations during leg 1. After a moderately small
bloom at the southern control stations this spatial
variability was not observed during leg 2, which
showed equally high levels of POC export through-
out the study site. Therefore, maybe the question
that should be asked is not: ‘‘Why are the POC
fluxes so high at the southern control stations
during leg 2?’’, but instead: ‘‘Why are the POC
fluxes not even higher at the northern bloom
stations?’’ It is hypothesised that this lack of
latitudinal variability in POC export flux was due
to a buildup of buoyant particulate and dissolved
phases in the northern bloom region, with this
hypothesis strengthened by the existence of higher
DON concentrations within the northern bloom
region. This may then have the effect of reducing
the amount of POC that is available for export to
mesopelagic depths.
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Blain, S., Quéguiner, B., Armand, L., Belviso, S., Bombled, B.,

Bopp, L., Bowie, A., Brunet, C., Brussaard, C., Carlotti, F.,

Christaki, U., Corbière, A., Durand, I., Ebersbach, F., Fuda,

J.-L., Garcia, N., Gerringa, L., Griffiths, B., Guigue, C.,

Guillerm, C., Jacquet, S., Jeandel, C., Laan, P., Lefèvre, D.,
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