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Abstract

Repeated measurements of depth pro"les of 234Th (dissolved, 1}70 and '70 lm particulate)
at three stations (Orca, Minke, Sei) in the Ross Sea have been used to estimate the export of Th
and particulate organic carbon (POC) from the euphotic zone. Sampling was carried out on
three JGOFS cruises covering the period from October 1996 (austral early spring) to April 1997
(austral fall). De"ciencies of 234Th relative to its parent 238U in the upper 100 m are small
during the early spring cruise, increase to maximum values during the summer, and decrease
over the course of the fall. Application of a non-steady-state model to the 234Th data shows that
the #ux of Th from the euphotic zone occurs principally during the summer cruise and in the
interval between summer and fall. Station Minke in the southwestern Ross Sea appears to
sustain signi"cant 234Th removal for a longer period than is evident at Orca or Sei. Particulate
234Th activities and POC are greater in the 1}70 lm size fraction, except late in the summer
cruise, when the '70 lm POC fraction exceeds that of the 1}70 lm fraction. The POC/234Th
ratio in the '70 lm fraction exceeds that in the 1}70 lm fraction, likely due in part to the
greater availability of surface sites for Th adsorption in the latter. Particulate 234Th #uxes are
converted to POC #uxes by multiplying by the POC/234Th ratio of the '70 lm fraction
(assumed to be representative of sinking particles). POC #uxes calculated from a steady-state
Th scavenging model range from 7 to 91 mmol C m~2 d~1 during late January}early February,
with the greatest #ux observed at station Minke late in the cruise. Fluxes estimated with a
non-steady-state Th model are 85 mmol C m~2 d~1 at Minke (1/13}2/1/97) and 50 mmol
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C m~2 d~1 at Orca (1/19}2/1/97). The decline in POC inventories (0}100 m) is most
rapid in the southern Ross Sea during the austral summer cruise (Smith et al., 2000. The
seasonal cycle of phytoplankton biomass and primary productivity in the Ross Sea, Antarctica.
Deep-Sea Research 47, 3119}3140; Gardner et al., 2000. Seasonal patterns of water column
particulate organic carbon and #uxes in the Ross Sea, Antarctica. Deep-Sea Research II 47,
3423}3449), and the 234Th-derived POC #uxes indicate that the sinking #ux of POC is
&30}50% of the POC decrease, depending on whether steady-state or non-steady-state Th
#uxes are used. Rate constants for particle POC aggregation and disaggregation rates are
calculated at station Orca by coupling particulate 234Th data with 228Th data on the same
samples. Late in the early spring cruise, as well as during the summer cruise, POC aggregation
rates are highest in near-surface waters and decrease with depth. POC disaggregation rates
during the same time generally increase to a maximum and are low at depth ('200 m).
Subsurface aggregation rates increase to high values late in the summer, while disaggregation
rates decrease. This trend helps explain higher values of POC in the '70 m fraction relative to
the 1}70 m fraction late in the summer cruise. Increases in disaggregation rate below 100
m transfer POC from the large to small size fraction and may attenuate the #ux of POC sinking
out of the euphotic zone. ( 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

Productivity in high latitudes is characterized by extreme seasonal #uctuations due
to light limitation and ice cover. In such areas, polynyas constitute sites in which
productivity increases earlier than in surrounding ice-covered regions, and they may
serve as net sinks for uptake of atmospheric CO

2
(Yager et al., 1995). The Ross Sea of

the Southern Ocean is characterized by the development of a recurrent coastal
polynya that opens initially close to the Ross Ice Shelf and develops northward. This
area is a locus of biogenic silica formation and deposition, but relatively small
amounts of organic carbon are stored in sediments there (Ledford-Ho!man et al.,
1986; DeMaster et al., 1992; DeMaster et al., 1996; Nelson et al., 1996). The phytoplan-
kton community in the Ross Sea is characterized by species of diatoms and dino#agel-
lates as well as the non-siliceous prymnesiophyte Phaeocystis antarctica (Leventer and
Dunbar, 1996; Mathot et al., 1999). A principal focus of the Joint Global Ocean Study
(JGOFS) Southern Ocean study is quantifying seasonal variations in carbon cycling
in the Ross Sea and Antarctic Polar Front. The JGOFS cruises to the Ross Sea in
1996 and 1997 documented strong seasonal variations in primary production and
phytoplankton biomass (Smith et al., 2000), as well as dissolved and particulate
organic carbon (DOC, POC) inventories in the upper water column (Carlson et al.,
2000; Gardner et al., 2000). The export of POC from the euphotic zone is an important
component of the oceanic carbon cycle and provides a link between production and
remineralization of organic matter in the upper water column and the burial of carbon
in bottom sediments.

Short-lived thorium isotopes that are produced in the water column from dissolved
parents and then subsequently attach to particles have proven useful in quantifying
POC #uxes from the euphotic zone in a number of oceanic settings (e.g. Coale and
Bruland, 1987; Buesseler et al., 1992a, 1995, 1998; Bacon et al., 1996; Cochran et al.,
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Fig. 1. Map of the Ross Sea showing station locations. The AESOPS transect in the southern Ross Sea is
indicated.

1995; Charette and Moran, 1999; Murray et al., 1989, 1996; Langone et al., 1997) as
well as the dynamics of sinking particles (Clegg and Whit"eld, 1991; Clegg et al., 1991;
Cochran et al., 1993; Murnane et al., 1994, 1996; Dunne et al., 1997). In particular,
234Th (half-life"24.1 d), produced from decay of dissolved 238U, has been used as
a proxy for POC #ux. Thorium-234, coupled with 228Th (half-life"1.9 y) produced
from decay of dissolved 228Ra, has been used to calculate exchanges between partic-
ulate reservoirs via aggregation and disaggregation processes (Cochran et al., 1993;
Murnane et al., 1996). Our goals in this paper are to use water column distributions of
particulate and dissolved 234Th and 228Th to determine (1) seasonal variations of
POC export from the euphotic zone and (2) particle cycling rates in the Ross Sea.

2. Methods

2.1. Sample collection

Samples were taken during three JGOFS cruises to the Ross Sea: early in
the austral spring (10/2/96}11/8/96), in summer (1/13/97}2/11/97), and in
autumn (3/31/97}5/14/97). Three sampling sites-Orca, Minke and Sei-were sampled
repeatedly during the cruises (Fig. 1). Stations Orca and Minke provide endpoints for
the JGOFS AESOPS sampling transect (Fig. 1), along which parameters such as
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production and biomass were repeatedly measured during the cruises (Smith et al.,
2000).

Samples were collected by in situ pumping using battery-operated pumps that "lter
large volumes of water (100}1000 l) through a series of "lters (Livingston and Coch-
ran, 1987; Buesseler et al., 1992b). Particles were collected on two 142-mm diameter
"lters in a series consisting of a 70-lm pore sized Te#on mesh "lter followed by a 1-lm
pore-sized Microquartz "lter. Dissolved Th was extracted onto two manganese
oxide-impregnated wound "ber "lter cartridges (Hytrex, nominal 0.5 lm). Flow rates
were 4}8 l min~1. In order to determine POC on the large size fraction, particles were
rinsed o! the Te#on "lter using "ltered seawater and re"ltered onto 25-mm diameter
silver "lters (Buesseler et al., 1998).

2.2. Sample analyses

Activities of 234Th on the manganese adsorber cartridges were determined mostly
at sea using non-destructive gamma spectrometry. The cartridges were dried, crushed
in a press to a cylindrical geometry and the 63 keV 234Th gamma emission was
counted using 1000- or 2000-mm2 intrinsic germanium detectors (Buesseler et al.,
1992b; Bacon et al., 1996). Extraction of 238U from seawater is negligible on the
manganese cartridges, and consequently no corrections were made for ingrowth of
234Th. Thorium-234 in the particulate fractions was determined using non-destructive
beta counting. Errors are calculated from 1p counting error, including appropriate
calibration errors. A subsample of the 1-lm Microquartz "lter (approximately 50% of
the 142-mm "lter) was counted, while all the Ag "lters resulting from rinsing the
Te#on "lters were measured. The "lters were counted several times over three to four
half-lives of 234Th to correct for blank or long-lived beta activities present in the
"lters. Standardization of the various counting methods was accomplished by
radiochemical analyses of selected samples for 234Th (Buesseler et al., 1998). Filters or
ashed cartridges were dissolved in HNO

3
and HCl, with 230Th added as a yield

monitor. Following puri"cation of the Th fraction by ion exchange chromatography,
Th was electrodeposited onto stainless-steel planchets and 234Th was measured by
beta counting.

Estimates of the rinsing e$ciency of the Te#on "lters were made by measuring the
234Th remaining on the "lters after rinsing. On average, 75$5% of the Th was rinsed
o! the Te#on "lter. We view this as the e$ciency with which particles are physically
removed from the Te#on "lter by rinsing and have used it to correct both the 234Th
and POC data accordingly. Because the '70-lm fraction is a small percentage of the
total 234Th, the rinsing e$ciency correction has a negligible e!ect on the total 234Th
activity. It also should be noted that less than 100% rinsing e$ciency of the Te#on
"lters does not a!ect the POC/234Th ratio used to calculate POC #uxes.

Thorium-228 was measured by alpha spectrometry (Buesseler et al., 1992b; Coch-
ran et al., 1993). Samples were dissolved in HNO

3
, and Th was separated radiochemi-

cally using anion exchange chromatography. For the Ag "lters, Ag was separated in
a "nal anion exchange step using a 0.1 N HCl anion exchange column. The e%uent
from the "rst ion exchange column contained any Ra present and was saved to correct
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for 228Th ingrowth from 228Ra between sample collection and initial 228Th separ-
ation. 228Ra was present in signi"cant activities only on the manganese cartridges and
ingrowth corrections were made for these samples. Ingrowth of 228Th from 228Ra was
about 10% of the measured 228Th in these samples.

POC and PON were measured on aliquots of the Microquartz and Ag "lters using
a CHNS analyzer. Carbonate was removed from the "lter before analysis by fuming
the "lter with HCl.

3. Results

Dissolved 234Th and 228Th activities were calculated from the manganese car-
tridges. Generally, both the "rst and second cartridges were analyzed for 234Th,
whereas only the "rst cartridge was analyzed for 228Th. The extraction e$ciency (E)
was determined from (Livingston and Cochran, 1987)

E"1!(MnB/MnA), (1)

where MnA and MnB are the 234Th activities on the "rst and second cartridges,
respectively. Average values of E were 66.8$27.4, 73.9$12.7 and 72.7$9.7% for
the early spring, summer and fall cruises, respectively. Dissolved Th (Th

$
) was

calculated as

Th
$
"MnA/(E]<), (2)

where < is the volume "ltered.
In approximately one-quarter of the samples, the extraction e$ciency was anomal-

ously low ((50%). We believe that these low e$ciencies were due to the formation
of ice crystals when the distilled water-saturated cartridges contacted cold air or
sea water. Formation of ice could prevent dissolved Th from contacting the Mn oxide
surfaces of the cartridges and adsorbing. Although the formally calculated e$ci-
encies had large errors in these cases, the 234Th activities were often readily measur-
able. We have attempted to estimate the dissolved activities in these samples as
follows:

A lower estimate can be derived from the total 234Th on the two cartridges. This is
the minimum dissolved 234Th contained in the sample and is calculated as

Th
$
"(MnA#MnB)/<. (3)

A higher estimate is obtained by dividing the result in Eq. (3) by the average e$ciency
obtained for the cruise:

Th
$
"(MnA#MnB)/(E

!7'
]<). (4)

As our `best estimatea of the dissolved 234Th activity in these samples, we use the
average of the results obtained from Eqs. (3) and (4). The `uncertaintya on these
activities is taken as one-half the range between the values.
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Dissolved 228Th was calculated using Eq. (2) with the value of E obtained from the
234Th data. For samples with low extraction e$ciency, dissolved 228Th was estimated
from

228Th
$
"234Th

$
(228/234), (5)

where (228/234) is the 228Th/234Th activity ratio on the MnA cartridge and 234Th
$

is
the average obtained from Eqs. (3) and (4).

The thorium isotope data are available on the JGOFS Web site
(http://www1.whoi.edu/jgdms}info.html) and are shown in Figs. 2a}c. Total 234Th
activities at Orca and Minke show near-equilibrium with 238U during the early spring
(Figs. 2a and b). De"ciencies increase during summer and decrease again by the fall.
228Th pro"les at station Orca (Fig. 3) show relatively little variation with depth during
the spring, with a pronounced decrease of total activities in the upper 50}100 m
during the summer cruise. Particulate 234Th and 228Th increase over the same time
period, reaching highest values during the summer. Our values for total 228Th are
similar to those determined in the Weddell Sea (6}8 dpm/103 l) by Rutgers van der
Loe! (1994). Radium-228 activities were not measured, but values in the Weddell Sea
are 21}32 dpm/1000 l (Rutgers van der Loe!, 1994). We use these values only to
indicate the likely magnitude of disequilibrium between 228Th and 228Ra, not to
calculate scavenging rates or 228Th de"ciencies.

Thorium-234 activities in the 1}70 lm size fraction are always greater than those in
the '70-lm fraction, often by factors of 10}20. The largest 234Th activities in the
'70-lm fraction are seen late in the summer cruise (Figs. 4a}c). Thorium-228
activities in the 1}70 lm fraction are usually greater than those in the '70-lm
fraction, but in contrast to 234Th, the disparity in the activities is not as large (Fig. 5).

POC concentrations show large variations with time (Fig. 6). The most complete
temporal sequences are available at stations Orca and Minke and show progressive
increases in POC in the upper 100 m from early spring to summer. Concentrations
decrease from summer to fall. POC values in the 1}70 lm fraction are generally
greater than those in the '70-lm fraction except late in the summer cruise when the
situation is reversed. A pronounced subsurface maximum is also seen in the '70-lm
POC concentrations at that time.

POC concentrations determined by large volume pumping in the Ross Sea can be
an order of magnitude less than values determined on "ltration of small volume
(&1 l) samples from Niskin bottles (W. Gardner, pers. comm.; JGOFS database).
Greater concentrations of POC and PON determined on small volume compared
with large volume samples have been documented in previous studies (Altabet et al.,
1992; Dunne et al., 1997; Moran et al., 1999). Moran et al. (1999) attributed such
discrepancies to adsorption of DOC on the glass "ber "lters used to "lter the samples.
This uncorrected blank is proportionately larger in smaller volume samples and can
account for factors of 5}20 di!erence in the values when the POC (as sampled by
pumps) is low (&1 lM). The study by Moran et al. (1999) used the same "lter sizes for
"ltration of large- (in situ pump) and small-volume (bottle) samples, and hence
concluded that correction for blanks caused by adsorption of DOC was necessary.
Dunne et al. (1997) compared small-volume (bottle) POC measurements with samples
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Fig. 2. Water column 234Th pro"les at stations Orca (a), Minke (b) and Sei (c). Particulate 234Th is the sum
of the '70 and 1}70 lm fractions. `Dissolveda 234Th corresponds to that retained on manganese adsorber
cartridges. Total 234Th is the sum of particulate and dissolved Th. Dashed line corresponds to 238U activity
estimated from salinity (Chen et al., 1986). Designations `!1a and `!2a at the top of the "gures refer to
"rst and second occupations of a station on any given cruise.
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Fig. 2 (continued)

collected by in-situ pumping (MULVFS system of Bishop et al., 1985) and also noted
greater values in the bottle samples. They observed that di!erent "lter sizes were used
for the pump ('1 lm) and bottle ('0.6 lm) samples and concluded that submicron
particles may not be sampled by the pumps. In the present case, the in-situ pumps
used 1-lm Microquartz "lters while the small volume samples were "ltered using
0.7-lm glass "ber "lters (Carlson et al., 2000). POC associated with particles smaller
than 1 lm will not be retained on the pump "lters. Moreover the higher pressure of
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Fig. 2 (continued)

"ltration on the in-situ pumps may force POC through the pump "lters. By either
explanation, the pump samples may be missing a fraction of the POC that is retained
in the small-volume "ltration of Niskin bottle samples. However, it is likely that any
particles that pass the pump "lters are retained on the manganese oxide sorber
cartridges. Such a sampling artifact would underestimate particulate Th and overesti-
mate dissolved Th. However the total 234Th (particulate#`dissolveda), 234Th de"-
ciencies and POC/234Th should not be a!ected. Indeed, the measurement of total
234Th activities in equilibrium with 238U in many samples in the present study is
evidence of the accuracy of the collection of total 234Th. The primary goal of this work
is to estimate POC #uxes using the de"ciency of total 234Th with respect to 238U,
and this calculation should be una!ected by pump/bottle artifacts. However, the
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Fig. 3. Water column pro"les of 228Th at station Orca. Particulate 228Th is sum of '70 and 1}70 lm
fractions. Total 228Th is sum of particulate and dissolved fractions.

discrepancy does reinforce the need to better intercompare the di!erent methods and
to make appropriate blank corrections to POC obtained from bottle samples.

Ratios of POC to 234Th are generally greater in the '70-lm fraction than in the
1}70-lm fraction (Figs. 7a}c). Values increase with time, reaching maximum values
during the summer. In most of the pro"les, the POC/234Th ratio is greatest in surface
waters and decreases with depth, although subsurface maxima occur in a few pro"les.
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Fig. 4. Water column pro"les of 234Th in the 1} 70 and '70 lm particulate fractions at stations Orca (a),
Minke (b) and Sei (c).

For purposes of calculating POC #uxes, we assume that the POC/234Th ratio on the
large particles is representative of that in the sinking #ux. No shallow sediment traps
were deployed during the JGOFS Southern Ocean study to provide samples of

J.K. Cochran et al. / Deep-Sea Research II 47 (2000) 3451}3490 3461



Fig. 4 (continued)

sinking particles that could be compared with the large particles collected by pumps.
Moored traps were deployed at depth, but the recovery schedule of the moorings did
not permit samples to be analyzed for 234Th. Recent data collected in the Northwater
Polynya (northern Ba$n Bay) permits comparison of particles collected by pump
with those collected by #oating traps. These results show that POC/234Th ratios on
'70-lm particles collected with pumps at 100 m are within a factor of two of values
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Fig. 4 (continued)

measured in #oating trap material (Amiel and Cochran, unpublished data). Although
we cannot test the reliability of the assumption that the POC/234Th ratios of "ltered
large particles approximate those of sinking material in the Ross Sea, as noted by
Bacon et al., (1996) this approach seems preferable to using the POC/234Th values in
bulk "ltered particles.

4. Discussion

4.1. 234Th and POC export from the euphotic zone

Scavenging of thorium onto sinking particles removes 234Th from the oceanic
water column. Simple box models have been used to express the mass balance of
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Fig. 5. Water column pro"les of 228Th in the 1}70 and '70 lm fractions at station Orca.
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Fig. 6. Particulate organic carbon (POC) concentrations in 1}70 and '70 lm fractions sampled by in situ
pumping at stations Orca (a), Minke (b) and Sei (c). Concentrations in the 1}70 lm fraction generally exceed
those in the '70 lm fraction, except late in the summer cruise.
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Fig. 6 (continued)

particulate 234Th (Coale and Bruland 1987, Buesseler et al., 1992a):

LA
505

Lt
"[A

U
!(A

1
#A

$
)]j!P

T)
#<, (6)

where LA
505

/Lt is the temporal rate of change in total 234Th (dissolved#particulate),
A

1
is particulate 234Th, A

$
is dissolved 234Th, A

U
is the 238U activity, j is the 234Th
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Fig. 6 (continued)

decay constant (0.0288 d~1), P
T)

is the net #ux of 234Th on particles sinking into and
out of the box, and < represents transport of dissolved and particulate 234Th by
processes other than particle sinking (e.g. advection, eddy di!usion). Uranium-238
activities were determined from salinities (Chen et al., 1986).

The net sinking #ux of 234Th is given by

P
T)

"(A
U
!A

505
)j!LA

505
/Lt#<, (7)

If the removal #ux of 234Th is driven by local production and export of organic
matter, #uxes of POC and other biogenic components can be calculated as

POC #ux"(POC/Th)
L
P
T)

, (8)
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Fig. 7. POC/234Th ratios in particles "ltered in situ at stations Orca (a), Minke (b) and Sei (c). The '70 lm
fraction is taken as representative of sinking material in #ux calculations.

where (POC/Th)
L

is the ratio of POC (or other biogenic component) to 234Th on
sinking particles. The most complete estimate of P

T)
in Eq. (7) requires both temporal

and spatial measurements of 234Th depth pro"les. In the present case, we have at most
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Fig. 7 (continued)

two occupations of a given station on each cruise, permitting some evaluation of the
temporal term in Eq. (7).

The transport term,<, includes both horizontal and vertical di!usive and advective
transport. In areas where upwelling is well developed, such as the equatorial Paci"c,
vertical advective transport of 234Th can be signi"cant. For example, Buesseler et al.
(1995) and Bacon et al. (1996) observed that inclusion of upwelling in calculations of
234Th export from the equatorial Paci"c produced #uxes that were up to 40% greater
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Fig. 7 (continued)

than those calculated without upwelling. In the Arabian Sea, the contribution of
upwelling to the net 234Th #ux also can be signi"cant (Buesseler et al., 1998).
Upwelling is not well developed in the Ross Sea, and we assume its contribution to the
234Th #ux is small.

The e!ect of horizontal advective transport on 234Th pro"les and #uxes was shown
to be small in the North Atlantic and Arabian Sea (Buesseler et al., 1992a, 1998).
However, in coastal settings the impact of such transport can be larger. In the
Northeast Water Polynya (East Greenland Shelf), Cochran et al. (1997) observed that
234Th de"cits measured at stations taken over distances of 80 km along the circula-
tion of a small gyre increased in the downstream direction. Taking advective transport
into account increased the calculated 234Th #ux by 70% relative to a model in which
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advection was neglected. Gustafsson et al. (1998) showed that advection was impor-
tant in estimating 234Th export #uxes in inner Casco Bay, Gulf of Maine. In the outer
bay, however, the impact was much less. In the case of the Gulf of Maine, the greatest
contribution of advective transport of 234Th was during times of reduced scavenging
by local processes (Gustafsson et al., 1998).

Circulation in the Ross Sea is cyclonic, with westward #ows in the southern portion
and northward #ows along the western margin (Jacobs et al., 1970; El-Sayed et al.,
1983). If advective transport of water and particles does in#uence the water column
234Th pro"les in the Ross Sea, these circulation considerations suggest that the Th
distributions at Orca could a!ect pro"les at Minke, which in turn might in#uence
pro"les at Sei. Jaeger et al. (1996) conducted an extensive comparison of the dynamics
of currents in the Ross Sea with the settling velocities of sinking particles to evaluate
areas in which a one-dimensional (vertical) settling model was most appropriately
applied to sediment trap and bottom sediment data. Their dynamic modeling shows
that displacements during particle settling are (20 km in the southwestern Ross Sea
(closest to station Minke), (50 km in the south-central area (close to station Orca)
and '50 km at a northwestern site (close to station Sei), relative to the time required
for a particle to reach the bottom. These calculations use settling velocities of
50}200 m d~1, and displacements would be larger for more slowly settling material.
However, they also consider the whole water column, and displacements would be less
if only the upper 100 m were considered. The distances between stations Orca, Minke
and Sei are larger than the particle displacements calculated by Jaeger et al., (1996) for
the southern Ross Sea, and we assume that the 234Th pro"les at Orca, Minke and Sei
are minimally a!ected by advection (i.e. < is zero in Eq. (6)). Multiple pro"les
representing signi"cant spatial coverage would be needed to evaluate this assumption
more rigorously.

We begin an evaluation of POC export in the Ross Sea by calculating the #ux
required to support the observed 234Th de"ciency in the euphotic zone (e!ectively
100 m). This is calclulated from the integrated 234Th de"ciency to 100 m, (A

U
!A

505
)j,

and is obtained from Eq. (7) by setting the temporal and transport terms equal to zero.
Such an approach is equivalent to assuming that the pro"les are in a steady state with
respect to production of 234Th, decay and export of particulate 234Th. Although
234Th de"ciencies may persist below 100 m, integrating the de"ciency to 100 m gives
the sinking #ux of 234Th passing that depth horizon. Export #uxes of 234Th calculated
in this fashion are low during the early spring cruise, increase with time during the
summer cruise and decrease with time during the fall cruise (Fig. 8). Because station
Sei was sampled only once during the summer cruise, we can not document increasing
234Th removal with time at this station. However, as with the other stations, the trend
at Sei during the fall is decreasing 234Th de"ciencies with time. The long time gap
between the summer and fall cruises obscures the temporal trends in Th #ux, but it
appears that maximum #uxes occur late in the summer cruise or in the interval
between the cruises. There are di!erences between stations, with #uxes greatest at
Minke during both the summer and fall cruises.

The #ux of 234Th from the euphotic zone is driven by bulk #uxes because Th
adsorbs onto the diversity of particles (biogenic and lithogenic) comprising the #ux.

J.K. Cochran et al. / Deep-Sea Research II 47 (2000) 3451}3490 3471



Fig. 8. 234Th export from the upper 100 m determined by a steady-state Th scavenging model. The model
assumes no temporal change or advective in#uences on the pro"les of Fig. 2.

There are few measurements of particle #ux from the upper water column with which
to compare our 234Th #uxes. Asper and Smith (1999) determined particle #uxes in the
Ross Sea using arrays of #oating sediment traps. Their data from 1995 to 1996 were
collected in late December to mid-January, and most closely correspond to the
seasonal timing of the JGOFS summer cruise. Asper and Smith (1999) observed bulk
#uxes at 100 m in the southwestern Ross Sea that were greater by a factors of 1.3}1.6
compared with stations in the southeast. Such a di!erence can be explained by
a dominance of rapidly sinking diatoms in the former case relative to more slowly
sinking Phaeocystis colonies in the latter. The 234Th #uxes at 100 m determined for the
summer cruise re#ect similar spatial di!erences in #ux with greater values at station
Minke relative to station Orca. Moored sediment traps were deployed during the
JGOFS Southern Ocean Study, but at only two locations in the vicinity of stations
Orca and Sei (Collier et al., 2000). Spatial di!erences are also apparent in these results,
with both annual and summer bulk #uxes greater at the southern station.
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POC #uxes can be determined from the 234Th #uxes by multiplying the latter by
the POC/Th ratio on sinking particles at 100 m. The errors on these #ux estimates are
based on propagation of the 1p errors of the Th de"ciencies and POC/Th ratios. As
described above, we take the POC/Th ratio on the '70-lm particles as representa-
tive of that on sinking material. The POC #uxes calculated from the steady-state
234Th export (Fig. 9) are low during the early spring, increase with time during the
summer cruise and decrease toward the end of the fall cruise. The maximum #ux
recorded at station Minke (91$3 mmol C m~2 d~1; Table 1) is approximately three
times that estimated at either Orca or Sei. At stations Orca and Minke, the POC
#uxes at the start of the fall cruise are substantially reduced from maximum values late
in the summer cruise. POC #uxes at station Sei early in the fall are comparable or
greater than those late in the summer.

There is considerable prior evidence for distinct spatial patterns in productivity and
POC #ux in the Ross Sea that supports the trends seen in the 234Th-derived POC #uxes.
Smith et al. (1996) showed that biomass and productivity in the southern Ross Sea were
greater than in the north. They linked these patterns to ice retreat, with ice disappearing
from the south as the Ross Sea Polynya opens and from the north as the ice edge retreats
toward the continental shelf edge. Within the southern Ross Sea, Nelson et al. (1996)
showed that productivity was greatest in the southwest Ross Sea and peaked earlier than
in the southeastern portion. Production in the southeastern Ross Sea was dominated by
the non-siliceous Phaeocystis antarctica while diatoms dominated in the southwest, and as
a consequence biogenic silica production was greatest in the southwest (Nelson et al.,
1996). Fluxes of biogenic silica recorded in sediment traps at depth peaked earlier in the
southwestern Ross Sea than in the southeastern portion (DeMaster et al., 1992). With
respect to POC #uxes, Dunbar et al. (1998) presented sediment trap data that showed
generally greater #uxes in the southeastern Ross Sea relative to the southwest. They also
observed signi"cant interannual variation and occasional reversals of this pattern. The
productivity and POC data of Smith et al. (2000) and Gardner et al. (2000) from the
JGOFS AESOPS transect in the Ross Sea show that productivity peaked approximately
30 days before POC standing crop, with the greatest decline in the latter occurring over
the course of the summer cruise.

Depth pro"les of POC #ux can be determined in a manner similar to that for the
euphotic zone by applying Eq. (7) to discrete depth intervals of the 234Th pro"les. In
this case, the POC/234Th ratio of the '70-lm particles at the base of a given depth
interval is used to calculate POC export through that depth. These results show that
during the summer cruise, #uxes decrease with depth from a subsurface maximum
(Figs. 10a}c). Highest #uxes are seen at station Minke late in the summer cruise. The
pro"les indicate that, relative to the maximum values, 50}80% of the POC is
remineralized within the upper 100 m, although these estimates are based on
a steady-state interpretation of the 234Th pro"les (see below) and are likely to be
upper limits. Our calculated POC #ux pro"les are qualitatively similar to those
determined by Asper and Smith (1999) using #oating trap arrays in the southern Ross
Sea in December 1995 and January 1996. Their data show decreases in POC #ux from
50 to 100 m (factors of 1.4}2) that are similar in magnitude to those estimated from the
234Th data at stations Orca and Minke (Figs. 10a and b).
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Fig. 9. POC #uxes at 100 m vs. time at stations Orca (a), Minke (b) and Sei (c). Values determined from the
steady-state model use the 234Th #uxes shown in Fig. 8, multiplied by the POC/234Th ratio in the '70 lm
particulate fraction at 100 m. Non-steady-state calculations are based on non-steady-state 234Th #uxes
determined by taking temporal change in the pro"les into account. Horizontal bars on the non-steady-state
#uxes correspond to the time interval over which the model is applied. Days correspond to year 1996 days.

An important aspect of the calculation of 234Th export #uxes determined from
water column pro"les is that the pro"les may not be at steady state and the left-hand
side of Eq. (6) cannot be assumed to be zero. Buesseler et al. (1992a) pointed out that
non-steady-state conditions would be expected to obtain in situations of a bloom in
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Fig. 10. Depth pro"les of POC #ux at Orca (a), Minke (b) and Sei (c), calculated by multiplying the
steady-state 234Th de"cits for given depth intervals by the POC/234Th ratio in the '70 m size fraction
(Fig. 7). Note attenuation of #ux at stations Orca and Minke during the summer cruise.

which the sinking #ux from the euphotic zone is initially increasing and then decreas-
ing, often on a time scale comparable to the half-life of 234Th. At a minimum, these
conditions are met during the summer cruise and in the interval between the summer
and fall cruises, when the 234Th pro"les are changing substantially and the standing
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Fig. 10 (continued)

crop of POC shows the largest changes (Smith et al., 2000, Gardner et al., 2000). As
shown by Buesseler et al. (1992a), taking temporal changes in the 234Th pro"les into
account modi"es Eq. (7) to

P
T)

"jC
A

U
(1!e~jt)#A505

T)~1
e~jt!A505

T)~2
(1!e~jt) D, (9)
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Fig. 10 (continued)

where A
U
, A505

T)~1,2
are the integrated 238U and total 234Th activities in 0}100 m at

times 1 and 2, and t is the time between pro"les. Eq. (9) still assumes that the transport
term (<) in Eq. (6) is negligible.

We are able to use Eq. (9) to evaluate the importance of temporal changes in the
234Th pro"les to the estimation of POC #ux at station Orca during all three cruises, at
Minke during the summer and fall and at Sei during the fall. Additional estimates can
be made for the time intervals between the cruises. The error on P

T)
calculated from

Eq. (9) includes the propagation of errors in the Th inventories from the two pro"les
and is larger than that for P

T)
calculated from a single pro"le. The results show that

234Th export is signi"cant during the summer and in the interval between the summer
and fall cruises at Minke and Sei (Table 2). Indeed, if this were not the case, it is likely
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that the de"cits measured at the end of the summer cruise would have nearly
disappeared in the interval between the cruises, i.e. about three half-lives of 234Th.
In contrast, particulate export of 234Th determined from the non-steady-state model
is negligible at Orca during the spring and fall cruises. Stations Sei and Minke also
show negligible #uxes during the fall, within the uncertainties. It is important to note
that the errors on the values of P

T)
calculated from Eq. (9) are signi"cant. Greater

measurement precision as well as increased depth resolution on the 234Th pro"les is
needed to accurately resolve the steady-state and non-steady-state Th (as well as
POC) #uxes.

4.2. Comparison of 234Th-derived POC export yuxes with other estimates

An important parameter in oceanic carbon cycling is the ratio of export of POC on
sinking particles to the primary production. This ratio, labeled the `ThEa ratio when
determined by 234Th (Buesseler, 1998), characterizes the POC #ux to waters deeper
than the euphotic zone and, depending on the extent of remineralization, to bottom
sediments. During the spring cruise, primary production at station Orca was
33.9$25.9 mmol C m~2 d~1 while Minke displayed 5.4$2.3 mmol C m~2 d~1

(J. Marra, pers. comm., JGOFS Data Workshop, 1999). POC export based on 234Th
de"ciencies is less than 10% of production at this time (Table 1). In contrast, during
the summer cruise, primary production was 45.3$1.2 at Orca, 88.5$68.5 at Minke
and 50 mmol C m~2 d~1 at Sei (J. Marra, pers. comm. JGOFS Data Workshop,
1999). Average steady-state POC #uxes derived from the summertime 234Th pro"les
are &44, 68 and 24% of these values at Orca, Minke and Sei, respectively. Primary
production rates are low during the fall (mean&3 mmol C m~2 d~1 at the three
stations, J. Marra pers. comm., JGOFS Data Workshop, Keystone, CO, August
1999), and 234Th-derived POC export declines to low values late in the fall.

Comparisons between 234Th-derived POC export and productivity are compro-
mised during a bloom by the fact that the maximum export #ux frequently lags the
maximum in production. This is well demonstrated in the Ross Sea. Primary produc-
tion along the JGOFS AESOPS transect in the Ross Sea (Fig. 1) peaked in early
December 1996, while POC inventories peaked about one month later (Smith et al.,
2000, Gardner et al., 2000). The greatest rate of decline in POC inventories is over the
course of the summer cruise. Smith et al. (2000) report POC inventories along the
AESOPS transect over four weekly periods during the summer cruise. From an initial
value of 4900 mmol C m~2 in the "rst week, the inventory decreases in the second
week, increases in the third and then decreases to a low of 1940 mmol C m~2 by the
fourth week (Smith et al., 2000). The net change over the cruise yields an average daily
#ux of &150 mmol C m~2 d~1. Further decreases in POC inventory occurred in the
interval between the summer and fall cruises, and values are &200 mmol C m~2 by
the start of the fall cruise. POC is lost at an average rate of &20 mmol C m~2 d~1

during this period.
Decreases in POC inventory correspond to both export and remineralization of

organic matter. As indicated by the 234Th-derived depth pro"les of POC #ux and the
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#oating sediment trap data of Asper and Smith (1999), remineralization of POC
within the upper 100 m can result in about a factor of two attenuation of the #ux.
Indeed Asper and Smith (1999) estimated that about 50% of the total production was
regenerated prior to export. The Th-derived estimates of POC #ux during the summer
cruise can be compared with the loss of POC documented by Smith et al. (2000) and
Gardner et al. (2000). The latter was estimated along the AESOPS transect, and if we
average our POC #uxes from Minke and Orca during the summer cruise, the export
#ux of POC is &40 mmol C m~2 d~1 (based on steady-state Th #uxes) or
&70 mmol C m~2 d~1 (based on non-steady-state Th #uxes). This suggests that
&30}50% of the decline in POC standing crop is due to export while the remainder
is likely remineralized. These values are consistent with the attenuation of the POC
#ux with depth, as determined in this study, and as seen in the sediment trap pro"les of
Asper and Smith (1999). Of the fraction of POC remineralized in the upper 100 m of
the Ross Sea, Asper and Smith (1999) have suggested that bacterial activity is likely
responsible. Dissolved organic matter shows the greatest increases during the sum-
mer, although the magnitude of DOC production is small compared with both
production and changes in POC inventories (Carlson et al., 2000). Another potential
pathway for diminishing phytoplankton biomass is through zooplankton grazing,
although Caron et al. (2000) have demonstrated that microzooplankton grazing was
quite low during the JGOFS cruises and could not have signi"cantly a!ected phytop-
lankton standing stocks.

In contrast to the magnitude and timing of 234Th-derived POC #uxes from
the euphotic zone, POC #uxes measured in sediment trap moorings (200 and 500 m)
at stations Orca and Minke show low values that attain maxima late during the
time of the fall cruise, coincident with a large #ux in pteropods to the traps (Collier
et al., 2000). During late February 1997, POC #uxes recorded in the 200 m trap
are 1.4 mmol C m~2 d~1 close to station Orca and 0.3 mmol C m~2 d~1

close to station Sei (Collier et al., 2000). Higher POC #uxes (6}12 mmol C m~2 d~1)
in the southern Ross Sea were reported for late February 1990 by Dunbar et al.,
(1998). In addition to interannual variations in productivity, di!erences between
sediment trap deployments in di!erent years may be explained by the nature of the
settling material: diatom frustules and associated organic matter may be transferred
more e$ciently to depth than Phaeocystis colonies, which may disaggregate during
sinking.

Taken together, the JGOFS results from the summer cruise indicate that
&30}50% of the change in POC inventory in the upper 100 m is exported below this
depth, but (4% of that fraction is collected in traps at 200 m. A similar view of
organic carbon cycling in the Ross Sea was presented by Nelson et al. (1996). Their
budget, based on measurements of production, water column #uxes and benthic
regeneration and accumulation, suggests that &40% of the production is exported
from the euphotic zone, 3% survives to 250 m and only 0.2% is accumulated in
bottom sediments. Similar large o!sets in POC #ux have been observed in other high
latitude ecosystems such as the Northeast Water Polynya o! Greenland (Cochran
et al., 1997) and suggest that e$cient recycling of organic material may be common in
such systems.
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Fig. 11. Box model of particle and thorium cycling in the ocean. b
2
, b

~2
, b

~1
, b

1
, k

1
and k

~1
are

"rst-order rate constants pertaining to particle aggregation, particle disaggregation, remineralization,
biogenic particle formation, thorium adsorption and desorption respectively; A

D
, A

4
, and A

L
are thorium

activities (dpm l~1) in solution, small (1}70 lm) and large ('70 lm) particles, respectively; P is thorium
production from dissolved U or Ra; P

4
and P

L
are small and large particle concentrations (g l~1).

(Superscripts s, h and I denote soft biogenic material, tests or shells and detrital particles, respectively). u is
the sinking velocity of large particles. Adapted from Cochran et al. (1993).

4.3. Particle aggregation and disaggregation rates

Thorium isotopes o!er the opportunity to characterize aggregation and disaggre-
gation rates of particles in marine systems. Both 234Th and 228Th are short-lived and
respond to temporal changes in scavenging, albeit somewhat di!erently because of the
di!erence in their half-lives and rates of production. One approach for characterizing
particle dynamics from these tracers is that described by Cochran et al. (1993) and
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Murnane et al., (1996) and is illustrated in the simpli"ed scavenging model shown in
Fig. 11. The large and small particle reservoirs are assumed to exchange thorium and
mass via aggregation and disaggregation. These processes are taken as "rst-order,
characterized by rate constants b

2
and b

~2
, respectively. The equation describing the

large particle pool (Fig. 11) is

LA
L
/Lt"A

4
b
2
!A

L
(b

~2
#j)!u(LA

L
/Lz)#<, (10)

where A
L

and A
4

are Th activities on large and small particles, respectively, b
2

and
b
~2

are the aggregation and disaggregation rate constants, j is the Th decay constant,
u is the particle sinking velocity, and < corresponds to advective and di!usive
transport. Eq. (10) may be solved for b

2
as

b
2
"mb

~2
#b, (11)

where m is A
L
/A

4
and b is [LA

L
/Lt#A

L
j!u(LA

L
/Lz)#<]/A

4
. As described above,

we lack su$cient spatial resolution in Th pro"les to evaluate <. However, prior
application of Eq. (10) under bloom conditions (Buesseler et al., 1992a; Cochran et al.,
1993), as well as the analysis by Jaeger et al., (1996) of lateral particle transport in the
southern Ross Sea, suggests that the local vertical #ux gradient term is dominant and
we neglect < in the calculations that follow.

We apply Eq. (10) to the 234Th and 228Th data from station Orca by dividing the
water column into depth intervals based on the sampling depths and calculate values
corresponding to m and b for each isotope. A sinking velocity of large particles must
be chosen and we set it at 150 m d~1 for comparison with previous studies (Cochran
et al., 1993; Murnane et al., 1996). However, this value is consistent with experi-
mentally measured settling velocities of trapped material near station Orca
(&60}190 m d~1, Jaeger et al., 1996). Values of b

2
and b

~2
vary directly with sinking

velocity, and thus trends with depth or time will be qualitatively similar regardless of
the value of u used.

The #ux gradient term in b is generally much larger than either the decay term or
the temporal term. For example, considering the depth interval comprising the upper
30 m at station Orca, the #ux gradient of 234Th on large sinking particles (uLA

L
/Lz)

varies from !25.2]10~3 to 1.32]10~3 dpm l~1 d~1 between the spring and sum-
mer cruises. Over the same interval, the decay term (A

L
j) varies from 9]10~5 to

1.1]10~4 dpm l~1 d~1 and the temporal term (LA
L
/Lt) is 1.1]10~5 dpm l~1 d~1.

A similar situation obtains for 228Th; the #ux gradient ranges from !1.2]10~3 to
!1.1]10~3 dpm l~1 d~1, the decay term ranges from 1.0]10~4 to
1.7]10~4 dpm l~1 d~1 and the temporal term is 1.0]10~6 dpm l~1 d~1. Accord-
ingly, we neglect the temporal term in using (9) to evaluate b.

The approach for calculating b's involves simultaneous solution of two forms of
Eq. (10), one for 228Th and one for 234Th. Solution for b

2
and b

~2
is possible once

a value of particle sinking velocity is set. The slopes of the relationships are the ratio of
large particle to small particle thorium activity. These values tend to be (0.3 for
234Th and '0.3 for 228Th. We apply Eq. (10) in a pair-wise fashion to adjacent
depths in the pro"les of particulate 234Th and 228Th. The results are sensitive to
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Fig. 12. POC aggregation (closed symbols) and disaggregation rates (open symbols) vs. depth in the water
column at Station Orca.

errors in both the 234Th and 228Th activities on small and large particles at the two
depths. As a consequence, the uncertainties in the slopes as well as in the #ux gradients
can be signi"cant and can cause the calculated values of b

2
and b

~2
to be negative.

This is a physical impossibility and, as pointed out by Murnane et al. (1996), can arise
by combining a large uncertainty with the assumption that the rate constants have
normal probability distributions. Use of a lognormal probability distribution pre-
cludes negative values and is a better approximation of the actual probability
distribution of these parameters. For an initial look at the possible trends in aggrega-
tion and disaggregation at station Orca, we focus on instances in which both b

2
and

b
~2

are positive. Values of b
2

range from 0.04 to 0.20 d~1 and b
~2

ranges from 2.4 to
13.8 d~1. These values are greater than those determined by Cochran et al. (1993) and
Murnane et al. (1996) for the North Atlantic Bloom Experiment (0.003}0.09 d~1 for

J.K. Cochran et al. / Deep-Sea Research II 47 (2000) 3451}3490 3485



b
2

and 0.34}1.1 d~1 for b
~2

, over the course of the spring bloom), but less than those
estimated by Dunne et al. (1997) in 0}100 m of the equatorial Paci"c (&0.9}3.5 d~1

for b
2
). The di!erence may re#ect di!erences in the processes that contribute to

aggregation and disaggregation of particles during blooms at the di!erent sites,
di!erences in settling velocity as well as di!erences in the energy of shelf vs. open
ocean environments. However, an additional factor is that the North Atlantic results
correspond to depths of 150}300 m while the Ross Sea results generally focus on the
upper 100 m of the water column. Indeed, values of 0.12 d~1 for b

2
and 2.6 d~1 b

~2
are calculated for station Orca between 205 and 305 m (Table 3), values that are more
comparable to the North Atlantic results.

Fluxes of aggregation and disaggregation may be calculated by multiplying
the appropriate rate constant by the concentrations of small or large particles. We use
the POC concentrations determined from the in situ pump "lters for this
purpose (Table 3). The results show that aggregation of POC is greatest in the upper
50 m and decreases with depth (Fig. 12). POC aggregation rates in the upper 100 m
increase from spring to summer and reach maximum values late in the summer cruise.
Disaggregation rates of POC show an inverse pattern, decreasing with time. During
the spring and summer cruises, POC disaggregation rates increase to a maximum at
&150 m and decrease to low values at deeper depths.

These trends are most pronounced during the time interval represented by austral
spring } summer (Fig. 12). The increase in the aggregation rate of POC is accom-
panied by a decrease in disaggregation rate during the second occupation of Orca
during the summer cruise, and is consistent with the elevated POC in the large particle
fraction at that time (Fig. 6a). At all other times, disaggregation dominates aggrega-
tion, although the absolute rates decrease as the bloom subsides.

The changes in the rates of POC aggregation and disaggregation can be considered
in the context of the phytoplankton assemblage at station Orca and zooplankton
grazing e!ects. The latter could cause aggregation of particles through fecal pellet
formation, but Caron et al. (2000) documentes that rates of grazing by the microzoop-
lankton were low and insu$cient to a!ect phytoplankton standing stocks during the
JGOFS cruises. In the south-central Ross Sea, blooms of the nonsiliceous colonial
haptophyte Phaeocystis are common (Leventer and Dunbar, 1996). This species
occurs initially as small motile cells that aggregate into large, rapidly sinking colonies.
Late in Phaeocystis blooms, the colonies can sink and disaggregate (Wassmann, 1994).
Mathot et al. (1999) found that Phaeocystis cells were abundant within the nanoplan-
kton in the southern Ross Sea in during the spring (October) and that the colonial
stage was common in the microplankton during the summer. This pattern is consis-
tent with the trend in aggregation and disaggregation of POC at station Orca:
increases in aggregation of POC in the euphotic zone during the summer cruise,
coupled with decreases in disaggregation. Enhanced disaggregation at &100}150 m
may result from breakup of sinking colonies of Phaeocystis. The individual Phaeocystis
cells will likely settle more slowly, and this phenomenon may help explain the low
POC #uxes measured in sediment traps at 200 m. Moreover, the disaggregated
Phaeocystis cells are subject to grazing, decomposition or advective transport out of
the area.
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5. Summary

Depth pro"les of 234Th from stations Minke, Orca and Sei show a pattern typical of
the development and progression of a phytoplankton bloom. Little scavenging was
evident in the upper 100 m of the water column in the early spring. Removal increased
through the austral summer and decreased into the fall. Application of a non-steady-
state model to the Th pro"les suggests that Th scavenging is signi"cant during the
summer cruise and in the interval between the summer and fall cruises (early February
to mid-April). Average POC #uxes through 100 m during the summer cruise (esti-
mated from a steady state Th model) are &60 mmol m~2 d~1 at station Minke
(1/13}2/8/97), &20 mmol m~2 d~1 at Orca (1/19}2/1/97) and &12 mmol m~2 d~1

at Sei (1/24/97). POC #uxes calculated using a non-steady state model applied to the
summer 234Th data are 85 mmol C m~2 d~1 at Minke (1/13}2/8/97) and
50 mmol C m~2 d~1 at Orca (1/19}2/1/97). The decrease in POC inventories along
the AESOPS transect in the southern Ross Sea is &150 mmol C m~2 d~1 during the
summer cruise (Gardner et al., 2000), and the Th-derived POC export #uxes at
stations Orca and Minke average about 30}50% of this value. The remainder of the
decline in POC inventory is likely due to remineralization. This result is consistent
with depth pro"les of POC #ux estimated from 234Th pro"les suggesting that POC
#ux decreases by 50}80% from maximum values in the upper 100 m. Less than 4% of
the POC export #uxes estimated from 234Th are recorded in Ross Sea sediment traps
at 200 m (Collier et al., 2000).

Coupling 234Th and 228Th data on small (1}70 lm) and large ('70-lm) particles
permits estimation of the rates of POC aggregation and disaggregation. POC ag-
gregation rates decrease with depth while disaggregation rates increase. Rates of both
processes are low below 200 m. Subsurface aggregation rates are at a maximum late in
the summer while disaggregation rates are low at this time. The production of large
sinking aggregates during the summer cruise is consistent with the maximum #uxes of
POC and 234Th from the upper 100 m observed at that time. Moreover, increases in
POC disaggregation rate with depth may help explain the low POC #uxes recorded in
sediment traps compared with export from the upper 100 m as sinking particles
disaggregate before they reach the trap depth.
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