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a b s t r a c t

Spring diatom blooms are important for sequestering atmospheric CO2 below the permanent thermo-

cline in the form of particulate organic carbon (POC). We measured downward POC flux during a sub-

polar North Atlantic spring bloom at 100 m using thorium-234 (234Th) disequilibria, and below 100 m

using neutrally buoyant drifting sediment traps. The cruise followed a Lagrangian float, and a

pronounced diatom bloom occurred in a 600 km2 area around the float. Particle flux was low during

the first three weeks of the bloom, between 10 and 30 mg POC m�2 d�1. Then, nearly 20 days after the

bloom had started, export as diagnosed from 234Th rose to 360–620 mg POC m�2 d�1, co-incident with

silicate depletion in the surface mixed layer. Sediment traps at 600 and 750 m depth collected 160 and

150 mg POC m�2 d�1, with a settled volume of particles of 1000–1500 mL m�2 d�1. This implies that

25–43% of the 100 m POC export sank below 750 m. The sinking particles were ungrazed diatom

aggregates that contained transparent exopolymer particles (TEP). We conclude that diatom blooms

can lead to substantial particle export that is transferred efficiently through the mesopelagic. We also

present an improved method of calibrating the Alcian Blue solution against Gum Xanthan for TEP

measurements.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Pronounced spring phytoplankton blooms with chlorophyll-a

concentration Z1.5 mg m�3 and primary productivity of 500–
1500 mg C m�2 d�1 occur in the North Atlantic in response to
spring stratification (Bury et al., 2001; Henson et al., 2009;
Savidge et al., 1995). These blooms are initially dominated by
diatoms, with a community-shift to smaller flagellates once
diatoms have depleted surface silicate (Leblanc et al., 2009;
Lochte et al., 1993; Sieracki et al., 1993). Such diatom blooms
are known to trigger substantial export of fast-sinking phytode-
trital aggregates that can carpet abyssal plains (Honjo and
Manganini, 1993; Lampitt, 1985), and they are hence considered
to be an important part of the biological carbon pump
(Turner, 2002).

Although this broad outline (spring stratification-diatom
bloom-silicon depletion+substantial particle export-commu-
nity shift) is well established, we still lack a more detailed
understanding of what triggers particle export, why such high
particle export should occur, what the chemical and biological
ll rights reserved.
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composition of the exported particles is, and how strongly the
particle flux is attenuated in the mesopelagic, i.e. between 100
and 1000 m depth.

Aggregation of phytoplankton blooms appears to be driven by
transparent exopolymer particles (TEP) (Alldredge and Jackson,
1995; Logan et al., 1995; Passow et al., 1994). These are a class of
acidic polysaccharides excreted by diverse groups of phytoplank-
ton, and even bacteria (Passow, 2002). They promote particle
aggregation via their Stickiness and form the matrix of all marine
snow particles studied to date (Alldredge et al., 1993; Dam and
Drapeau, 1995; Engel, 2000; Passow and Alldredge, 1995b). TEP
can thus be separate particles, or, by aggregating other particles
such as phytoplankton cells, become a constituent of larger
particles; it is in this latter sense that the term will mostly be
used in this paper. Consequently, one might expect particle flux,
or at least the flux of phytodetritus, to be strongly associated with
TEP flux. For instance, a diatom bloom in a Norwegian fjord that
failed to produce TEP did not aggregate (Kiørboe et al., 1996).
However, high stickiness and aggregate formation did not lead to
sedimentation of a diatom bloom in the Benguela upwelling
(Kiørboe et al., 1998).

TEP have very rarely been measured in sediment
traps. Reigstad and Wassmann (2007) found that TEP can be
associated with peaks of Phaeocystis sp. export, but not always.
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Fig. 1. Map of the study area. The inset shows the Iceland Basin, with the black

box marking the region shown in the main map. The grey line shows the trajectory

of the Lagrangian float from the day of the first sediment trap deployment until

the end of the cruise. The trajectories of all sediment traps and the locations of the

three 234Th profiles are shown. The time-line at the bottom shows the deployment

periods of the sediment traps (black bars) in relation to the times of 234Th

sampling (crosses). The solid part of each line shows the collection period for the

traps (when collection cups were open), the dotted part shows the trap stabilisa-

tion period (when cups were still closed).
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A two-year record of 500 m particle flux in the Santa Barbara
Channel indicated that the sedimentation of diatoms was always
associated with the presence of TEP in the sediment trap samples,
but that only 67% of peaks in POC flux were associated with the
peaks in TEP flux (Passow et al., 2001). While TEP therefore
undoubtedly play a role in particle flux, sinking of some particle
classes, perhaps faecal pellets, clearly does not depend upon TEP.
In the case of a diatom bloom, however, one might expect that
sedimentation should be driven by TEP-mediated aggregation.

The presence of biominerals has also been posited as an
important factor in regulating particle flux, either by ballasting
particles with excess density or by physically protecting organic
matter from degradation (Armstrong et al., 2002; Franc-ois et al.,
2002; Ingalls et al., 2003; Klaas and Archer, 2002). Klaas and Archer
(2002) concluded that CaCO3 is a much more important ballast
than opal, based on global relationships between mineral and
organic carbon fluxes. Franc-ois et al. (2002) concluded that particle
export is also transferred more efficiently through the mesopelagic
to depths 42000 m in CaCO3-dominated regions than in opal-
(i.e. diatom-) dominated regions. Based on changes in Si:C ratios
with depth across different ocean basins, Ragueneau et al. (2006)
concluded that diatom-dominated, more seasonal, regions remi-
neralize a greater proportion of export flux in the mesopelagic, and
suggested that organic matter in these areas might be more labile.

These conclusions are perhaps somewhat surprising, given that
diatom blooms are thought to export a substantial fraction (up to 79%)
of primary production (Buesseler, 1998), and result in aggregates that
can sink apparently intact for thousands of metres (Lampitt, 1985). A
recent re-analysis by Buesseler and Boyd (2009) concluded that a
North Atlantic spring bloom was actually very efficient at exporting
POC and transferring it through the mesopelagic.

Consequently, it is still unclear how efficiently POC flux is
transferred to depth during a spring diatom bloom. However,
there may be a question of timescale underlying these contra-
dictory conclusions, as Franc-ois et al. (2002) and Ragueneau et al.
(2006) used annually averaged particle flux data, while Buesseler
and Boyd (2009) used data gathered specifically during a bloom.
Hence it is possible that particle flux during a spring bloom is
transferred to depth more efficiently than at other times.

Measuring particle flux in the mesopelagic has proven difficult,
as conventional (moored or surface-tethered) sediment traps are
often unreliable at these depths, owing to hydrodynamic inter-
ferences and high zooplankton ‘‘swimmer’’ contamination
(Buesseler et al., 2007). Neutrally buoyant sediment traps over-
come these difficulties and should thus collect relatively unbiased
samples (Buesseler et al., 2007).

We therefore estimated particle flux during a sub-polar North
Atlantic spring bloom using neutrally buoyant sediment traps and
234Th measurements.
2. Methods

A multi-disciplinary research cruise was undertaken in the
Iceland Basin from 1 to 21 May 2008 aboard R/V Knorr. The cruise
track followed a Lagrangian bio-optical float deployed in the
surface mixed layer (but profiling to 250 m once daily). Four
seagliders measured physical and bio-optical parameters in the
area before, during, and after the cruise. Fig. 1 shows the study site,
the trap and the 234Th sampling locations, and indicates on a time-
line the trap deployment periods and times of 234Th sampling.

2.1. Neutrally buoyant sediment traps

Four deployments of 1–3 days each were undertaken with
multiple neutrally buoyant sediment traps (PELAGRA; Lampitt
et al., 2008) at depths between 150 and 750 m. Deployments are
referred to as D1–D4 below. Each trap has four collection funnels
(0.115 m2 each) arranged around an ARGO float, leading to
separate collection cups, and is equipped with an Idronaut CTD
sensor recording every 30 s. The traps operated in isopycnal
mode, i.e. following a surface of constant potential density rather
than pressure. Collection cups were programmed to open 24 h
after deployment (by sliding under the funnel), and to close again
minutes before the trap ascended to the surface. During D1–D3,
all cups on each trap collected simultaneously; during D4, the
traps collected with two cups for the first 24 h, closed these, and
collected with the remaining two cups for the next 24 h. Three
collection cups per trap were filled with seawater from below
100 m to which were added 0.5% NaCl and 2% formaldehyde
buffered with sodium tetraborate (Na2B4O7 �10 H2O). One cup on
each trap was filled with unpoisoned seawater. SrCl2 was added
to all poisoned cups on D2 prior to deployment to prevent
dissolution of Acantharia, single-celled organisms with a shell of
celestite (final Sr concentration of 88 mg L�1; Beers and Stewart,
1970). SrCl2 was not added on other deployments.

On recovery, 1 mL of 40% buffered formaldehyde was added to
each poisoned cup, and the settled height of sediment in each
sample was measured after 24 h. Samples from each trap were
divided at sea with a Folsom splitter, and further on land with a
rotary splitter. Fluxes of dry weight, POC, particulate organic
nitrogen (PON), particulate inorganic carbon (PIC), celestite,
biogenic silica (BSi), 234Th and TEP were measured for each trap.
Different cups on the same trap sometimes contained visibly
different quantities of material, despite collecting simultaneously.
In these cases, all poisoned samples of a trap were pooled before
splitting. Owing to the difficulties of splitting the resulting large
volumes with a Folsom splitter, cups were treated individually in
those cases in which material was evenly distributed between
cups. Swimmers were removed under a Wild dissecting micro-
scope (60x–120x magnification) from all samples except from the
sub-samples for 234Th.
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A trap deployment was deemed successful if the trap remained
at a particular depth, as measured by the Idronaut CTD, during the
period of sample collection. The trap trajectories while under-
water were estimated as a straight line between deployment and
surfacing positions.
2.2. POC/PON and dry weight

Sub-samples between 2 and 15 mg dry weight were filtered
onto pre-combusted (550 1C, 4 h), pre-weighed Whatman GF/F
filters, rinsed with 18.2 MO cm�1 (MilliQ) water, dried at 40 1C
for 24 h, and weighed. They were then fumed with concentrated
HCl in a desiccator for 24 h, dried again at 40 1C for 24 h, wrapped
in pre-combusted (550 1C, 4 h) aluminium discs (Elemental
Microanalysis, UK), and pelleted. C and N were analysed on a
Flash 1112 Elemental Analyser (Thermo Finnigan). Samples were
analysed in triplicate for D2 and D3 traps, with relative standard
deviations (RSD) of o9.5%, and mostly o6% for dry weight, and
o8% and o12% for POC and PON, respectively. For D1 and D4,
the mean RSD of the other samples was applied (5% dry weight;
5% POC; 7% PON).
0.5

0.6

y = 0.0074x + 0.0138

R2 = 0.97
2.3. PIC, celestite, and BSi

Sub-samples identical to those analysed for POC were filtered
onto 0.4 mm Millipore polycarbonate filters, rinsed with MilliQ
water, and stored at �20 1C until analysis. Filters for PIC and
celestite were digested in 1 mol L�1 acetic acid for 24 h, and
dissolved Ca, Sr, and Na were analysed on a PerkinElmer Optima
4300DV inductively coupled plasma optical emission spectro-
meter with a PerkinElmer AS93 Plus autosampler, concentric
glass nebuliser, and a baffled, cyclonic spray chamber. PIC was
calculated assuming that all PIC was CaCO3, and celestite was
calculated assuming all Sr was SrSO4 (celestite is the only known
marine biomineral containing Sr as a major constituent). The low
Na concentrations in the digests showed that sea-salt had been
fully removed by the MilliQ rinse.

Filters for BSi were digested in 0.2 mol L�1 NaOH at 90 1C for
3 h, the solution neutralised with HCl, and then analysed on a
SEAL QuAAtro autoanalyser. Opal was calculated assuming 10%
water content (Mortlock and Froelich, 1989; Salter et al., 2007).
Analyses were duplicated (i.e. two sub-samples analysed) when-
ever enough material was available; percentage difference
between duplicates was o30% (and mostly o10%) for opal,
o23% for PIC, and o23% for celestite (except for D2#160, which
had low Sr flux with a percentage difference of 89%).
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Fig. 2. Calibration curve for TEP to convert measured sample absorbances to units

of mg Gum Xanthan equivalents.
2.4. Transparent exopolymer particles (TEP)

TEP were measured using a dye-binding assay described
by Passow and Alldredge (1995a). Filtered particles were stained
with a 0.02% Alcian Blue solution (Sigma Aldrich, UK), dissolved in
80% H2SO4, and the absorbance of the acid measured on a Hitachi
U-2800 spectrophotometer. The absorbance was then converted
to units of grams of Gum Xanthan equivalents (GX eq.) using a
calibration curve.

The calibration curve was established by filtering and staining
a range of aliquots (0.5–6 mL) of a o0.1% solution of Gum
Xanthan (Sigma Aldrich, UK). The original protocol specifies that
one set of Gum Xanthan filters is stained, digested in H2SO4, and
the absorbance measured, while a second set of filters is prepared
to measure only Gum Xanthan dry weight (hence left unstained).
However, the variability in dry weight and absorbance at each
volume was high during initial trials, and hence we changed the
protocol to measure both absorbance and dry weight on the same
filter.

0.5–6 mL aliquots of Gum Xanthan solution (3 replicates per
volume) were filtered onto pre-weighed polycarbonate filters,
stained, rinsed, and dried at 60 1C for 24 h. Filters were weighed,
soaked in 80% H2SO4, and the absorbance measured. The filter
dry weights must then be corrected for the mass of Alcian Blue:
10–200 mL aliquots of dye solution (for which the mass of Alcian
Blue can be calculated from the concentration) were mixed
with 80% H2SO4 and the absorbance measured after 2 h. The
relationship between absorbance and mass of Alcian Blue
(Supplementary Fig. 1) was used to correct the dry weight of
each stained filter. This correction was critical, as the calculated
weight of Alcian Blue contributed 20–60% of the change in filter
weight after filtering and staining the Gum Xanthan. Alcian Blue
powder for the dye solution was weighed out on a Sartorius
microbalance to achieve a concentration of exactly 0.02% to allow
an accurate correction. Moreover, three separate experiments
showed that the absorbance of a given quantity of Alcian Blue is
not affected by drying at 60 1C (Supplementary Fig. 2).

The calibration curve used to calculate mass GX eq. from
sample absorbance was linear over a range of absorbances
exceeding the sample absorbances with R2

¼0.97 (Fig. 2). While
it is usually appropriate to calculate a calibration curve only over
the range of values observed in the samples, we have used the
curve as calculated over the full range of values in Fig. 2. The data
at absorbances o0.2 were more scattered, and using the full
range of values yielded a more accurate curve (see below). If the
upper range of the calibration data had been excluded, the weight
of the unusually low data point at 15 mg Gum Xanthan would also
have been increased.

TEP were then measured in the samples using aliquots
between 1/1600 and 1/370 of the original sample. For each
sample, two dilutions were prepared with a NaCl solution (35 g
NaCl in 1 L MilliQ), and 1 mL was filtered in triplicate at each
dilution, and stained, etc., as above. For D1 samples, aliquots of
the concentrated sample solution were filtered as well. For each
dilution, the mean absorbance of the triplicate measurements was
used to calculate the TEP concentration per mL of the stock
solution, and the sample TEP content was calculated from the
mean of the two dilutions. Percentage differences in TEP content
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between the two dilutions were 10–22%, except for D3#750,
where the difference was 34%. Applying a restricted calibration
curve, using only data with absorbance o0.2, increased the
percentage difference between the two dilutions, suggesting that
the curve using the full range of data was more accurate.
Absorption from unstained particles was negligible.

2.5. 234Th measurements

234Th has a half-life of 24.1 days and its radioactive disequili-
brium from its parent, uranium-238, is indicative of particle
transport occurring over the previous days to weeks (Buesseler
et al., 1992; Murray et al., 1996). Daily 234Th export can be
estimated from a single profile using a steady-state (SS) model,
which calculates the quantity of 234Th that must be exported daily
to maintain the observed depletion, assuming that the 234Th
concentration does not change over time. Alternatively, if multi-
ple profiles are measured, a non-steady-state (NSS) model can be
used, which accounts for temporal changes in the depletion
(Savoye et al., 2006). Both models were used in this study, and
the NSS model was calculated according to Buesseler et al. (1992):
the downward 234Th flux is calculated separately for each
sampled depth layer from the change in 234Th concentration over
time, in-growth from 238U, decay of 234Th, and 234Th flux into the
layer from the layer above. POC flux was calculated from 234Th
flux using POC:234Th ratios measured on sinking particles caught
with the PELAGRA traps. The greatest uncertainties with this
method are whether a steady-state assumption is justified, and
how well POC:234Th concentrations can be constrained.

Total water column 234Th was measured using a 10 L MnO2 co-
precipitation technique (Rutgers van der Loeff and Moore, 1999;
Thomalla et al., 2006). Water was collected with Niskin bottles at
ten depths between 5 and 400 m at three stations (the first two
directly adjacent to the Lagrangian float), and amended with
3 drops of concentrated ammonia solution, 125 mL of concen-
trated KMnO4 solution, and 50 mL of concentrated MnCl2 solution.
Samples were filtered after 8 h through 142 mm diameter poly-
carbonate filters (0.8 mm), rinsed with MilliQ water, allowed to
dry, and folded reproducibly into 18�18 mm2 parcels. Extraction
efficiency was assessed by double-precipitation of nine samples,
and found to be 10073%. Counting efficiency was measured
using five samples from 1000 m, where 234Th is in secular
equilibrium with 238U.

234Th in sinking particles was measured in sub-samples from
PELAGRA Deployments 1–3, filtered and folded as for water
column 234Th measurements (samples from Deployment 4 could
not be processed for 234Th before the cruise ended). POC:234Th
ratios were calculated from POC and 234Th fluxes measured in the
traps. 234Th in all samples was measured with a Risø National
Laboratory GM-25-5A low-level b-counter in anti-coincidence
mode. Samples were counted on board and throughout the
following six months to ensure that activity decreased according
to the half-life of 234Th. The activity of 238U was calculated from
salinity (Chen et al., 1986).

2.6. Chlorophyll and silicate

Chlorophyll was measured by a fluorometer on the Lagrangian
float (WetLabs FLNTU, excitation wavelength 470 nm). This sen-
sor was calibrated against a similar fluorometer on the CTD
rosette. Chlorophyll was analysed from water samples concur-
rently collected by the CTD rosette; samples were filtered onto
GF/F filters, extracted with 90% acetone for 24 h in the dark at
�20 1C, and measured on a Turner Designs AU-10 fluorometer.
The relationship between measured chlorophyll concentration
from the bottle samples and the fluorescence measured in situ

by the rosette-mounted fluorometer was then applied to the
fluorescence measured by the float. The relative standard devia-
tion of the chlorophyll concentration thus calculated from the
float was 30–40% (E. D’Asaro, pers. comm.).

Samples for silicate were taken throughout the cruise, and
frozen at sea (�20 1C). Silicate was then measured after trans-
porting back to land on a Lachat Quickchem 8000 Flow Injection
Analysis System using standard absorptiometric techniques. Sam-
ples were slowly thawed in the dark at room temperature for 24 h
and vigorously vortexed before analysis (Gordon et al., 1994). The
data presented here are the mean concentration in the upper
20 m (n¼2–3 samples), and stations thought to have been outside
of the bloom patch (see Section 3.1) are omitted here.

2.7. Satellite imagery

Daily composite images were created by averaging individual
MODIS and MERIS images on a pixel-wide basis and gridding
them on a 1 km resolution grid.
3. Results

3.1. Surface biogeochemical and hydrographical setting

The bloom did not occur homogeneously over a large area. The
Lagrangian float followed a distinct patch of enhanced chlorophyll
concentration that was dominated by diatoms. This patch was
clearly visible in MODIS/MERIS sea-surface colour images (Fig. 3),
and could be distinguished from the surrounding waters with the
bio-optical measurements taken by the gliders and from the ship
(A. Gray, pers. comm.). The patch was 600 km2 on 6 May (Fig. 3a),
but had shrunk to 250 km2 by 11 May (Fig. 3b). This patch was
intensively studied during the cruise, and constituted the bloom
that we discuss in this paper.

Chlorophyll fluorescence and dissolved oxygen as measured by
the seagliders increased from 19 April, indicating that the bloom
started approximately 10 days prior to the cruise. Nutrient
concentrations in the surface mixed layer decreased due to
phytoplankton production: nitrate declined from 11 to 8.5 mM
over the course of the cruise, while silicate decreased from 4 to
r1 mM over the same period, and was o2 mM by 7 May.
Consequently, there was a phytoplankton community shift from
diatom dominance to picoeukaryotes, with shipboard observa-
tions suggesting a peak in diatom abundance between 8 and 11
May (M. Sieracki, pers. comm.). Chlorophyll as measured by the
float rose from close to 1 mg m�3 to a peak of nearly 4 mg m�3

between 1 and 12 May, and declined thereafter to around
1 mg m�3 again. By the time of the final trap deployment
(17 May), chlorophyll and diatom numbers in the patch had
decreased substantially, making it harder to track the patch.

3.2. Trap deployments

Traps were successfully deployed eleven times during four
separate deployments, which are referred to as Deployment Num-
ber#Depth (e.g. D3#750 refers to the 750 m trap on the third
deployment). Deployment depths and durations are listed in
Table 1, and profiles of trap depth against time for each trap are
shown in Supplementary Fig. 3. Trap trajectories are shown in Fig. 1.

3.3. Trap-derived particle flux

Fluxes of total dry weight, POC, PON, PIC, BSi, celestite, 234Th,
and TEP for each trap are summarised in Table 2.



Table 1
Summary of trap deployments. Note that all traps were deployed 18–24 h before

cups opened. In the case of D4, only one trap was deployed at each depth, but they

collected in time-series mode: two collection cups were open for the first 24 h,

closed, and then the next two cups opened.

Trap ID (Deployment

number#Depth)

Date/time of cup

opening

Date/time of cup

closing

D1#140 5/5/08 23:10 6/5/08 15:10

D1#230 6/5/08 00:55 6/5/08 15:55

D2#160a 8/5/08 19:25 11/5/08 19:25

D2#340 9/5/08 18:55 11/5/08 18:55

D2#160a 8/5/08 19:10 11/5/08 19:10

D2#620 9/5/08 06:40 11/5/08 18:40

D3#320 14/5/08 17:40 15/5/08 17:40

D3#600 14/5/08 15:55 15/5/08 15:55

D3#750 14/5/08 16:10 15/5/08 16:10

D4#400b 17/5/08 17:50 18/5/08 17:50

D4#400c 18/5/08 17:55 19/5/08 17:55

D4#730b 17/5/08 17:05 18/5/08 17:05

D4#730c 18/5/08 17:10 19/5/08 17:10

a Two traps were deployed at the same depth.
b First 24 h of collection.
c Second 24 h of collection.

Fig. 3. MODIS/MERIS daily composite chlorophyll-a images of the extent of the float patch on (a) 6 May and (b) 11 May. Scale bars show chlorophyll concentration in

mg m�3. The track of the Lagrangian float between 4 May and 19 May is marked with the black line. The circle in each image indicates the float position at the time of the

image, and numbers along the float trajectory mark the float position on the corresponding year–day number (125¼4 May, 130¼9 May, 135¼14 May). The arrows show

the approximate direction of the surface currents (A. Gray, pers. comm.) (For interpretation of the references to colour in this figure, the reader is referred to the web

version of this article.)
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3.3.1. POC flux and POC:PON ratios

Fig. 4a–d shows POC fluxes and POC:PON ratios for each
deployment. POC flux was very low during the first two deploy-
ments (10–30 mg POC m�2 d�1), but then increased to 75–
165 mg POC m�2 d�1 during the final two deployments, peaking
during D3. During D2 and D3, fluxes caught by the shallowest
traps were two- to three-fold lower than those caught by the
deeper traps, which we attribute to temporal and spatial varia-
bility in particle flux.

Molar POC:PON ratios ranged from 4.4 to 6.7, with higher
values in the D3 and D4 traps, and a mean weighted by POC flux
of 6.1. The correlation between POC:PON and depth was not
significant (Spearman’s rank correlation, rho¼0.452, p¼0.121,
n¼13).

POC contributed 8–13% of total mass flux in all cups (Table 2),
with the highest percentages during D1 and D2, and in D4#400.
The D3 traps contained substantial quantities of diatom-opal, and
these samples contained the lowest percentage POC contribution.
Fig. 5 shows photographs of the D3 samples (24 h collection).
The collection cups are 500 mL Nalgene jars, and the settled
volume flux was 1000–1500 mL m�2 d�1. The photos clearly
show that the settling material was predominantly phytodetrital,
although some faecal pellets were also present.

3.3.2. Opal flux and Si:POC ratios

Opal flux (as hydrated SiO2) ranged from about 25 to
1000 mg m�2 d�1. Traps during D1 and D2 caught the lowest,
and D3#600 and D3#750 the highest opal fluxes. During D4, opal
fluxes were around half those during D3. The percentage con-
tribution by opal to total dry weight was 15–25% during D1 and
D2, and 40–60% in D3 and D4 (Fig. 4e–h).

The molar Si:POC ratios ranged from 0.2 to 1.3, and showed a
significant increase with depth (Fig. 4e–h, Spearman’s rank
correlation, rho¼0.651, p¼0.016, n¼13). However, this trend is
also a function of time, as the deeper traps with high Si:POC were
deployed during D3 and D4 (see Section 4.4).

3.3.3. PIC and celestite flux

PIC flux was very low throughout the cruise (0.14–
18 mg m�2 d�1), and hence the rain ratio (PIC:POC) never rose
above 0.13. As for most components, PIC flux also increased from
D1/D2 to D3/D4. The percentage of total mass flux contributed by
CaCO3 (as calculated from Ca flux) was notably variable; the two
D1 traps differed by a factor of 10 in this measure, and the D2
traps differed by a factor of 1.5, even between the two
160 m traps.

PIC variability was similar to that of celestite, which was
detected in all traps on D2 and D4: the percentage contribution
of celestite to total mass flux varied by a factor of 10 on D2, and
by a factor of 2 on D4. Celestite contributed up to 10% of total
mass flux during D2 and D4 (up to 100 mg celestite m�2 d�1).
Celestite is precipitated exclusively by Acantharia, single-celled
organisms related to the Radiolaria. Although surface-dwelling as
adults, Acantharia can form rapidly sinking reproductive cysts.
We found cysts of the type reported by Martin et al. (2010) in
samples from all traps upon recovery; hence the lack of measur-
able particulate celestite in D1 and D3 must be due to dissolution
of this very soluble biomineral (Beers and Stewart, 1970).
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Dissolution was prevented in D2 with SrCl2 addition, and in D4
the flux of acantharian cysts was probably so high that the
preservative solution saturated from just a proportion of the cysts
dissolving (Martin et al., 2010). Therefore, except for D2, the
estimates of celestite flux are significant underestimates, and
some celestite was certainly present in D1 and D3.

3.3.4. TEP flux

TEP were barely detectable in D1 and D2, but reached
30–120 mg GX eq. m�2 d�1 during D3 and D4. Although absor-
bances of stained filters from D1 and D2 were always slightly
higher than blanks, the small positive y-intercept of the calibration
line (Fig. 2) brought the calibrated TEP concentration in these
samples to zero. This indicates that a small quantity of TEP was
present, but not enough to be quantified using our calibration. TEP
fluxes were highest in D3#600 and D3#750, which also had the
highest TEP:POC ratios (0.8 and 0.7 mg GX eq. mg�1). TEP flux in
D3#320 and in the D4 traps was o50 mg GX eq. m�2 d�1, and
TEP:POC in these samples was o0.4 mg mg�1 (apart from D4#730
on Day 2, in which TEP:POC was 0.6 mg mg�1).

These results should be treated with some caution, given the
scatter around the calibration curve at the low absorbances
measured in our samples. However, initial trial measurements
while developing the method gave very similar absorbances,
although a good calibration had not yet been established. More-
over, this assay actually measures not the absolute amount of TEP,
but the amount of binding sites available for the dye. Our data are
only quantitatively comparable to other studies if the number of
binding sites per amount of TEP is constant, but this could vary
depending on factors such as the species producing the TEP and
the extent of degradation (U. Passow, pers. comm.). Consequently,
we consider our TEP data to be semi-quantitative, clearly demon-
strating the presence of TEP in the D3 and D4 samples, and
indicating the presence of a small amount of TEP in the D1 and D2
samples.

3.3.5. 234Th flux from traps and POC:234Th ratios
234Th fluxes ranged from 140 to 600 dpm m�2 d�1 during D1

and D2, with POC:234Th ratios of 3.5–9.1 dpm m�2 d�1 (Fig. 4i–k).
There was no clear trend with depth, although the highest 234Th
fluxes were found in the deeper traps. 234Th flux was substantially
higher in the D3 traps, with 2200, 5500, and 6000 dpm m�2 d�1

in D3#320, D3#600, and D3#750, respectively. POC:234Th ratios
in these traps were 2.9, 2.5, and 2.1, respectively. Overall, there
was no clear trend in POC:234Th ratios with depth, but it appears
as though the ratio was decreasing over time (Fig. 4i–k).

3.4. Water column 234Th deficits and diagnosed 234Th fluxes

The three profiles of total 234Th activity are shown in Fig. 6,
with the integrated (to 100 m) deficit of 234Th for each profile,
calculated by trapezoid integration, in Fig. 7. Locations of the
profiles are marked in Fig. 1. The small deficit in Profile 1
(940074700 dpm m�2, Fig. 7) shows that export was low in
the weeks before 7 May. The deficit of Profile 2 was much greater
(47,00075200 dpm m�2, Fig. 7), indicating that substantial
export occurred between 7 and 12 May. Profile 3 shows a smaller
deficit, owing to the shallower 234Th depletion (Fig. 6). However,
Profile 3 was taken approximately 10 km north of the Lagrangian
float and outside of the bloom patch. Consequently, we make use
of only Profiles 1 and 2 to calculate 234Th fluxes.

An SS model applied to the first profile yielded a flux at 100 m
of 2407430 dpm m�2 d�1, which we take as a level of flux
representative of the previous weeks. An NSS calculation between
the first and second profile (6 days apart) yields a 234Th flux of
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740072400 dpm m�2 d�1 during this period. The importance of
using an NSS model in this case is illustrated by the fact that an SS
model applied to the second profile would yield a flux of only
13507400 dpm m�2 d�1, or 20% of the NSS flux.
4. Discussion

The 234Th- and trap-derived particle flux estimates, and the
time-series of chlorophyll and silicate, are summarised and
plotted on a common x-axis in Fig. 8. This plot also shows the
local chlorophyll and silicate concentrations (mean of upper
20 m) measured from the CTD cast closest to each trap deploy-
ment and 234Th profile. These measurements matched the
overall trends in chlorophyll and silicate at each time-point well,
suggesting that spatial variability within the patch was much
smaller than temporal variability.
4.1. Timing of bloom sedimentation

The 234Th profiles clearly show that a large export event
occurred between 7 and 12 May, around 20 days after the bloom
had started. This is supported by spikes appearing below the
mixed layer in the chlorophyll and backscatter sensors on the
gliders and the CTD rosette between 5 and 8 May, indicating that
aggregates were sinking (Briggs et al., in prep.). By this time,
silicate concentrations were low (�1 mM) and did not decrease
very much further (Fig. 8). Diatom growth during North Atlantic
spring blooms is thought to be terminated by silicate limitation



Fig. 5. Photographs of sediment trap samples from the third deployment. (a) Close-up photo of a sample from D3#750, showing the loose, fragile, nature of the trapped

particles; (b) one sample each from (left to right) D3#320, D3#600, and D3#750, as photographed on board. Scale bar¼2.5 cm.
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(Henson et al., 2006; Leblanc et al., 2009; Savidge et al., 1995;
Sieracki et al., 1993), and that clearly occurred during the present
study as well.

Surprisingly, the D2 traps, which collected between 8 and 11
May, did not catch this export pulse. However, all but the deepest
trap on D2 drifted southward and perpendicular to the float.
Given the sharply delimited southern boundary of the patch,
which drifted north-eastwards (Fig. 3a), it is possible that the D2
traps collected particles mostly from outside of the patch—with
the exception of the 620 m trap that was probably too deep to
catch the export event yet.

The D3 traps, however, caught a large pulse of opal- and TEP-rich
particles that very probably were derived from this export event,
suggesting that the exported material reached 750 m depth between
14 and 15 May. If export below 100 m started on 8 May, that would
imply a minimum sinking rate of 110 m d�1, which is within the
range of sinking speeds reported for phytodetritus and marine snow
(50–200 m d�1; Turner, 2002), and slightly higher than the range of
65–90 m d�1 calculated by Briggs et al. (in prep.) during the cruise
from the spikes in seaglider optical backscattering.

Why the shallower trap, D3#320, caught less material than the
two deep D3 traps is unclear. It is possible that the traps lagged
behind the patch, which drifted north-westward, and thus col-
lected partly below adjacent, low-chlorophyll water. In such a
case, deeper traps might still collect particles derived only from
within the patch for several more days, while shallower traps will
start to catch more recent particles from the overlying water, and
thus contain less material (and sediment traps do not necessarily
collect particles from directly above; see Siegel et al., 2008).
Alternatively, particle export might have decreased after 12
May. The shallower trap would then also have caught less
material than the deeper traps. We cannot resolve this question,
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but it seems likely that the flux caught in D3#320 was less
representative of flux during the height of the export event than
the flux caught in the two deep D3 traps.
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4.2. Magnitude of 100 m POC export

Converting the daily 234Th export at 100 m into POC export is
complicated in this case by the uncertainty in the most appro-
priate POC:234Th ratio to use: we were unable to sample material
from the large flux event as it left the surface, and POC:234Th
ratios invariably decrease with depth (Buesseler et al., 2006; Maiti
et al., 2010). Therefore, the POC:234Th ratios measured in D3#600
and D3#750 are almost certainly lower than the ratio at 100 m.
However, it appears as though the POC:234Th ratio was decreasing
over the course of the cruise (Fig. 4i–k), suggesting that the
POC:234Th ratio at 100 m for the high flux event was lower than in
D1 (9.1 mmol POC dpm�1). This is consistent with the greater
TEP-richness of the D3 and D4 material, as Th has a high affinity
for acidic polysaccharides and TEP-rich material should hence
have lower POC:234Th ratios (Passow et al., 2006).

Given this substantial uncertainty, we present the 100 m POC
export between 7 and 13 May as a function of the POC:234Th ratio
(Fig. 9). Realistically, the appropriate POC:234Th ratio was prob-
ably between 4 and 7 mmol dpm�1 (globally, POC:234Th ratios
tend to fall within this range as well; Buesseler et al., 2006),
which translates to a POC export between 3607120 and
6207200 mg POC m�2 d�1 at 100 m. This export estimate spans
the range of values reported by Buesseler et al. (1992) for a North
Atlantic bloom at 481N. It also agrees both with a model of the
2008 sub-polar spring bloom, which yields POC export of
560 mg m�2 d�1 (W. Bagniewski, submitted), and with an export
estimate of 550 mg m�2 d�1 based on glider optical backscatter
(Briggs et al., in prep.).
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shallow depth, we are unable to constrain this ratio well. The resulting bounds on

export and Teff of a range in POC:234Th ratio from 4 to 7 are marked on the

corresponding y-axes.
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4.3. Transfer efficiency

We can then estimate the transfer efficiency (defined as the
percentage of the export flux that is collected at a particular
depth) of the export event by comparing POC export at 100 m to
the flux in the sediment traps. For this we use the mean POC flux
of D3#600 and D3#750 (154 mg POC m�2 d�1), which we believe
to be most representative of the export event. Transfer efficiency
is also plotted in Fig. 9, using the range of export values based on
234Th. Given a POC:234Th ratio between 4 and 7 mmol dpm�1, the
POC transfer efficiency ranges from 43711% to 2576%.

This transfer efficiency through the mesopelagic is high. In
comparison, a Martin-type flux attenuation from 100 to 700 m, using
F700¼F100(700/100)�0.86 (Martin et al., 1987) would give a transfer
efficiency between 100 and 700 m of 19% (Fi¼flux at depth i metres).
The transfer efficiencies we obtained (25–43%) would correspond to a
Martin-curve b-exponent between �0.71 and �0.43.

This calculation would be compromised if the traps had collected
material derived partly from surface waters adjacent to the bloom
patch. However, as those waters were mostly low in chlorophyll
throughout our study (the region of high-chlorophyll water northeast
of the patch was 40–60 km away), one would then expect the traps to
collect less material than if they collected only particles from inside
the patch, thus underestimating the true flux. In that case, the true
transfer efficiency would be even higher than our estimate.

Our calculation further assumes that the traps collected with
100% efficiency. Although trapping efficiency can be calculated
from the collected flux of natural radionuclides such as 234Th
(Buesseler et al., 2007), the depth difference between traps and
calculated 234Th export is too great in our case to do so reliably.
We do note, however, that there was no major discrepancy in the
234Th fluxes caught by the traps and the fluxes calculated from
the 234Th profiles. Hence we have no particular reason to question
the trap results.

Our data are consistent with the comparison of regional studies
by Buesseler and Boyd (2009), who found that a diatom bloom at
481N in the Atlantic (Buesseler et al., 1992) had the highest
transfer efficiency of the nine studies they examined (based on
the data between 50 and 150 m, and a model down to 500 m).
Our data thus confirm that diatom blooms can lead to large export
and efficient transfer of POC through the mesopelagic.

4.4. Chemical composition of trap samples

The POC:PON ratios were notably low, mostly below the
Redfield ratio of 6.6, and showed no clear increase with depth.
This suggests that the particles were relatively undegraded, as
carbon has a longer remineralization length-scale than nitrogen,
and the POC:PON ratio is often above the Redfield ratio in
sediment trap samples (Schneider et al., 2003).

The Si:POC ratios overall show a clear increase with depth,
which could indicate POC remineralization (Nelson et al., 1996;
Ragueneau et al., 2002). However, the low shallow values were all
from D1 and D2, which caught a different particle pulse to the
later traps. For instance, the D3 and D4 samples contained large
numbers of broken diatom frustules, contributing mostly opal but
little POC, but these were much less common in D1 and D2.

The high celestite fluxes, up to 100 mg m�2 d�1, are not unex-
pected in this region. Acantharian cysts rarely sink below the first
few 100 m, as their mineral shell dissolves (Antia et al., 1993;
Bernstein et al., 1987; Michaels et al., 1995). In the Iceland
Basin, however, Martin et al. (2010) found a particularly large and
fast-sinking type of acantharian cyst (up to 1 mm long; sinking speed
500 m d�1) in sediment traps at 2000 m during spring. The present
study confirms that these cysts sink out annually during spring.
Celestite is the densest oceanic biomineral (3.96 g cm�3), hence one
might speculate whether it ballasts a disproportionate amount of
POC. However, the large, smooth-walled cysts in our samples were
generally not entangled with aggregates. While celestite certainly
increased the density of the cysts themselves (presumably leading to
their high sinking speed), we consider it unlikely that celestite played
a significant role in ballasting other particles. This could be investi-
gated more thoroughly in future using sampling methods that
preserve intact particles, such as polyacrylamide gels (Ebersbach
and Trull, 2008).

The material caught during D3 and D4 was rich in TEP, and
consisted primarily of phytodetritus. This is consistent with Passow
et al. (2001), who found that diatom sedimentation was always
associated with increased TEP sedimentation. It is also consistent
with the hypothesis that TEP are required for particle aggregation
during blooms (Alldredge and Jackson, 1995; Logan et al., 1995;
Passow et al., 1994), as a large flux of phytodetritus should then be
TEP-rich. Production of TEP may actually be an ‘‘overflow’’ mechan-
ism for excess photosynthate produced by cells that are photosynthe-
sising but unable to divide (Engel, 2000; Kahl et al., 2008), as would
happen under silicate-limitation. It is therefore possible that the
export event was triggered by silicate limitation, which increased TEP
production that then led to particle aggregation and sinking.
5. Conclusions

We conclude that a sub-polar North Atlantic diatom bloom led
to substantial export of particulate organic carbon in the form of
phytoplankton aggregates during a sudden export event. These
particles were rich in TEP, and had a high transfer efficiency
through the mesopelagic. We hypothesise that sedimentation of
the bloom occurred because silicate stress of diatoms lead to TEP
production, which promoted aggregation and sinking.
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