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Mesoscale eddies may enhance primary production (PP) in the open ocean by bringing nutrient-rich deep

waters into the euphotic zone, potentially leading to increased transport of particles to depth. This
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a b s t r a c t

hypothesis remains controversial, however, due to a paucity of direct particle export measurements. In this

study, we investigated particle dynamics using 234Th–238U disequilibria within a mesoscale cold-core eddy,

Cyclone Opal, which formed in the lee of the Hawaiian Islands. 234Th samples were collected along two

transects across Cyclone Opal as well as during a time-series within the eddy core during a decaying

diatom bloom. Particulate carbon (PC), particulate nitrogen (PN) and biogenic silica (bSiO2) fluxes at 150 m

varied spatially and temporally within the eddy and strongly depended on the 234Th model formulation

used (e.g., steady state versus non-steady state, inclusion of upwelling, etc.). Particle fluxes estimated from

a steady state model assuming an upwelling rate of 2 m day�1 yielded the best fit to sediment-trap data.

These 234Th-derived particle fluxes ranged from 332714 to 1719753mmol C m�2 day�1, 2773 to

114712mmol N m�2 day�1, and 33720 to 309773mmol Si m�2 day�1. Although PP rates within Cyclone

Opal were elevated by a factor of 2–3, PC and PN fluxes were the same, within error, inside and outside of

Cyclone Opal. The ratio of PC export to PP remained surprisingly low at o0.03 and similar to those

measured in surrounding waters. In contrast, bSiO2 fluxes within the eddy core were three times higher.

Detailed analyses of 234Th depth profiles consistently showed excess 234Th at 100–175 m, associated with

the remineralization and possible accumulation of suspended and dissolved organic matter from the

surface. We suggest that strong microzooplankton grazing facilitated particulate organic matter recycling

and resulted in the export of empty diatom frustules. Thus, while eddies may increase PP, they do not

necessarily increase PC and PN export to deep waters. This may be a general characteristic of wind-driven

cyclonic eddies of the North Pacific Subtropical Gyre and suggests that eddies may preferentially act as a

silica pump, thereby playing an important role in promoting silicic-acid limitation in the region.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Mesoscale eddies are dynamic and ubiquitous features within
marine systems (Cheney and Richardson, 1976; Olson, 1980;
Falkowski et al., 1991; Allen et al., 1996; McGillicuddy and
Robinson, 1997; Dickey et al., 1998; van Haren et al., 2006).
Recent evidence suggests that in the open-ocean, these episodic
phenomena enhance the upwelling of cold, nutrient-rich deep
waters into the euphotic zone, thereby increasing primary
production (PP), potentially altering plankton community struc-
ture, and facilitating carbon export in otherwise nutrient-deficient
waters (Garcon et al., 2001; Sweeney et al., 2003; McGillicuddy
et al., 2007). Current estimates suggest that 10–50% of global new
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PP is caused by eddy-induced nutrient fluxes (Falkowski et al.,
1991; McGillicuddy et al., 1998; Oschlies and Garcon 1998; Siegel
et al., 1999; Letelier et al., 2000). Such a wide range in estimates is
due to the paucity of direct field observations of eddy biogeo-
chemistry (Savidge and Williams, 2001; Bidigare et al., 2003). The
ephemeral nature of most eddies, coupled with their spatial and
temporal variability, makes them difficult to predict and study.
Eddy dynamics constitute a further confounding factor, particu-
larly with regard to biological community structure and resulting
particle formation and export, which likely vary with eddy age
(e.g., Flierl and McGillicuddy, 2002; Haury et al., 1978; Haury,
1984; Woods 1988; Dower and Denman, 2001; Sweeney et al.,
2003).

Wind-induced cold-core cyclonic eddies are conspicuous
oceanographic features that occur off the leeward shores of the
Hawaiian Islands throughout the year, but most frequently during
periods of high trade wind intensity (October–March) (Patzel,
1969; Lumpkin, 1998; Chavanne et al., 2002; Dickey et al., 2008).
These features are characterized by divergent flow at the surface
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that produces localized upwelling of cooler, nutrient-rich deep
waters (Olaizola et al., 1993). Hawaiian lee eddies tend to be of
significant size (�180 km in diameter) and have a typical life-span
of 3–8 months (Patzel, 1969; Lumpkin, 1998). Their regular
formation provides a natural laboratory for investigating eddy-
enhanced biological production and carbon export in an acces-
sible subtropical oligotrophic setting.

Although few in number, several previous studies suggest that
Hawaiian lee eddies are highly productive features. For example,
Falkowski et al. (1991) sampled a 1-month-old cyclonic eddy off
the coast of Hawaii in August 1989 and found a �3.5-fold increase
in PP relative to the adjacent ocean. Most of the PP increase was
attributed to the influx of ‘new’ nitrate into the system from
depth, with the ratio of nitrate-based to total production (f-ratio),
increasing from 0.2 in surrounding waters to 0.8 within the eddy
(Allen et al., 1996). Subsequent studies of other cold-core
Hawaiian lee eddies have also found significant increases in PP,
plankton biomass, and larger organisms, such as the Pacific blue
marlin (Seki et al., 2001; Bidigare et al., 2003).

In this study, the disequilibrium between 234Th and its parent,
238U was used to quantify the export of particles derived from a
biologically mature eddy, Cyclone Opal. 234Th is produced by the
radioactive decay of 238U (t1/2 ¼ 4.47�109 years). Since 234Th is
highly particle reactive and has a half-life of 24.1 days, the
disequilibrium between its soluble parent, 238U, and the measured
234Th activity provides an estimate of the net rate of particle
export from the upper ocean on time scales of days to weeks
(Buesseler, 1998). Thus 234Th enables one to examine particle
export over the preceding 4–6 weeks, allowing us to examine
particle fluxes that have taken place since eddy formation.
2. Methods

2.1. Study site and sample collection

Cyclone Opal was sampled from March 10–28, 2005 (E-Flux III)
on board the R/V Wecoma in the lee of the island of Hawaii
(Fig. 1A, also see Dickey et al., 2008). Cyclone Opal appeared in
moderate resolution imaging spectroradiometer (MODIS) and
geostationary operational environmental satellites (GOES) ima-
gery between February 18 and 25, 2005 at approximately 20.301N,
156.301W, southwest of the ‘Alenuihaha Channel (Nencioli et al.,
2008). Spanning �220 km, Cyclone Opal moved rapidly southward
by �165 km during the sampling period with an overall average
displacement speed of �8 km d�1. This fast movement, coupled
with the small �40 km size of the eddy core (characterized by
enhanced biomass, and shallow mixed-layer depth (MLD)) made
sampling difficult (Fig. 1A). Samples across Cyclone Opal from
E-Flux III Transect 3 (herein referred to as 234Th sampling Transect
1) were collected on March 13, 2005, when the approximate
location of the eddy-center was between stations EF-18 and EF-21
(Fig. 1B). The shoaling of the isopycnal lines is used here as a direct
reflection of upwelling intensity (Fig. 2). The gradual deepening of
isopycnal lines is indicative of the decrease in upwelling intensity
from the center towards the eddy edge. Sampling during E-Flux III
Transect 6 (herein referred to as 234Th sampling Transect 2) was
conducted on March 22, 2005 from within the center of the eddy
towards the surrounding waters (Fig. 1B). Time-series 234Th
sampling within the eddy core was conducted over a 6-day
period from March 16–21, 2005 (IN stations). Both in situ

measurements (ADCP, SST, MLD) and satellite imagery suggested
that sampling was maintained within the eddy core during the
course of the time-series measurements (Dickey et al., 2008).
Control or OUT stations were sampled to the west of the island of
Maui, in a region well removed from the eddy flow field (Fig. 1B).
Profiles of total 234Th were collected from 21 separate casts
using a CTD rosette with 10-L Niskin-like bottles. Sample depths
ranged from 0 to 400 m during the transects, and from 0 to 1000 m
at each IN and OUT station. Samples for particulate 234Th,
particulate carbon (PC), particulate nitrogen (PN), and biogenic
silica (bSiO2) were collected with a large-volume, in situ pump
deployed below the mixed layer at 150 m. Pump samples
consisted of �300 L of seawater passed at 7 L min�1 sequentially
through 142-mm-diameter 53- and 10-mm mesh nitex screens,
followed by a 1-mm pore size micro-quartz filter (QMA). Nitex
screens were rinsed onto 25-mm-diameter silver filters and the
entire sample was analyzed for PC, PN, and bSiO2 after 234Th
analysis. Additional samples were collected using particle inter-
ceptor sediment traps (PITs) deployed for a minimum of 3 days
inside and outside of the eddy at 150 m following the methods
described by Karl et al. (1991) and Rii et al. (2008). The majority
(�1.75 L) of three separate sediment-trap sample tubes were
filtered onto 25-mm GF/F pre-combusted filters for PC and PN
analyses. A portion of the remaining three sediment-trap tubes
(250 mL) were combined and filtered onto 25-mm 0.8-mm
polycarbonate membranes for bSiO2. Three blanks (2 L of the
unused brine fill solution) were filtered using the exact same
method.

2.2. 234Th analyses

All sediment-trap samples used for PC and PN analysis were
directly counted for 234Th activity using the methods described by
Buesseler et al. (1995). All water-column total 234Th samples were
processed using the 4-L manganese oxide co-precipitation
technique described in detail by Pike et al. (2005) and Rutgers
van der Loeff et al. (2006). In situ pump samples were collected
and processed according to the techniques described by Buesseler
et al. (1998, 2001, 2005). All particulate and total 234Th samples
were counted directly on a five sample gas-flow proportional low-
level RISØ beta counter for at least 12 h or until counting errors
were o3%. Samples were then recounted after 4150 days (�6 half
lives) since collection to precisely determine background count
rates, which averaged 0.5170.05 cpm. The detector was calibrated
for each cruise with 43000 m deep-water samples (assumed to
be in radioactive equilibrium), collected from five different bottles
within a cast (n ¼ 3). Replicate deep-water samples varied by less
than 5% between casts and other E-Flux cruises. Detector
calibration for the stacked QMA and particulate samples was
determined by using known 234Th activities in the same sample
geometries (Buesseler et al., 1998, 2001). After recounting samples
for background activities, total 234Th samples were purified using
ion exchange chemistry. Recovery of the added 230Th yield
monitor was quantified by inductively coupled plasma-mass
spectroscopy with addition of a 229Th internal standard (Pike
et al., 2005; Rutgers van der Loeff et al., 2006). Corrections were
applied to 234Th activities based on the 230Th recovery for each
sample, which averaged 0.8970.06. All data are decay corrected
to the time of collection and reported with a propagated error that
includes uncertainties associated with sampling, counting, and
other calibration errors.

2.3. PC, PN and bSiO2 analyses

Following 234Th analysis, sediment-trap and pump sample
filters were analyzed for PC and PN using a Perkin-Elmer CHN
analyzer according to the Hawaii Ocean Time-series (HOT)
protocol, which does not include fuming with HCl or distilled
water rinsing pretreatments (Karl et al., 1991). The 25-mm silver
filter samples were weighed, cut in half, and reweighed, with half
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Fig. 1. (A) Spatial and temporal location of the eddy center as derived from GOES SST imagery prior to March 10th (courtesy of Carrie Leonard), and thereafter using

shipboard SST and ADCP (Dickey et al., 2008). (B) Location of 234Th sampling stations from where 234Th samples were collected.
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of the filter analyzed for PC and PN. The 142-mm QMA pump
filters were subsampled into 8-mm-diameter circles using a
stainless steel cutter. A set of three 8-mm circles were then
combined and three sets were analyzed for PC and PN. The
remaining half of the silver filters were cut into quarters and
reweighed. bSiO2 was then extracted from the duplicate (1/4)
silver filters following the Na2CO3 digestion method outlined by
DeMaster (1981) and dissolved Si measured by Hansen and
Koroleff (1999). bSiO2 was not measured on the QMA filters from
the in situ pumps because of the high Si blanks associated with
these filters.

2.4. Calculating 234Th-based particle flux

The export flux of 234Th at a particular oceanic depth can be
estimated by solving the following activity balance equation for
total 234Th in the ocean (Buesseler et al., 1992; Cochran et al.,
1995; Savoye et al., 2006):

dATh

dt
¼ AUlTh � AThlTh � PTh þ V , (1)

where dATh/dt is the non-steady state (NSS) term and reflects
changes in total 234Th activity with time, AU is the 238U activity
determined from salinity (238U dpm L�1

¼ 0.0686� salinity�den-
sity; Chen et al., 1986), ATh is the measured activity of total 234Th,
lTh is the decay constant for 234Th ( ¼ 0.0288 d�1), PTh is the net
removal flux of 234Th on particles, and V represents the sum of
advective and diffusive processes (Buesseler et al., 1992; Savoye
et al., 2006). In most open-ocean regimes, steady state (SS) is
assumed (dATh/dt ¼ 0) and advection and diffusion considered
minimal (V ¼ 0) (Savoye et al., 2006). Within wind-driven cyclonic
eddies, however, both of these assumptions need to be tested.
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Fig. 2. Depth versus density profile of the water-column along (A) Transect 1 and (B) Transect 2. The bold line represents the sT ¼ 24 kg m�3 isopycnal density surface with

contour intervals of 0.2s.
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Upwelling is a significant process, at least during initial eddy
formation. Once the eddy is removed from the wind driven flow
field, vertical velocities should decrease to near negligible values
(Nencioli et al., 2008). Within Cyclone Opal, physical measurements
suggest that the eddy remained a closed system above the upper
70 m prior to measurement (Nencioli et al., 2008). Below 70 m,
however, Nencioli et al. (2008) suggest that Cyclone Opal may have
behaved as an open system, with continuous exchange between
deeper waters, particularly over the time period when Cyclone Opal

moved rapidly south (March 11–13). Upwelling of 234Th-rich deep
waters would result in a decrease in the absolute deficiency of
234Th relative to 238U. In other words, the calculated export flux of
234Th from the water-column would be underestimated (Savoye
et al., 2006). To test the effect of vertical advection, or upwelling,
Eq. (1) was rewritten as follows, assuming SS:

PTh ¼ lThðAU � AThÞ þw
qATh

qz
, (2)

where w is the upwelling velocity and qATh/qz is the vertical
gradient in 234Th activity. The vertical 234Th gradient, qATh/qz, is
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estimated from the 234Th activity within a given layer and the
activity from the base of this layer (Buesseler et al., 1995; Murray
et al., 1996; Bacon et al., 1996). No other physical mixing terms (e.g.,
horizontal advection and diffusion or vertical diffusion) were
included.

During the time-series occupation of Cyclone Opal, there was a
significant decrease in chlorophyll a (chl a) concentrations and a
rapid transition in community structure from diatoms to smaller
organisms (Brown et al., 2008; Rii et al., 2008), suggesting that the
system was not in SS. Therefore, temporal changes in 234Th
activity must also be included (dATh/dt in Eq. (1)), as a negative
NSS term results in an overestimation of the 234Th flux and vice
versa.

In this study, we tested three models for determining the
234Th flux within Cyclone Opal: (1) SS and no physical effects
(dATh/dt ¼ V ¼ 0), (2) SS and the inclusion of upwelling (wqATh/qz),
and (3) NSS (dATh/dt 6¼0) and no physical effects (V ¼ 0). We also
tested a fourth method for determining 234Th fluxes that is based
on the 234Th directly measured within sediment traps as opposed
to the 234Th:238U disequilibria measured in the water-column (i.e.,
model 1). An important distinction between the water-column
and the sediment-trap-derived 234Th fluxes is the time scale over
which these two types of measurements pertain. While the
former represents a flux integrated over a time interval of 4–6
weeks, the latter represents the flux integrated only over the time
period in which the sediment traps are deployed (days).
Furthermore, upper-ocean sediment traps have been known to
suffer from artifacts associated with hydrodynamic effects causing
them to both over- an under-collect sinking material (Buesseler,
1991; Buesseler et al., 2007).

Once the 234Th flux is determined, the export flux of PC, PN,
bSiO2 or any other constituent can be calculated by using the
empirical relationship between a given constituent, X, and
particulate 234Th as follows:

ðPXÞz ¼ ðPThÞz �
X

234Th

� �
i;z

. (3)

Here (PTh)z is the depth integrated 234Th flux to the lower
boundary depth, ‘‘z’’, and (X/234Th)i,z is the X/234Th ratio measured
in sinking particles of size ‘‘i’’ and collected at depth ‘‘z’’. (PX)z is
thus the particle flux of a given element X. The key is to measure
the X/234Th at the base of the depth interval of interest and to use
it with the integrated 234Th disequilibrium flux data determined
over the same depth interval (Buesseler et al., 2006; Benitez-
Nelson and Charette, 2004). For the present study, all export
fluxes are calculated at 150 m to compare with sediment traps and
the particle fluxes measured at the nearby HOT site (Karl et al.,
1996). The elemental ratios of PC, PN and bSiO2 to 234Th are
derived from size-fractionated samples collected by large volume
in situ pumps and sediment traps deployed at 150 m. Due to time
constraints, pump samples were only collected from Transect 2
and IN and OUT stations.
3. Results

3.1. Transects 234Th

Total 234Th activities varied both with depth and station
location and ranged from 1.93 to 2.75 dpm L�1. In general, largest
234Th:238U disequilibria occurred in the upper 100 m, coincident
with the depth of the deep total chl a maximum (DCM),
suggesting that this region was where particle formation and
sinking rates were highest. Activities greater than secular
equilibrium were typically found at 150–200 m and were
attributed to particle remineralization. During Transects 1 and 2,
samples were collected along the isopycnal density surface of
sT ¼ 24.0 kg m�3 as it followed the MLD most closely, which
varied from 130 to 26 m during Transect 1 and from 56 to 130 m
during Transect 2. Here, MLD is defined as the depth at which
seawater temperature is 1 1C less than the temperature at 10 m,
following the convention used in Benitez-Nelson et al. (2007) and
other companion papers (e.g., Dickey et al., 2008; Nencioli et al.,
2008). Although above the depth of the DCM, typically located
between sT ¼ 24.2 and 24.4 kg m�3 (Rii et al., 2008), there is an
excellent correlation between 234Th deficiency (238U–234Th) and
the 234Th/238U ratio with the sT ¼ 24.0 kg m�3 isopycnal surface
during both transects (Transect 1: r2

¼ 0.90, po0.001; Transect 2:
r2
¼ 0.95, po0.001, Fig. 3). This suggests that 234Th scavenging

increases with the shoaling of isopycnals and associated influx of
nutrients into the euphotic zone.

234Th fluxes along each transect were determined over
the upper 150 m using Eq. (1) and assuming SS and ignoring
physical processes, such as advection and diffusion. Maximum
234Th export fluxes along Transect 1 occurred at Station
EF-16 (14327156 dpm m�2 d�1) followed by Station EF-18
(10507140 dpm m�2 d�1), with the other stations generally
having 234Th fluxes similar in magnitude to those measured at
the OUT Stations (Fig. 4A, Table 1). These high fluxes were to the
northeast of the eddy core located at EF-21 (as identified by
shallowing of the sT ¼ 24.0 kg m�3 isopycnal surface), and may be
due to eddy movement prior to sampling. The center of Cyclone
Opal remained situated for several weeks in close proximity to EF-
16 and EF-18, before moving rapidly southward during Transect 1
sampling. While the sT ¼ 24.0 kg m�3 records the instantaneous
center of the eddy, 234Th:238U disequilibria integrates over several
weeks. Therefore, higher fluxes to the north of the eddy core may
reflect an earlier export event and is consistent with the leaky
bottom hypothesis proposed by Nencioli et al. (2008) who
suggested that an export signature may have been left behind in
the wake of the eddy based on low oxygen and chl a concentra-
tions. During Transect 2, there is a gradual decrease in
234Th export from the center of Cyclone Opal, Station EF-97
(9317136 m�2 d�1) towards surrounding waters, Station EF-103
(1497100 dpm m�2 d�1) (Fig. 4B).
3.2. Process station time-series 234Th

Six water-column 234Th profiles were collected over a period of
1 week (March 16–21) within the center of Cyclone Opal. Total
234Th activities varied both temporally and spatially, ranging from
1.97 to 2.82 dpm L�1. Similar to the transects, largest 234Th:238U
disequilibria typically occurred in the upper 100 m while activities
greater than secular equilibrium were found at 100–175 m due to
particle remineralization and possible accumulation of dissolved
and particulate organic matter from surface waters. We used the
four approaches discussed in Section 2.4 to determine the 234Th
flux at 150 m and assess the underlying assumptions of SS and the
effects of advection and diffusion.

Assuming SS and ignoring advection and diffusion, we
calculated the 234Th flux at 150 m using total water-column
234Th activities measured at all six IN stations. Fluxes varied
substantially with time, ranging from 237 to 1141 dpm m�2 d�1

with an average flux of 5907295 dpm m�2 d�1 (Fig. 5). For
comparison, the average flux of 234Th estimated using the 234Th
captured in the sediment traps deployed during the first five IN
stations was significantly higher, 1028748 dpm m�2 d�1.

In most 234Th flux calculations, physical transport processes
are often assumed to be negligible. However, cyclonic mesoscale
eddies have significant upwelling within the eddy center, at
least during initial formation. As a result, a sensitivity test was
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conducted in order to understand the effect of continuous
upwelling on 234Th export fluxes. Dickey et al. (2008) used the
spatial wind vector field distribution derived from QuikScat data
collected during E-Flux III to compute upwelling and downwelling
velocities via Ekman pumping. They found that during trade wind
conditions, strong upwelling patterns are generated with values
reaching a maximum of 1.5–2.5 m d�1 just downwind of the
‘Alenuihaha Channel, where the formation of Hawaiian lee eddies
typically occurs. Therefore, we used upwelling velocities of 1.0,
2.0, and 3.0 m d�1 to determine the effect of upwelling on
the 234Th fluxes within the core of Cyclone Opal. Assuming that
the upwelling intensity remained the same for all six IN stations
and that there is negligible horizontal advection (which is
probably true for eddy center), we determined that 234Th export
fluxes increased by as much as five-fold, depending on the
upwelling velocity used (Table 1). This effect is most pronounced
for IN-4 and is minimal for IN-6, due to changes in the vertical
depth gradient of 234Th. The average 234Th fluxes for all six IN
stations are 8287450, 10927617 and 13567804 dpm m�2 d�1 for
upwelling velocities of 1, 2, and 3 m d�1, respectively. An
upwelling velocity of 2 m d�1 results in a 234Th flux of similar
magnitude to that directly measured in the sediment-trap, which
is 1028748 dpm m�2 d�1.
In order to understand the influence of the NSS term (dATh/dt),
we first calculated the depth-weighted average total 234Th
activities (dpm L�1) over the upper 150 m for all IN stations
(Fig. 6). Average 234Th activities show no significant change over
time (within errors) from IN-1 to IN-4. After IN-4, however, there
is a substantial decrease in 234Th activity, probably in response
to the decrease in chl a concentration between IN-3 and IN-4
(Fig. 7A). To calculate the NSS component across the transition
from IN-4 to IN-5, we separated the time-series sampling into two
time periods: the average 234Th activity from IN-1 to IN-4
(2.4070.03 dpm L�1) and the average 234Th activity from IN-5
to IN-6 (2.2670.07 dpm L�1). The NSS component was calculated
to be 660073600 dpm m�2 d�1, substantially larger than the
average SS, no upwelling model flux of 3767125 dpm m�2 d�1

determined over IN-1 to IN-4, and the average flux of
9427282 dpm m�2 d�1 over IN-5 and IN-6. Although this exercise
stresses the importance of the NSS term in particle flux models,
the large errors associated with this calculation (450% error
associated with NSS term) and the sensitivity of the NSS model to
short time periods (days), suggested that the NSS model could not
be meaningfully used in the present study. A similar conclusion
was reached by Savoye et al. (2006), who suggested that stations
should only be reoccupied after a delay of at least 1–2 weeks to



ARTICLE IN PRESS

Transect 2

149152

432

931

0

300

600

900

1200

1500

EF-97
Stations

0

25

50

75

100

125

150

175

D
ep

th
 o

f s
ig

m
a-

T 
= 

24
 (m

)

234Th

sigma-T = 24

Transect 1

735

1432

1050

643

905

0

300

600

900

1200

1500

EF-14
Stations

0

25

50

75

100

125

150

175

D
ep

th
 o

f s
ig

m
a-

T 
= 

24
 (m

)

234Th

sigma-T = 24

EF-16 EF-18 EF-22EF-21 EF-24

EF-99 EF-101 EF-103

23
4 T

h 
flu

x 
(d

pm
 m

-2
 d

-1
)

23
4 T

h 
flu

x 
(d

pm
 m

-2
 d

-1
)

713

Fig. 4. 234Th-derived fluxes at 150 m using a SS model and assuming no physical processes for (A) Transect 1 and (B) Transect 2.
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minimize model sensitivity and to avoid issues associated with
patchiness that often occur during plankton blooms. Thus the
present scenario highlights the importance of reoccupying
stations and the limitation of assuming a SS model when the
NSS component may be the largest term in Eq. (1).
3.3. Variability in PC (PN and bSiO2)/234Th ratio

In order to translate 234Th fluxes into PC, PN and bSiO2 export,
the PC (and PN and bSiO2)/234Th ratio of the sinking particles must
be measured. In this study, in situ pump samples were collected at
150 m depth using three different size fractions from each station
along Transect 2 and at all IN and OUT stations (Table 2). sediment-
trap PC (and PN and bSiO2)/234Th ratios were only obtained at
IN and OUT stations. Along Transect 2, the C/234Th ratios on
the X53-mm size fraction showed a gradual decrease from
1.9770.06mmol C dpm�1 as one moved from the center of Cyclone
Opal to the outer edge. The bSiO2/234Th ratio showed a similar trend,
decreasing from 0.3370.07 to 0.1070.02mmol Si dpm�1. For the six
IN stations, the C/234Th ratio on the X53-mm fraction varied from
1.22 to 1.88mmol C dpm�1, which is similar to the average C/234Th
ratio of 1.5070.04mmol dpm�1 measured within the sediment
traps, suggesting that the large particles sampled with the pumps
are representative of sinking particles. The C/234Th ratio observed in
the 1- to 10-mm and o1-mm size fractions are for the most part
lower than the X53-mm size fraction (Fig. 7B; Table 2). This trend is
similar to that observed at HOT (Benitez-Nelson et al., 2001) and the
Arabian Sea (Buesseler et al., 1998).

The PC (and N and bSiO2)/234Th ratios of different size fractions
collected by the in situ pump at 150 m show large temporal
variability (Fig. 7B–D), with PC (and PN and bSiO2)/234Th ratios
varying the most in the large, X53-mm size class, where
community changes were greatest (Fig. 7B and C; Table 2). No
clear trends in elemental/234Th ratios with time or 234Th flux were
observed despite rapid changes in community structure asso-
ciated with an 80% decrease in diatom biomass (Fig. 7A; Rii et al.,
2008; Brown et al., 2008). On average, the bSiO2/234Th ratio on the
X53-mm size particles within Cyclone Opal was �15% higher
(0.2270.06) than in surrounding waters (0.1970.02), whereas the
PC (and PN)/234Th ratio remained the same (Table 2).

Microscope images of sediment-trap material indicate that the
particle flux was dominated by empty frustules of large centric
and smaller pennate diatoms, consistent with the rapid decline in
diatom biomass observed in the surface waters (Rii et al., 2008;
Brown et al., 2008). As a result the bSiO2/C molar ratio of
trap material decreased by a factor of 3, from 0.2870.02
to 0.0770.01 inside versus outside the eddy (Rii et al., 2008).
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Table 1
Measured and modeled 234Th fluxes for all stations

Station 234Th flux

(no upwelling)

(dpm m�2 d�1)

234Th flux

(1 m d�1

upwelling)

(dpm m�2 d�1)

234Th flux

(2 m d�1

upwelling)

(dpm m�2 d�1)

234Th flux

(3 m d�1

upwelling)

(dpm m�2 d�1)

Transect 1

EF-14 7357142

EF-16 14327156

EF-18 10507140

EF-21 6437135

EF-22 7137106

EF-24 9057125

Center

IN-1 5297139 10417273 15547408 20677543

IN-2 3227146 4037184 4857221 5667255

IN-3 4147147 5197181 6257220 7307259

IN-4 2377110 5837314 9307514 12767753

IN-5 11427140 16237198 21047257 25857317

IN-6 7427147 7997158 8557169 9127181

Average

IN

5647333 8287450 10927617 13567804

Sediment-

trap

1028748

Transect 2

EF-97 9317136

EF-99 4327150

EF-101 1527101

EF-103 1497100

OUT

OUT-1 5177156

OUT-3 5267165

OUT-3 5347161

Sediment-

trap

525734

Note that no 234Th profiles were collected at IN-7.
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Fig. 5. Variability in 234Th flux at the eddy center using a NSS model with

upwelling rates ranging from 0 to 3 m d�1.
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The bSiO2/C ratio for X53-mm samples collected via the in situ

pumps increased from 0.1170.02 to 0.1870.04 towards the end of
the time-series, with an average bSiO2/C ratio of 0.1570.03.
Outside Cyclone Opal, the average bSiO2/C ratio for X53-mm
pump samples is a factor of 2 lower, 0.0870.01. This is not
surprising given the fact that large diatoms comprised most of the
biomass observed at the eddy center, whereas communities at the
OUT stations were dominated (480%) by smaller autotrophs
(o10 mm cells), such as prymnesiophytes, pelagophytes and
Prochlorococcus spp.

3.4. PC, PN and bSiO2 fluxes

During Transect 2, the SS flux of PC, PN, and bSiO2, decreased from
18377274mmol C m�2 d�1, 145726mmol N m�2 d�1, and 3067
76mmol Si m�2 d�1 at the core of Cyclone Opal to 2077139mmol
C m�2 d�1, 18711mmol N m�2 d�1, and 1479mmol Si m�2 d�1 in
surrounding waters (Fig. 8, Table 3). For the six IN stations at the
eddy center, PC, PN and bSiO2 fluxes over the upper 150 m were
determined using both the PC (PN and bSiO2)/234Th of the X53-mm
size fraction and the PC (PN and bSiO2)/234Th ratio determined from
the sediment traps. The PC export flux determined using the pump
samples and the water-column-derived 234Th export ranged from
3327196 to 17197217mmol C m�2 d�1 (Fig. 9), with an average of
9687570mmol C m�2 d�1 for all five IN stations (assuming no
upwelling), similar to the 8867444mmol C m�2 d�1 calculated using
the sediment-trap PC/234Th ratio (Fig. 10). This is substantially less,
however, than the PC fluxes determined directly from the sediment
traps of 15447112mmol C m�2 d�1. When upwelling rates of 1 and
2 m d�1 are included in the water-column-derived 234Th fluxes,
PC fluxes increase to an average value of 13577584 and
17267758mmol C m�2 d�1, respectively. At the OUT stations, water-
column 234Th and sediment-trap-derived PC fluxes are calculated to
be 845785 and 15227201mmol C m�2 d�1, respectively (Fig. 10,
Table 3).

The modeled PN export flux varies between 27716 and
114718mmol N m�2 d�1 (Fig. 9), with an average of 66738 mmol
N m�2 d�1 for all five IN stations (assuming no upwelling), again
similar to the 85743mmol N m�2 d�1 determined using the
sediment-trap N/234Th ratio (Fig. 10). The sediment-trap PN flux
is almost a factor of 2 higher, 149714mmol N m�2 d�1. Increasing
the water-column 234Th flux by including upwelling increases, the
PN export to 98737 and 124747 mmol N m�2 d�1 for upwelling
velocities of 1 and 2 m d�1, respectively. The average PN flux at the
OUT stations ranged from 54710 mmol N m�2 d�1 based on water-
column 234Th to 160722mmol N m�2 d�1 using the sediment
traps.

The bSiO2 flux from all five IN stations varied substantially
more than either the PC or the PN fluxes due to the rapid change
in the bSiO2/234Th ratio with time (Fig. 9). Fluxes of bSiO2 derived
from water-column 234Th and pump bSiO2/234Th ratios ranged
from a minimum of 33720mmol Si m�2 d�1 at station IN-4 to a
maximum of 309773 mmol Si m�2 d�1 just 1 day later at station
IN-5, immediately following the crash in the diatom bloom. The
average bSiO2 flux for all IN stations was 1457110 mmol m�2 d�1, a
factor of 4 less than that measured directly in the sediment traps,
427734 mmol Si m�2 d�1, but almost 60% higher than the
116759mmol Si m�2 d�1 determined using a sediment-trap
bSiO2/234Th ratio (Fig. 10). Unlike PC and PN, inclusion of an
upwelling term did not close the gap, and bSiO2 fluxes remained a
factor of 2 lower than the sediment trap estimates at 2157127
and 2677159 mmol Si m�2 d�1 for upwelling rates of 1 and
2 m d�1, respectively. This may be partly due to timescale, as
234Th-based bSiO2 fluxes at the eddy center are averaged from day
1 to day 6 (no day 2 data available), while the sediment-trap-
derived fluxes are integrated from day 2 to day 7 and there is an
increase in bSiO2 fluxes towards the end of the time-series after
day 4 (Fig. 9). Some of this difference also may be due to a missing
NSS component towards the end of the time-series that remains
poorly quantified. The OUT stations, however, show a smaller
difference between trap-derived and water-column 234Th-derived
bSiO2 flux estimates relative to the PC and PN fluxes, 111764 and
100713mmol Si m�2 d�1, respectively.
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Fig. 6. Integrated 234Th activity over 0–150 m for IN-1 to IN-6. Black squares represent the average 234Th activity over IN-1 to IN-4 and IN-5 to IN-6. The change of 234Th

activity over time is calculated to be �0.044 dpm L�1 d�1.
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Table 2
PC/234Th, PN/234Th and bSiO2/234Th ratios of samples from the in situ pumps

Station type Filter (mm) PC/234Th

(mmol dpm�1)

Error (7)

(mmol dpm�1)

PN/234Th

(mmol dpm�1)

Error (7)

(mmol dpm�1)

bSiO2/234Th

(mmol dpm�1)

Error (7)

(mmol dpm�1)

Center

IN-1 53 1.22 0.03 0.09 0.01 0.15 0.03

10 1.13 0.02 0.08 0.01 0.08 0.02

1 1.53 0.05 0.10 0.01

IN-3 53 1.81 0.04 0.11 0.01 0.24 0.05

10 1.18 0.03 0.09 0.01 0.12 0.02

1 1.20 0.04 0.12 0.01

IN-4 53 1.40 0.04 0.11 0.01 0.14 0.03

10 1.39 0.04 0.11 0.01 0.07 0.01

1 1.16 0.03 0.14 0.01

IN-5 53 1.51 0.04 0.10 0.01 0.27 0.05

10 1.33 0.03 0.10 0.01 0.11 0.02

1 1.11 0.03 0.12 0.01

IN-6 53 1.88 0.07 0.13 0.01 0.27 0.05

10 1.34 0.04 0.10 0.01 0.12 0.02

1 1.36 0.04 0.15 0.02

IN-7 53 1.46 0.05 0.13 0.01 0.27 0.05

10 1.32 0.04 0.11 0.01 0.11 0.04

1 1.07 0.03 0.12 0.01

Average IN 53 1.55 0.27 0.11 0.02 0.22 0.06

10 1.28 0.10 0.10 0.01 0.10 0.02

1 1.24 0.17 0.12 0.02

Sediment-trap 1.50 0.04 0.14 0.01 0.40 0.02

Transect 2

EF-97 53 1.97 0.06 0.15 0.02 0.33 0.07

10 1.09 0.03 0.09 0.01 0.08 0.02

1 1.25 0.03 0.13 0.01

EF-99 53 1.37 0.04 0.09 0.01 0.12 0.02

10 1.59 0.04 0.14 0.01 0.06 0.01

1 1.80 0.05 0.24 0.02

EF-101 53 1.14 0.03 0.08 0.01 0.10 0.02

10 0.60 0.01 0.05 0.01 0.02 0.01

1 1.93 0.06 0.25 0.03

EF-103 53 1.39 0.05 0.12 0.01 0.10 0.02

10 1.37 0.04 0.13 0.01 0.08 0.01

1 2.32 0.07 0.37 0.04

OUT

OUT-1 53 1.45 0.05 0.12 0.01 0.17 0.03

10 1.63 0.05 0.13 0.01 0.13 0.03

1 1.49 0.04 0.21 0.02

OUT-2 53 1.59 0.06 0.11 0.01 No Data

10 1.63 0.05 0.15 0.02 No Data

1 1.27 0.03 0.15 0.01

OUT-3 53 1.77 0.09 0.08 0.01 0.21 0.04

10 1.35 0.04 0.13 0.01 0.10 0.02

1 1.69 0.05 0.19 0.02

Average OUT 53 1.61 0.16 0.10 0.02 0.19 0.02

10 1.54 0.16 0.14 0.02 0.12 0.02

1 1.48 0.21 0.18 0.03

Sediment-trap 2.69 0.09 0.28 0.01 0.20 0.01

Note that no pump samples were collected at IN-2.

K. Maiti et al. / Deep-Sea Research II 55 (2008) 1445–14601454



ARTICLE IN PRESS

Particle export along Transect 2
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Fig. 8. Observed PC, PN, and bSiO2 fluxes derived using a SS 234Th model along

Transect 2 measured at 150 m.

Table 3
Measured and modeled particle fluxes for all stations

Station Upwelling

rate

(m d�1)

PC flux

(mmol C m�2 d�1)

PN flux

(mmol N m�2 d�1)

bSiO2 flux

(mmol Si m�2 d�1)

Center

IN-1 0 6457170 46713 82727

1 12707335 90725 162753

2 18957335 135738 241780

3 25217666 179750 3217106

IN-3 0 7507267 46717 100741

1 9407335 57721 126751

2 11317402 69725 151762

3 13227470 81730 177772

IN-4 0 3327196 27716 33720

1 8177483 67740 81750

2 13017769 107764 129780

3 178671055 147788 1777111

IN-5 0 17197217 114718 309773

1 24437308 163726 4397103

2 31677300 211734 5697134

3 38927491 259741 7007165

IN-6 0 13967281 100722 202757

1 15027302 108724 218762

2 16087324 116726 233768

3 17147345 123728 248770

Sediment-

trap

15447112 149714 427734

Transect 2

EF-97 0 18377274 145726 306776

EF-99 0 5937207 41715 53721

EF-101 0 1737114 1278 1579

EF-103 0 2077139 18711 1479

OUT

OUT-1 0 7647241 63721 91734

OUT-2 0 8397265 56718 No data

OUT-3 0 9337297 43714 109741

Sediment-

trap

15227201 160722 111764
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4. Discussion

4.1. Biological composition of Cyclone Opal

Mesoscale eddies are dynamic features that may undergo rapid
biological evolution (community composition, size structure and
trophic interactions) over time (Falkowski et al., 1991; Allen et al.,
1996; McGillicuddy and Robinson, 1997; Dickey et al., 1998). This in
turn may drive the magnitude and composition of the particle flux
(Sweeney et al., 2003; McGillicuddy et al., 2007). In this study, we
had the opportunity to examine the composition and flux of
particles from a large wind-driven cold-core eddy, Cyclone Opal,
during the decay of a massive diatom bloom (Rii et al., 2008; Landry
et al., 2008a; Brown et al., 2008). Cyclone Opal first appeared in
satellite imagery between February 18 and 25, 2005, indicating that
it was least 4–5 weeks old by the time of our study period.

The biological community within the core of Cyclone Opal was
vertically heterogeneous. The upper mixed layer (�40 m) was
dominated by the cyanobacteria, Prochlorococcus and Synechococ-

cus spp. (0.2–2mm in size), similar to that of surrounding waters.
Chl a concentrations were only slightly elevated (Brown et al.,
2008). Growth rates of Prochlorococcus spp., and other small
phytoplankton, such as prymnesiophytes and pelagophytes,
however, were significantly elevated by a factor of two. Just below
the depth of the mixed layer (50–60 m), low diatom growth rates
were consistent with the observation of senescent diatoms and
empty frustules (Brown et al., 2008). Microzooplankton grazing
rates remained in balance with diatom growth throughout the
upper 60 m (Landry et al., 2008a).

Within the DCM (60–80 m), initial sampling showed the
presence of large chain-forming diatoms comprising �80% of a
total biomass that was 100 times greater than surrounding waters
(Brown et al., 2008). More than 50% of this diatom biomass was
due to diatoms 418mm in diameter based on size-fractionated
pigment analyses (Rii et al., 2008). During the course of the 7-day
time-series sampling, however, daily observations of the DCM
showed a 80% decrease in diatom biomass and a 70% decrease in
the diatom biomarker, fucoxanthin beginning on day 3 (Rii et al.,
2008). Total chl a concentrations decreased from over 1 to
0.5 mg m�3 on day 4 (Fig. 6A, Rii et al., 2008). During this period,
the diatom assemblage transitioned from larger centric diatoms,
Chaetoceros and Rhizosolenia genera to lightly silicified Hemialius

and Mastogloia, and there was a relative increase in smaller
autotrophs, particularly Prochlorococcus spp. (Rii et al., 2008;
Brown et al., 2008). The decline in diatom biomass was mainly
attributed to the drawdown of silicic-acid below detection limits
at the eddy center (Rii et al., 2008).

Large (450 mm) ciliates and heterotrophic dinoflagellates were
nearly three times higher than ambient biomass levels within the
DCM (Landry et al., 2008a). Mesozooplankton biomass (40.2 mm)
was significantly elevated within Cyclone Opal by a factor of �1.8
with the majority of mesozooplankton grazing occurring in the
smaller size classes (0.2–2 mm) (Landry et al., 2008b). We should
note here that it is possible that some of the observed temporal
variability in biological community may have been due to
patchiness in sampling, even though great care was taken to stay
within the eddy center (Nencioli et al., 2008).

4.2. Estimate of particle fluxes

In order to characterize the impact of Cyclone Opal’s high
biomass, production, and community structure on particle export,
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we used 234Th measurements in combination with several models
that included the effects of physical upwelling and non-steady
state processes, as well as collection method (e.g., sediment-trap
versus water-column 234Th:238U disequilibria). Our results sug-
gest that, within the eddy core, 234Th fluxes determined using a SS
model with a 2 m d�1 upwelling rate, generally best match the
sediment-trap-based 234Th flux measurements. It must be noted,
however, that the accuracy of the particle flux is still in question
as both sediment traps and 234Th-based methods have their
limitations. The assumption of SS is likely invalid, particularly
towards the end of the time-series sampling. Large errors
associated with the NSS term, however, precluded further use in
this study. Inclusion of an upwelling term, provides a better
comparison to 234Th fluxes determined using sediment traps, but
it is likely that applying a constant upwelling parameter
throughout the time-series is inappropriate. Upper-ocean sedi-
ment traps, on the other hand, suffer from a range of collection
and sampling biases (Buesseler, 1991; Buesseler et al., 2007). In
fact, 234Th fluxes derived using a SS model without upwelling are
consistently a factor of 2 lower than that determined from the
sediment traps at both IN and OUT stations.

Here, we will use the average of the SS upwelling-derived 234Th
flux (assuming 2 m d�1 upwelling) and the 234Th measured using
the sediment traps as a reasonable upper estimate of the particle
flux within the core of Cyclone Opal. It should be recognized that
for each transect and OUT station, only the SS model could be
applied. Using this rationale, average PC, PN and bSiO2 fluxes at
the eddy center are 16827138mmol C m�2 d�1, 138711mmol
N m�2 d�1 and 346781mmol Si m�2 d�1, respectively (Fig. 9).
Average PC, PN and bSiO2 fluxes measured at the OUT stations
were 11857478mmol C m�2 d�1, 107775mmol N m�2 d�1, and
106710mmol C m�2 d�1 respectively, similar to those measured
at HOT (Benitez-Nelson et al., 2001). There are no significant
differences in PC (p40.66) and PN (p40.80) fluxes inside versus
outside the eddy; however, bSiO2 fluxes are elevated by a factor of
three within the eddy core (po0.05). Most of this flux difference is
driven by differences in the bSiO2/234Th ratios at IN versus OUT
stations (Table 2).

Closer inspection of the PC/234Th ratios within Cyclone
Opal suggests that, while lower than those observed at HOT
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(Benitez-Nelson et al., 2001), these ratios are similar to those
determined from the Equatorial Pacific, which also has a diatom-
dominated community structure (Buesseler et al., 1995). Low
PC/bSiO2 ratios are also consistent with efficient zooplankton
grazing of highly silicified larger centric diatoms, Chaetoceros and
Rhizosolenia, within Cyclone Opal and microscopic images of
generally empty, but intact diatom frustules within the sediment-
trap material (Benitez-Nelson et al., 2007; Rii et al., 2008). These
results are similar to Buesseler et al. (2008), who measured
234Th:238U disequilibria in the Sargasso Sea mesoscale eddies and
found a two- to three-fold increase in bSiO2 flux without an
associated increase in the flux of PC. Note that outside Cyclone
Opal, PC/bSiO2 ratios measured at 150 m are significantly higher,
consistent with a much lower percentage of diatoms within the
overlying planktonic community and a diatom assemblage
dominated by lightly silicified Hemialius and Mastogloia genera
typical of oligotrophic waters in the North Pacific Subtropical Gyre
(Brown et al., 2008).

4.3. Decoupling of PC and bSiO2 export

As stated earlier, diatoms comprised more than 80% of the
phytoplankton biomass within the eddy core during initial
sampling. Two large centric diatom genera, Rhizosolenia and
Chaetoceros, accounted for 35–45% of the diatom biomass,
with the remaining assemblage composed of a variety of
pennate and large chain-forming centric species (420 um). By
the end of the bloom, DCM phytoplankton (and diatom)
concentrations had decreased by 80% to almost ambient condi-
tions with a transition in diatom species to those more typical of
the subtropical North Pacific, such as lightly silicified Hemiaulaus

and Mastogloia spp.
Diatoms are often thought to contribute disproportionately to

PC flux from surface waters, due to their large size and rapid
sinking speeds (Buesseler et al., 1998; Moore et al., 2004; Boyd
and Newton, 1995; Michaels and Silver, 1988). Therefore, a lack of
a significant eddy-induced increase in PC and PN export was
somewhat surprising, as Cyclone Opal was a physically well-
developed feature, characterized by a transitioning diatom
community at the eddy core (Brown et al., 2008; Landry et al.,
2008a, b). There are several scenarios that may account for the
lack of PC and PN export, while simultaneously enhancing the flux
of bSiO2. The most likely explanation is a tight coupling between
protozoan gazing and diatom production (Landry et al., 2008a). A
number of studies suggest that protozoa may graze heavily upon
diatoms (Buck and Newton, 1995; Landry et al., 2000; Brown et al.,
2002). Within Cyclone Opal, large (450mm) ciliates and hetero-
trophic dinoflagellates, the most likely grazers of diatoms in the
microzooplankton size fraction, were a factor of three greater
within the eddy core at the DCM than surrounding waters (Landry
et al., 2008a). These organisms capture, consume and process
their food as individual prey items, thus producing individual
empty frustules as a by-product of grazing (Jacobson and
Anderson, 1996; Jeong et al., 2004) as opposed to large organically
dense fecal pellets of metazooplankton grazers or the mass
settling of intact cells as aggregates (e.g., Sarthou et al., 2005). As a
result, protozoan feeding on diatoms produce Si-rich, C-poor
sinking material. In fact, there were relatively few fecal pellets
observed in the sediment-trap material at either IN or OUT
stations (Susan Brown, personal communication). Mesozooplank-
ton biomass was also significantly elevated within Cyclone Opal

with the majority of mesozooplankton grazing occurring in the
smaller size classes (Landry et al., 2008b). As a result, Landry et al.
(2008b) suggested that at least some of their egested material
sank slowly, and was degraded and recycled within the euphotic
zone (e.g., Paffenhoefer and Knowles, 1979; Hofmann et al., 1981).
The abundance of senescent, or ‘‘empty diatom’’ cells
within the upper water-column of Cyclone Opal indicates that
these cells may have ‘‘leaked carbon’’ as the population
became nutrient stressed (Brown et al., 2008; Benitez-Nelson
et al., 2007). This theory is corroborated by the large accumulation
of dissolved organic C (DOC) in the euphotic zone, which
accounts for 485% of the new production estimated to occur
within the eddy core (Benitez-Nelson et al., 2007). The increase in
DOC also points to selective remineralization and temperature-
dependent interactions between senescent diatom cells and
bacteria (Ragueneau et al., 2006), which may result in a
decoupling between C and Si remineralization as well. Viruses
were not studied during this cruise and they may also play
an important role in emptying diatoms through viral lysis
(Fuhrman, 1999).

Enhanced bSiO2 fluxes are further consistent with observations
of Ingalls et al. (2006), who suggested that organic matter in
diatom rich regions are more heavily processed by zooplankton,
and thus can potentially export a higher proportion of silica as
highly silicified empty frustules that contain relatively less
organic matter. This is also in agreement with current knowledge
of the organic matter carrying capacity of different ballast types,
as it is suggested that in general, calcium carbonate carries the
largest loading of organic matter, while opal carries the smallest
(Klaas and Archer, 2002).

4.4. Export efficiency

PP was determined from growth rate measurements at
all process stations (Benitez-Nelson et al., 2007; Landry et al.,
2008a). Within the eddy core, 0–110 m integrated PP rates
ranged from a high of 124 mmol m�2 d�1 at the beginning of the
time-series occupation, to a low of 34 mmol m�2 d�1 after the
crash of the diatom bloom. At the OUT stations, PP rates inte-
grated over the upper 150 m averaged 2779 mmol m�2 d�1. No
correlation between PP and 234Th-derived PC export was
observed. A similar lack of correlation between PP and PC export
has been reported for station ALOHA (Benitez-Nelson et al, 2001;
Karl et al., 1996) and the Bermuda Atlantic Time-series station
(BATS, Michaels and Knap, 1996). It is likely related to temporal
differences in the factors that contribute to PP (e.g., nutrients
and light) versus export (community structure and gazing)
(Benitez-Nelson et al., 2001). Another possibility may be
due to the spatial variability associated with the two samp-
ling methods: while sediment traps integrate over a large
region, PP is usually calculated from a single water-column
profile.

Using PP and measured PC fluxes, the export ratio (PC export to
PP) can be estimated, i.e., the percentage of PP that is exported to
depth as sinking particles. The average export efficiency for IN
stations is 2.7%. The average export efficiency for the OUT stations
is 4.3%. Thus, despite the large increase in PP within Cyclone Opal,
the export ratio is still similar to surrounding waters and other
oligotrophic regions of the world oceans, including HOT and BATS
(�5%) (Buesseler, 1998; Benitez-Nelson et al., 2001). 234Th fluxes
within Cyclone Opal are also consistent with the magnitude and
f-ratio of a previously studied, older Hawaiian Cyclone, Haulani,
which showed a particulate 234Th export of �1100 dpm m�2 d�1,
enhanced PC export by a factor of 2.6, and an f-ratio of 3.5%
(Bidigare et al., 2003). The low export-ratios suggest that although
Cyclone Opal was dominated by large, presumably rapidly sinking
diatoms, the eddy was highly inefficient in the transport of PC to
depth, consistent with results from the Southern Ocean Iron
Experiment (SOFeX) (Buesseler et al., 2005), direct measurements
of particle export in mesoscale eddies in the Sargasso Sea
(Buesseler et al. 2008), and a recent study by Richardson and
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Jackson (2007) that diatoms do not disproportionately contribute
to particle flux in open-ocean systems.

4.5. Shallow depth of PC and PN remineralization

Low export ratios within Cyclone Opal suggest efficient particle
remineralization and accumulation of DOC and suspended PC
from surface waters. Anecdotal evidence already suggests that
remineralization is an important process within the eddy as
particle export is dominated by empty diatom frustules within the
euphotic zone rather than organically rich, rapidly sinking particle
aggregates, such as fecal pellets. Closer inspection of water-
column 234Th depth profiles confirms important PC remineraliza-
tion trends. When 234Th concentrations are in excess of 238U
activities, remineralization or accumulation of dissolved and
suspended PC must have occurred. This is clearly shown by
234Th/238U distributions observed during the IN station sampling,
with a zone of intense particle scavenging, 234Th/238Uo1,
throughout the upper 100 m, underlain by a region of rapid
remineralization from 100 to 175 m (Fig. 11). The remineralization
peaks are more intense and shallower than those observed in the
surrounding waters, including HOT (Benitez-Nelson et al., 2001).
For stations along Transect 1 and the OUT stations, a large excess
in 234Th activity is generally found within the 150–200 m horizon,
whereas deficiencies, e.g., particle scavenging, generally occur in
the overlying 100–150 m. The IN stations, however, show an
excess or very small deficiency in 234Th activity for the 100–175 m
interval (except for IN-5) indicating that maximum remineraliza-
tion takes place at shallower depths, with a large fraction above
the 150-m depth horizon used to determine particle flux in this
study. Similar layers of shallow remineralization peaks in 234Th
profiles are also found to be associated with eddies in the Sargasso
Sea (Buesseler et al., 2008) and are attributed to rapid reminer-
alization and particle break up.

Shallow PC and PN remineralization depths are further
supported by the composition of bacterial community. Bacter-
ioplankton communities in the mixed layer above 50 m were
similar to those measured outside the eddy. Below 50 m, however,
there appeared Planctomycetes, Bacteroidetes and Proteobacteria
phyla, which are frequently found associated with marine
Fig. 11. Contour plot of the 234Th/238U ratio for the six IN stat
particulate matter and hypothesized to degrade high molecular-
weight organic matter (Benitez-Nelson et al., 2007).

Sweeney et al. (2003) proposed a conceptual model of the
effects of mode-water and cyclonic eddies on the upper ocean
ecosystem. They suggested seven stages within an eddy life cycle
corresponding to eddy intensification or spin-up (stages 1–2
dominated by nutrient injection), maturity (stages 3–5, domi-
nated by a biological response with export towards the latter
stages), and decay or relaxation (stages 6–7, dominated by particle
export). The large decrease in PP rates coupled with the rapid
change in community structure all suggest that this eddy was in
the mature to decay phase (stages 4–6). It is possible that our
particle export sampling may have occurred too early, or that we
may have missed the major export event. However, several lines of
evidence contradict the latter theory. 234Th export fluxes integrate
over the preceding 4–6 weeks. Additional measurements of 210Po,
which integrates over several-month time scales, also find similar
results (Verdeny et al., 2008). Mass balance estimates of DOC
within Cyclone Opal suggest that more than 85% of net commu-
nity production accumulated in the upper 110 m as DOC rather
than exported as PC (Benitez-Nelson et al., 2007). In addition,
234Th, 210Po and sediment-trap results from an older, later stage
eddy, Cyclone Noah, showed little to no enhanced export (Maiti,
unpublished results, Rii et al., 2008, Verdeny et al., 2008). Hence,
our results are contrary to the hypothesis that a mature stage of
an eddy should be associated with higher particle export. Instead,
mechanisms of nutrient injection and rapid changes in commu-
nity structure also must be considered.
5. Conclusions and significance

234Th depth profiles suggest that much of Cyclone Opal’s
particle production occurred in the upper 100 m, and was rapidly
remineralized by 150 m to the suspended and dissolved phase. As
a result, increased fluxes of PC and PN expected from the large
increase in PP and large diatom growth did not occur. Rather,
export was dominated by empty silica frustules that appeared to
have been grazed upon by microzooplankton. The surprising low
export efficiency inside the eddy is consistent with recent models
ions. Note that each station represents exactly 1 d (71 h).
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of the role of temperature on export production, such as Laws
et al. (2000) pelagic food web model, as well as warm-water diatom
blooms induced by iron fertilization in the Equatorial Pacific. Laws
et al. (2000) suggest that at temperature X25 1C f-ratios are low at
all rates of production. According to the model, f-ratios are only
sensitive to production at low to moderate rates of production and
at temperature o25 1C.

This study confirms that wind-driven eddies can be highly
productive and can increase both biomass and particle flux, but
they are not necessarily more efficient in exporting PC and PN to
deeper waters. In fact, they are more effective as ‘‘silica pump’’.
While it is difficult to expand this conclusion to other sites, and
other types of eddies, we should note that eddy-induced particle
export rates determined here are similar to those that have been
measured in mode water and cyclonic eddies in the Sargasso Sea
(Sweeney et al., 2003). In order to obtain a larger scale estimate of
the role of cyclonic eddies in PC and bSiO2 export in this region,
we made some simple calculations. Lumpkin (1998) determined
that on average nine cyclonic eddies occur each year in the lee
of the Hawaiian Islands, with one eddy per month generated
during the winter months over the 3-year period from 1993 to
1995. These eddies had spin-up periods averaging 5–20 days and
lifetimes of 3–8 months. By using the annual average of nine
cyclonic eddies and assuming each eddy lasts �7 days in its
mature stage, and maintains a export core of just 40 km (from this
study), we estimate that the total PC and bSiO2 export to be
13.3�107 mol C y�1 and 2.7�107 mol Si y�1, respectively. For
comparison, the total PC and bSiO2 export that would have taken
place if no eddy was present in these waters, i.e., over an area with
40 km diameter (same area as the eddy core) and assuming
that they behaved in the same way as the OUT stations, are
7.6�107 mol C y�1 and 0.63�107 mol Si y�1, respectively (based
on our OUT station measurements). While it is difficult to assess
the number and spatial extent of eddies in the North Pacific, these
speculative results suggest that mesoscale eddies of this type may
play an important role in the removal of bSiO2 in Pacific Ocean
waters. Further research must be conducted in order to fully
decipher the role of not just cyclonic eddies, but other mesoscale
eddies and features that inject nutrients into surface waters.
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