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Abstract. The time-series station, SEATS (1§, 116 E) 1 Introduction
in the South China Sea was visited six times during Octo-

ber 2006-December 2008 to carry out seawater sampling js known that carbon dioxide sequestration from the atmo-
apd f'Ioating trap deployments for the determination of dis'sphere in the ocean depends, in part, on the magnitude of
';rllgutlo_ns and fluxes of POC, PIC, PR}*Th, #1%b, and  carbon removal via particle settling from the surface to the
Po in the upper 200m of the water column. Radionu-geep layer of the ocean. Thus, the quantification of export
clide deficiencies resulted in removal fluxes from the eu-f,x from the euphotic zone is of great importance to the un-
photic layer of 1.1x 10*-1.8x 10°dpmm dfl.a”d 7.1= derstanding of carbon cycling in the ocean. The SEATS site,
40.2dpmm?d~* for 23*Th and?!%o, respectively. Due g time-series station regularly visited by Taiwanese oceanog-
to atmospheric input, an excess BPPb relative to**°Ra  raphers since 1999, is located af M116 E in the central
is commonly observed in the upper water column. Sinkingpasin of the South China Sea (Wong et al., 2007). Although
fluxes of total mass, POC, PIC, PR/'Th, ?1%b, and®'%0  peing in a marginal sea, the site shows open-ocean charac-
measured at the euphotic depth were low in summer-fall anggristics with low productivity. The SEATS is an ecosys-
high in winter-spring, reflecting the seasonal variability of tem dominated by picoplankton with a relatively low primary
biological pumping. Excluding the suspiciously low primary productivity ranging between 300 mg-Cd—? in summer
productivity data point in July 2007, a relatively high e-ratio {5 550 mg-Cm2d~1 in winter (Chen et al., 2004; Chen
of 0.28-0.69 was estimated by the ratio of the POC flux atypg Chen, 2005). The South China Sea has a thin surface
the euphotic depth and the integrated primary productivity. mixed layer of 30-80m and a constant euphotic depth of
The ratios of3*Th, ?'%Pb, and’'%o to organic carbon, inor- 100 m, which make the diffusive flux of nutrients an impor-
ganic carbon, and nitrogen in the sinking particles were com+ygnt mechanism of supporting the primary production in this
bined with the disequilibria ot**Th-238U, 210Ph-226R3, and oligotrophic system (Tseng et al., 2005).
210po-210pp to estimate export fluxes of POC, PIC, and PN . . .
. . Despite the fact that previous estimates of the export flux
from the euphotic layer. Compared with measured fluxes by

; : of particulate organic carbon (POC) at the SEATS in the
the sediment trap and estimated fluxes by other approache@Outh China Sea were attempted by various approaches. e
it is concluded that the export production in the South China, P Y bp €.

Sea, ranging from 1.8 to 21.3mmol-Chd-L, can be rea- biochemical modeling (Liu et al., 2002), carbon budgeting

; o34 210 210 (Chou et al., 2006), and new productivity measurements
2?8)222/ estimated usirgf“Th, 2%b, and*’Po as carbon (Chen and Chen, 2005; Chen et al., 2004), the magnitude of

POC export from the euphotic zone has never directly been
measured. Previously, short-lived particle-reactive radionu-
clides,?34Th (t1/2=24.1d),21%b (1, = 22.4 a), and?*%o

Correspondence toC.-L. Wei (11,2 = 138 d), have been found to be very useful for the esti-
BY (weic@ntu.edu.tw) mation of export production in the ocean. Among the three,
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234Th has been widely used as a powerful tracer for POC and
provided estimates of the export production (see review of 24
Buesseler, 1998). There is only a few studies that 45&b

to estimate the export production in the ocean, although a
strong correlation of1%Pb removal with the POC flux was 2K
previously demonstrated (Moore and Dymond, 1988). On
the other hand, due to its high affinity with biological par-

. . 2 20
ticles (Cherry et al., 1975F1P0 is also used as a power- £
ful tracer for particulate matter sinking out of surface ocean -E
(Murray et al., 2005; Friedrich and Rutgers van der Loeff, & 18
2002; Verdeny et al., 2009; Kim and Church, 2001; Bues- 3
seler et al., 2008). 16

Here we report the results of POC, PIC, and PN export . s oime oriam
fluxes directly measured by floating traps deployed in six onlfsn ™ oo™ - .
cruises to the SEATS during October 2006—December 2008. M~ whbovoowobhououoboon | oSl s
The export fluxes were also estimated from the distributions o 2L B N ‘
of the three particle-reactive radionuclides in the euphotic B | o Bl DATRNANIA &
layer. The goals of this study therefore are Eq. (1) to in- 110 112 114 116 118 120 122
vestigate the temporal variability of particle scavenging and Longitude (E)

removal processes, Eq. (2) to compare the geochemical be-
havior of34Th, 1%b, and**°Po, and Eq. (3) to estimate the Fig, 1. Location of SEATS station in the South China Sea. Inserted
export flux of POC, PIC, and PN By*Th/2%8U, 210PoP1%b,  hox shows the timeline of the six cruises to the station.
and 219Pbf2Ra disequilibria in the euphotic layer of the
northern South China Sea.
for isotopic equilibration, 12 N NaOH was added to raise the
pH to 8 to form Fe(OH] precipitate. The Fe(OH)precip-
2 Material and methods itate was collected by siphoning and centrifuging, and then
dissolved in concentrated HCI to make the samples 9 N HCI.
Seawater samples were collected by multiple cruises to th@hese samples were then passed through an anion exchange
SEATS site in the South China Sea on board the Rf¢an  column (AG1X-8) preconditioned by 9N HCI to separate
Researcher | or lli(refer to Fig. 1 for the timeline of the uranium from thorium. Thorium samples were purified by

cruises). passing the sample through three anion exchange columns
pre-conditioned with 8N HN@ The sample was evapo-
2.1 Seawater rated down to one drop and was ready for extractifiTh

and the yield trace?3°Th, were extracted into a 0.4 M TTA

Seawater was collected using either 101 (RD¢ean Re-  (thenoyltrifluoroacetone)-benzene solution and stippled on a
searcher Il)) or 20| (R/V Ocean Researchej Teflon-coated  stainless-steel disc. Preconcentration and separation of ura-
Go-Flo bottles mounted on a Sea-B#dCTD (SBE 9/11)  nium and thorium from the filtered seawater samples were
rosette system. Except for the first cruise (ORI-812), fromcompleted in five days after samples were collected.
which only 23*Th activity in unfiltered seawater was mea-  The particulate samples collected on the Nuclepore filters
sured, filtration of large-volume seawater for the determi-were dried in a desiccator and weighed to estimate the con-
nation of 234Th, 219Pb, and?'%o activities in filtrate and centration of total suspended matter. After adding 10 dpm
particles was carried out for all samples. At each sampling?3°Th yield tracer, the filter was decomposed and digested
depth, 401 seawater was collected and divided into one 20 by HNO3/HCI/HCIO4/HF. The samples were purified and
and two 101 subsamples. The 20| sample was used to detemounted on stainless-steel discs following the same proce-
mine234Th and the two 10| samples were used to determinedures as for dissolve®#*Th samples. The activities 6#4Th
210ph and?1%o, respectively. Seawater was immediately were counted by a low backgroune@.15cpm) anticoin-
pressure-filtered by compressed air through a pre-weighedidence counter (Riso GM25-5) via igsemitting daughter
142 mm Nuclepore filter (0.45um) mounted in a Plexiglas 2>*Pa. Chemical yield of thorium was estimated by counting
filter holder. Filtrate and particles retained on the filter were spiked?3°Th using silicon surface-barrier detectors (EG&G
processed and analyzed f6fTh, ?10Pb, ancP1Po activities  Ortec 576).
following the procedures described in Wei et al. (2009). The filtrate from the 101 sample fot'%Po determina-

In short, approximately 20 ml of concentrated HCI along tion was acidified with about 10 ml concentrated HCI and
with 35 dpm?23°Th yield tracer as well as 60mg Fe carrier spiked with 2.2 dpm 0f°Po and 30 mg of Fe carrier. Given
was added into the 201 filtrate sample. Given at least 10 2 days isotopic equilibration time, concentrated 4HH
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was then added to raise the pH to precipitate Fe(OH) wrapped firmly into tin boats and loaded into the autosam-
The Fe(OH} precipitate was collected by decanting and pler of EA elemental analyzer (EuroEA3000) for total carbon
centrifuging and dissolved in HCI, digested with HJJO and nitrogen content. The filters for organic carbon analysis
and?1%o and?%%Po were spontaneously plated onto silver were fumed for 24 h with concentrated HCI to remove cal-
plates. The particulate samples collected on the Nucleporeium carbonate, then analyzed for carbon content. Fluxes of
filters were dried in a desiccator and weighed to estimateparticulate inorganic carboiff|c) were calculated by differ-
the concentration of total suspended matter. After addingence ofFpcandFpoc The overall procedural error are better
2.2dpm 0f2%°po, the filter was decomposed and digestedthan+2 % for both carbon and nitrogen determinations.
by HNOs/HCI/HCIO4/HF. 21%0 and?%°Po were plated onto
silver plates following the same procedures as for dissolved
samples. The 101 seawater samples 3Pb determina-
tion were stored for at least 1yr to 1&t°Po grow in from 3.1 234Th 210pp and?1%0 i
210pp; then the same procedures for dissolved and particulate’ ' - an 0 In seawater
21%po were followed. The silver discs were counted by al-
pha spectrometry (EG&G Ortec 576). All activitiesdfTh (?3*Thy) and particulate 84Thy) in the upper 20 m at
and?'%Po reported here were corrected back to the samplingsg ATS station, as well as TSMp concentrations, are shown in
time after the ingrowths from parent radionuclides were SUb'Fig 2. It should be noted that only to4Th (234Thy) con-
tracted. o ~ centrations are available for October 2006 (ORI-812). Ex-
Auxiliary standard oceanographic variables (e.9. nutrientscept for the subsurface layer in October 2007, 3 hg
primary productivity, etc.) were measured by technical per-y5|yes are significantly lower than those?8fU, indicating
sonnel of SEATS program. Nutrients were determined fol- 5ctive scavenging in the upper water column. ﬁa?ﬁlghp val-
lowing the methods of Strickland and Parsons (1984). Pri-yes fall in the range from 0.05 to 0.75 dpntland sometimes
mary productivity was determined by M#ICOg incubation  show similar vertical distributions as TSM (Fig. 2). Vertical
of seawater samples collected from 6-8 depths in the UpPEKrofiles of219Pb activity concentrations of dissolved{Phy)

Results

Vertical profiles oP3*Th activity concentrations of dissolved

100 m. and particulate?°Phy,) in the upper 200 m at SEATS station,
i and TSM concentrations from the filtration 9fPb samples
2.2 Floating trap are shown in Fig. 3. The line showing vertical distribution

o _ of 225Ra was estimated from SjGconcentration by*2%Ra
Particle interceptor trap (Wei et al., 1994) was deployed for(OIle 10011)=5.15+0.14 Si@ (umol~1), which is based

tzgf meas”regl‘gm of Ve“;ﬁg" fluxes of toFaI magfdss. on the data determined at the site 300 km to the south of
Th (Frn), “Po (Fpo), “Pb (Fpp), particulate carbon 0 gpaTS by Nozaki and Yamamoto (2001). An excess of
(Fpc), particulate nitrogen #py), and particulate organic  210py, rejative to?26Ra in the upper water column is gener-
carbon Feog), at three depths (30m, 100m, 160m). Al 4y fond, The?1%k, concentrations are much lower than
each depth, a set of sediment traps consisting of eight Rle)&he21°ij concentrations, and show no systematic variation
iglas tubes filled with trap solution prepared from the mix- depth. Vertical profiles of'%Po activity concentrations
ture of filtered seawater and formaldehyde (0.3 f6) were f dissolved £1%aqy) and particulate 2(1°Pop in the upper

snapped on a polypropylene cross frame, which is secureg 1, ot SEATS station, and TSM concentrations from the
to a mooring line. It should be noted that radionuclide re- gt ation of the21%0 samples are shown in Fig. 4)

lease into overlying waters in unpoisoned traps (even when

deployed for less than 1 day) has been documented (Hung 2  sinking fluxes

et al., 2010; Xu et al., 2011), which can underestimate ra-

dionuclide fluxes. The mooring array was left free drifting Sinking fluxes of total particulate matter or masgu{ss,

for 37-48 h. Upon recovery, the upper layer of seawater inPOC (Fpod), PIC (Fpic), PN (Fpn), 234Th (Frn), 21%b

the tube was siphoned off and the remaining trap solution(Fpy,), and?1%Po (Fpo) at the three deployment depths (30,

was filtered through a pre-weighed 90 mm Nuclepore filter 100, and 160 m) are shown in Fig. 5a—g, respectively. The

(0.45 pm pore size). The swimmers, mainly macrozooplank-average, range, and standard deviation of sinking fluxes of

tons, were picked under a microscope. The samples themarious parameters are summarized in Table 1. In general,

were rinsed by deionized water to remove salts. The filtersall fluxes decreased with depth. Although the fluxes for all

were then dried in a desiccator and weighed for total massomponents, except®b, show the largest variability with

flux calculation. The filters were analyzed f6¥'Th, ?1%Pb,  a RSD of>70% at 30 m, the correlations between fluxes

and?'0%Po activities following the procedures as particulate are noticeably high, with correlation coefficients-08.9 be-

samples described in previous section. tween all combinations of flux parameters. Except for the
The samples in tubes used for carbon and nitrogen analfp|c, and Fpo, all fluxes varied within a relatively small

yses were filtered through pre-combusted Whatman 25 mmmange, with a RSD 0f-40 % at 100 m, the approximate eu-

GF/F filters. After swimmers were picked, the filters were photic depth at SEATS.
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Fig. 2. Vertical distributions of dissolved (open circle) and particulate (solid cifci&Jh, TSM concentration (solid triangle), and thU
(thick dotted line) calculated from salinity (Ku et al., 1977). Note only té84iTh (solid square) is available for ORI-821 (October 2006).
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Table 1. Range, average, and standard deviation of sinking fluxes of total miggsd, POC Fpod), PIC (Fpic), PN (Fpn), 234Th (Frp),
210pp (Fpy), and?1%0 (Fpy) at three depths during October 2006 and December 2008.

Depth FMass Fpoc Fpic Fpn | Frh Fpp Fpo
m mgnm2d-1 mmolm2d-1 dpmnr2d-1
30 441~ 3548 | 8.6~59.1 3.7~23.8 2.7~10.1| 694~3395 17.4~36.4 33.6~127.4
1776+ 1249 | 29.6+£19.0 11.8+9.1 6.0+ 3.1 | 1778+ 1187 27.6+7.8 72.3+ 455
100 597~ 1215 | 9.8~18.5 2.1~95 1.5~4.1 | 1201~ 2160 7.5~33.8 10.6~107.6
861+ 256 14.44+ 3.3 5.2+31 2.4+ 0.9 1690+ 399 23.0+ 9.6 49.24+-39.4
160 285~ 1095 | 3.2~10.8 0.4~ 8.3 0.5~ 1.7 | 1046~ 1864 14.0~37.0 11.5~42.4
638+ 309 6.9+28 2.6+ 3.2 0.9+ 05| 1432+304 23.1+10.7 30.2+15.2
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Fig. 4. Vertical distributions of dissolved (open square) and particulate (solid sq&%ﬂl@()), TSM concentration (solid circle), and total
210pp (thick dotted line) calculated by the sum?dPhy and ?1%Pk,. Note only total?!%Po (solid triangle) is available for ORI-821
(October 2006). Error bars represent uncertainty based on propagated countingietroys (

4 Discussions 210pp, and?1%o in the northeastern Arabian Sea. Wei and
Murray (1991, 1994) compared the geochemical behavior of
4.1 Deficiencies and fluxes o4Th, 21%Po, and?1%Pb 2%4Th, #1%b, and*'°Po in the Black Sea. Shimmield et

al. (1995) measured the three radionuclides from the same
feawater samples collected in the upper 500m from the
marginal ice zone in the Antarctica. Kim and Church (2001)
presented dissolved and particuld®Th, 219Pb, and®1%Po
data determined on the same samples collected from the

There are very few previous open ocean studies that repo
234Th, 210pp, and?1%Po data determined from the same site.
Among those few, Sarin et al. (1994) reported three ver-
tical profiles of dissolved activity concentrations GfTh,

www.biogeosciences.net/8/3793/2011/ Biogeosciences, 8, 38982011
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Sargasso Sea. Murray et al. (2005) reported a complet&vhere Fpy' is the removal fluxipy is radioactive decay con-

234Th, 210ph, and?1%0 data set measured from seawaterstant of21%Pb (=8.48x 10-°d~1) andIppis the atmospheric

samples and settling particles collected by floating traps de?1%b deposition flux. Thepy, is about 0.4 dpmcmfat

ployed in the Equatorial Pacific. according to the model by Feichter et al. (1991). Based on
Vertical profiles showing the nuclide ratios 8#Th and  2%Pb chronology in ornithogenic sediments, Xu et al. (2011)

238y, 2190 and?1%Ph, and?%Ph and?2®Ra in the upper estimated the atmosphedt®Pb flux of 0.76 dpmcm?a~t

200 m obtained from the six cruises are given in Fig. 6.in the southern South China Sea. Here we assume an average

Relative to their parent radionuclides, deficiencie$¥%Th  Ippof 0.6dpmcn2at (16.4 dpmnr2d1).

and?1%o in the euphotic layer were commonly found, indi-  The flux of21%Po out of the euphotic depth is calculated

cating evidence for an efficient removal process. A layer withby Eq. (3),

exces$34Th underlying the euphotic layer was found in Jan-

uary 2006, October 2007 and June 2007, which is the resul 100 omn. 210

of remineralization (Buesseler et al., 2008). The remineral-" "% ZAPO/ ( Pl - Pq>dZ+IP°’

ization phenomenon is also shown as a layer of extéso

found in all cruises, except in June and December 2008, corwhereFpy' is the removal fluxpy is radioactive decay con-

roborating the results from other regions (Bacon et al., 19765tant 0f?2%Po (= 0.005 d*') and/p, is the atmospheri¢'°Po

Thomson and Turekian, 1976). As a result of atmosphericdeposition flux, which is assumed to be 10 % of the atmo-

deposition, exces&do%Pp was Common|y observed in the up- Sphel’iCZlopb flux (Turekian et al., 1977). Since the spatial

per 200 m during all cruises, consistent with the findings of variation of?19Po in the surface water of the South China Sea

Obata et al. (2004) and Chung and Wu (2005). is small (Yang et al., 2006; Wei et al., 2011), as is the case
Assuming steady-state and negligible physical transportfor 23*Th, horizontal transport should be negligible. How-

the flux of234Th out of the euphotic depth can be calculated €ver, similar to the nutrients, the vertical profile dfPa

3

by Eqg. (1). shows evidence for an increase in the thermocline layer, ver-
tical diffusion may play a significant role in the mass balance

100 /e 934 of 21%o0 in the euphotic layer (Sarin et al., 1994). Based on
Friv = )‘Th/O ( U— Thl)dZ +V, (1) the?28Ra profiles, the eddy diffusion coefficient ranges from

0.23 to 1.0crAs ! was estimated in the South China Sea
whereFry' is the removal fluxah is radioactive decay con- (Cai et al., 2002a, b; Nozaki and Yamamoto, 2001). If an
stant (=0.0287d%) andV is the net flux of34Th from phys-  eddy diffusion coefficient of 0.55 cfs~ (Nozaki and Ya-
ical transport. To justify the assumption of steady-state, themamoto, 2001) and mean vertical gradienfPo between
contribution of temporal changes3#*Th activity concentra- 0 and 300 m were applied to the mass balance equation, the
tions in the mass balance needs to be assessed. Itis found thertical fluxes of?!%Po due to upward diffusion would be
the temporal change is only equivalent to 0.1-3.1 % of theequivalent to 2-8 % of the total flux, lower than that in olig-
contribution by radioactive decay, which is negligible in the otrophic North Pacific reported by Verdeny et al. (2008).
flux calculation. TheFr,’ caused by physical transport can Hence, the contribution of the vertical diffusion does not
be evaluated based on the unpublisR&Th data obtained need to be included in the flux estimation.
from 6 stations in March and July 2000, which covered 3 The inventories, deficiencies, and removal fluxe$36Th,
degree region of the study area. Following the procedures of!®Pb, and?'%Po in the euphotic layer are summarized
Liang et al. (2003), the mean current velocity was estimatedn Table 2. Daughter nuclide deficiencies from their
by averaging the archived shipboard ADCP data collectecparent nuclides resulted in removal fluxes of £.10°-
during 1991-2006. The results showed that horizontal trans1.8 x 10° dpm 2 d~! and 7.1-40.2 dpm ¥ d~* for 224Th
port by surface currents contributes only 1.5%#Th in  and?'%Po, respectively, from the euphotic layer. Due to at-
the region. Negligible contribution 384Th from horizontal ~ mospheric input, an excessdPPb relative t?°Ra is com-
advection at the SEATS site corroborates to the work con-monly observed in the upper water column. As is apparent,
ducted by Cai et al. (2008) in the southern South China Sedhe atmospheric input is the dominant source term in Eq. (2),
and by Chen et al. (2008) in the northern shelf of the Souththus, theFpy' is close to the constant atmospheitPb flux,
China Sea. Based on the distributions?3fTh and228Th  16.4dpmm2d—1. No systematic variations were found for
in the upper 500 m, Cai et al. (2006) also concluded that adthe temporal values ofty’, Fpy, and Fpy. Based on the
vection/diffusion is not a significant term in the scavenging 2!%Pb and?'%Po content in the surface water, Nozaki et

model. al. (1998) predicted &°%PofOPb ratio of 0.58 in sinking
The flux of219b out of the euphotic depth can be calcu- particles from the South China Sea. THEPoP%Pb ra-
lated by Eq. (2). tio 0.4-2.5 in the sinking particles exiting from the euphotic

layer that was estimated by this study is within the range of

100, o the 210PoP1%Pp ratio of 0.4—4.5 measured by our sediment
Fpy :)»Pb/o ( Ra— Pb)dz+lpb, @ traps.

Biogeosciences, 8, 3793808 2011 www.biogeosciences.net/8/3793/2011/
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Fig. 5. Fluxes of(a) total mass Fmasgd, (b) particulate organic carborFppog), (c) particulate inorganic carborFgc), (d) particulate
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Fig. 6. Vertical distributions of the ratios of total activities of daughter and parent radionuclides obtained from the six cruises. The dotted
line represents the secular equilibrium of daughter-parent relationship. Error bars represent uncertainty based on propagated counting error

(£ 10).
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Table 2. Inventories of radionuclides in dissolved and particulate phases of seawater, deficiencies of total activity of daughter with respect
to parent radionuclides, and their removal fluxes from the euphotic layer. Uncertainties of various removal fluxes are estimated based on
propagated errorsilo).

) ] Inventory (dpm nT2) Deficiency (dpm rm2) Removal flux (dpmm?2 d—1)
Cruise Time 234Thd 234Thp 210Ph1 ZIOPQ) ZlOPQj Zlopq) ‘ (23%_234‘”1‘) (226Ra—210Pb) (210ph7210Pq) ‘ FTh/ pr/ FPO,
ORI-812* Oct 2006 191000 7280 6103 50307 —1421 1177 14474139 16.3t2.4 7.5+2.1
ORI-821 Jan 2007| 149524 37578 7534 985 3266 256 55080 —2925 2690 1584+ 174 16.2+4.4 15.1+6.8
ORIII-1239  Jul 2007 | 161069 14795 7069 415 3529 74 64557 —1868 3210 1857+ 174 16.3£5.5 17.7£10.2
ORI-845 Oct 2007 | 182687 18436 5394 741 3465 51! 38424 —278 2156 1105+ 125 16.4:£2.9 12.4+5.0
ORI-866 Jun 2008| 152631 34811 9555 1003 4792 132 55640 —4769 4441 1600+ 110 16.0+2.7 23.9+6.3
ORI-887 Dec 2008 156938 24882 8053 894 3744 107 56537 —3366 4127 1626+ 129 16.2+2.8 22.3+7.2

* Inventories 0f234Th 210pp, and?10Po represent total values since the radionuclide activities were measured on unfiltered sample.

4.2 Trapping efficiency determined by?34Th, 21%Pg, which may be related to the fast regeneration raté'é®o

and 21%Pb due to particle remineralization in the euphotic layer. An el-

evation 0f?10Po activity in seawater due to regeneration pro-

It is known that the sediment traps can show trapping effi-cess was commonly found in the upper water column (Bacon
ciencies different from 1 (or 100 %), due to hydrodynamic et al., 1976), which results in a lower deficiency4dfPo
and swimmer effects (Buesseler, 1991; Buesseler et alrelative to21%Pb and, hence, a lowdfry. Compared with
2007), as well as selective dissolution effects (Hung et al.the concentrations of trace metal in the same samples (Ho
2010; Xu et al., 2011). To evaluate the trapping efficiencyet al., 2010), it was foun&'%Po content is highly correlated
of the floating trap, thé**Th/238U disequilibria in the upper  (r > 0.8, n = 11) with biophilic elements, P, S, Ca, Zn, Mo,
water column are commonly used to assess the trapping effiand Cd. Previous studies have shown tH&Po, a sulfur
ciency of the floating trap. Th€*Th flux measured by the analog found mostly associated with proteins (Fisher et al.,
sediment trap deployed at specific depth should be equal ta983), shows higher affinity toward organic particles than
the removal flux calculated from the deficiency in the wa- 210Pb (Bacon et al., 1976; Shannon et al., 1970), and thus,
ter column above the depth. Ideally, following the same?1%P¢ is more sensitive to particle decomposition processes
concept, the comparison of measured with estimdt@eb  than23Th (Stewart et al., 2007), which is mostly surface-
and1%o fluxes can also be used as an indicator of trap-bound (Santschi et al., 2006).
ping efficiency of the floating traps. Hence, we have cal-
culated the trapping efficiencies of the floating traps by the
ratios of measured and predicted fluxe$¥fTh,21%Pb, and
210pg at the three depths. The trapping efficiencies for the
six cruises and the average values at the three deployment
depths are shown in Table 3. The trapping efficiencies forExport fluxes of POC, PIC, and PN can be indirectly esti-
the traps deployed at 100 m, the euphotic depth, range bemated if the ratio of the concentration of carbon and nitrogen
tween 1.06k 0.2 and 3.99 3.23 based 04%*Th and?!%Po  to the radionuclides in sinking particles are known. Since
data, respectively. Considering the uncertainties associatethe first study in the Panama Basin (Murray et al., 1989),
with sediment trap deployments, these trapping efficiencie€34Th has been extensively used in the past two decades as
are acceptable, as most of the values at 100 and 160 m awme powerful tracer for estimating the export production (i.e.
close to 1 (Table 3). A large range of trapping efficiency for POC flux) from the euphotic layer of the ocean (Buesseler et
floating traps, with the ratio of measured and modeled fluxesal., 2006 and refereces therein). For the same purp&¥eh
ranging from 0.1 to 20, is found (Buesseler, 1991; Stewartand?%Po, as additional tracers, were used to constrain the
et al., 2007; Wei and Murray, 1992; Buesseler et al., 2007)determination of the export production in the euphotic layer
A trapping efficiency close to unity and a small variability (Shimmield et al., 1995; Stewart et al., 2007; Murray et al.,
for the traps deployed at 100 m increase the reliability of the2005; Friedrich and Rutgers van der Loeff, 2002; Kim and
export flux assessment (Buesseler et al., 2007). While it isChurch, 2001; Buesseler et al., 2008). In the context of treat-
noted that the traps deployed at 30 m depth, within the suring particle-reactive radionuclides as proxies for POC flux,
face mixed layer, generally give significantly higher radionu- export production or sinking flux of PIC and PN from the
clide fluxes than expected values and reveal a large variabileuphotic layer can also be estimated by multiplying the flux
ity, they also experience greater hydrodynamic effects, whichof radionuclides, which is obtained from the mass balance
may be the cause for these phenomena. It is also worth noif daughter radionuclide relative to its parent radionuclide
ing that, except for the 100 m trap of July 2007, all trapping in the euphotic layer, by the ratio of POC (or PIC, PN) and
efficiencies estimated bipo, and Fpy are greater than unity, radionuclide in sinking (or sinkable) particles (Murray et al.,

4.3 Export fluxes of POC, PIC, and PN estimated by
radionuclide tracers
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Table 3. Trapping efficiencies estimated by the ratios of measured and modeled fil3&gbf210Pb, and?19%Po from the three depths for
all cruises. Average value, standard deviation, and relative standard deviation for each depth are listed.

Depth (m) Oct. 2006 Jan. 2007 Jul. 2007 Oct. 2007 Jun. 2008 Dec. 2008 Av. s.d. r.s.d.

30 1.12 5.29 0.79 8.39 0.98 0.75 2488.22 112%
Frh: Fri/ 100 0.83 1.33 0.84 1.19 1.12 1.06 1€86.20 19%
160 0.91 0.37 1.26 0.81 1.18 0.210.35 39%
30 1.33 0.83 2.60 1.61 1.02 1.480.69 47%
Fpp: Fpp 100 0.87 0.69 2.29 3.21 0.89 1.539.11 70%
160 1.37 1.38 1.27 1.69 1.15 1.30.20 15%
30 15.02 2.77 17.85 4.11 526 98691 77%
Fpo: Fpg 100 7.64 0.75 1.15 3.35 7.07 39®8.23 81%
160 2.77 0.39 4.22 1.36 7.84 3.32.92 88%
2005; Buesseler, 1998; Bacon et al., 1996), i.e. al. (2008). A larger variability of this ratio was found at the
POC mixed layer depth, which may be caused by a more active bi-
Fpoc_rN = FRN X (m), (4)  ological activity in the surface layer. It is noted here that the
POCPF3*Th ratio in sinking particles collected at the euphotic
7l _Flo (EZ) (5) depth falls in a small range and yalues are similar to those re-
PIC-RN™ “RN Y BN 7 ported for more productive regions, e.g. Northern Atlantic
PN (Buesseler et al., 1992) and higher than in the oligotrophic
Fon_pn = FRn X (ﬂ)’ (6) open ocean, e.g. HOTS and BATS (see the compilation of

Buesseler et al., 2006). Due to the low scatter of PATh

where RN is the abbreviation of radionuclidd4{Th, 210pp, ~ ratio at the euphotic depth, the export production based on
2190), Fpoc_rNs Fric_rN, and Fen_ry' are fluxes of  EG- (4) tends to be less variable (Buesseler et al., 2006). Ex-
POC, PIC, and PN estimated by RN as proxy, respectivelycept during July 2007, the_PO@Y’Pb ratio in sinking parti-
Fry' is the flux of radionuclide calculated from the deficien- Cl€s also shows a decreasing trend with depth (Fig. 7b). The
cies of RN in the euphotic layer by Egs. (1) and (3), andaverage POC!OPb ratios are 108& 403, 686+ 352, and
POC/RN , PIC/RN, and PN/RN is the ratio of POC, PIC, 321%131umoldpnt* at 30, 100, and 160m, respectively.
and PN and the radionuclides in sinking (or sinkable) parti- These values are comparable to P&&?b ratios of 80—
cles collected at the euphotic depth. Equations (4) and (6268 Hmol dprmi* in sinking particles collected by sediment
were previously used fo#34Th data to estimate the export traps at 150 m off the east coast of thg United States (Bis-
flux of POC and PN from the euphotic layer of the Atlantic caye et al., 1988) and 50-489 pmol dphin the northwest-
Ocean (Buesseler et al., 1992; Amiel et al., 2002) and the&™ Mediterranean (Tateda et al., 2003). The P&€b ra-
Pacific Ocean (Murray et al., 1996). Limited by the scarcity tios in the sinking particles are highly variable, ranging from

of sediment trap data on radionuclide to PIC ratios, very few120 to 1200 umol dpm?, similar to ratios in the sinking par-
applications of Eq. (5) on PIC export exist. The only appli- ticles collected in the coastal Mediterranean Sea (Tateda et

cation of using?3#Th as a PIC proxy is Bacon et al. (1996), &l 2003; Stewart et al., 2007). However, compared to open

who estimated PIC export fluxes based on BitTh ratios ~ ©0cean values (Verdeny et al., 2008 and references therein),

The POC/RN, PIC/RN, and PN/RN in sinking parti- ferent from?*4Th and*'%Pb, no systematic trends with depth

cles collected at the three depths are shown in Fig. 7Were found for POCA%o ratios.

The POC?3*Th ratios in sinking particles decreased with  Values of the PIGF*Th (Fig. 7d) and PNE*Th (Fig. 79)
depth, with average values of 23t96.3, 8.74-3.2, and ratios show temporal and vertical variations similar to those
4.8+ 1.8umoldpnt?! at 30, 100, and 160 m, respectively. of POCP3*Th, suggesting no preferential association of
The decreasing trend with depth can be attributed to prefer?34Th with different components of biological particles.
ential remineralization of organic carbon when particles set-The average PI€#Th ratios are 8.4 6.3, 2.8+ 1.1, and

tle through the water column (Rutgers van der Loeff et al.,1.94+ 2.4 umol dpnt?® at 30, 100, and 160 m depth, respec-
2002; Buesseler et al., 2006). Decreasing of PATh ra-  tively. These ratios are comparable to the limited pub-
tio with depth were also found for suspended particles in thelished sediment trap data, e.g. 0.6 pmol dgrat 300 m in
northern South China Sea by Cai et al. (2008) and Chen ethe Northwest Mediterranean (Szlosek et al., 2009). The
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Fig. 7. Ratios of(a—c) POC and RN{d—f) PIC and RN, andg—i) PN and RN in settling particles collected by floating traps at the three
depths of SEATS.

PN/234Th ratios in the lower euphotic zone range between 0.6ratios obtained from this study are comparable with the
and 1.4 umol dpmt, which is similar to 0.7—1.3 pmol dpm ratios in sinking particles from the euphotic layer in the
in the Northern Atlantic (Buesseler et al., 1992). L#&&Th Mid Atlantic Bight (21~279 mmoldpm-1, Biscaye et al.,
data, the PICE%Pb (Fig. 7e) and PNRI%Pb (Fig. 7h) ra- 1988) and the Northwest Mediterranean (4—126 mmol dpm-
tios also show temporal and vertical variations similar to1, Tateda et al., 2003). Both PRPPo (Fig. 7f) and
those of POCGA%Pb. The PICI%Pb ratios are 433252, PNP%Po (Fig. 7i) ratios show large seasonal and vertical
279+ 51, and 108t 96 pmol dpnT? at 30, 100, and 160 m, variability. The average PI1E¥%Po and PN/1%Po ratios range
respectively. The ratios at the lower euphotic depth werefrom 91 to 433 pmol dpm! and 14 to 50 umol dpm, re-
very similar to 135-518 pmol dpnt at 150 m in the North-  spectively. Compared to the trap data and PIC, PN, and
west Mediterranean (Tateda et al., 2003). The?®®b  21%0 data of Tateda et al. (2003), our results fall in the
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same range as the PRIPo and PN#%Po ratios from B o '

POC-Th 10( “Pb POC-Po

the coastal Mediterranean, i.e. 94-1115 umol dpamd 7— 30 r T T T T
148 pmol dpn?, respectively. s o5t @ i
Using the ratios of POC, PIC, and PN to the three radionu- ¢ 20 .

clides in sinking particles of the 100 m trap, the export fluxes
of organic carbon, inorganic carbon, and nitrogen via particle
settling from the euphotic layer can be calculated by Egs. (4)-
(6) and plotted for different cruises in Fig. 8. Along with the
estimated fluxes based on the three radionuclide proxies, di Oct'06 Jan'07  Jul'07  Oct'07  Jun'08  Dec'08
rectly measured fluxes of POC, PIC, and PN by sedimen

traps deployed at 100 m are also shown in the figure. The 4 Foen ! Foen ) Foca,

export fluxes of POC, PIC, and PN from the euphotic layer ~

®r,
® o ' ' '
of the northern South China Sea determined by various ap~ 8 | .
proaches are discussed in the following section. - |
[}
4.4 Comparison of export fluxes by different T i
approaches 2 Iﬁ(_‘ .
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As can be seen from Fig. 8, valuesBioc_1’ display a re- Oct'06  Jan'07  Jul'07  Oct'07  Jun'08  Dec'08
markable resemblance fpoc values, both in terms of mag- N
nitude and temporal variation. Th&oc_Tth' ranges from < = P = Fn Fosr, ®r,

9.6 mmol-Cm2d~1 to 21.0 mmol-C m2d—1 and theFpoc
ranges from 9.8 to 18.5mmol-CTAd~1. The temporal
variation of bothFpoc and Fpoc_1h’ generally corroborates
with the seasonal variation of primary productivity at SEATS
(Tseng et al., 2005). In the region further south to SEATS

. .
the POC export ranged from10.7 to 12.6 mmol-Cm?d—1 0 IF—L s m’“ s H : : :

Cai et al. (2008), using a 3-D scavenging model, estimatec
calculated fron?3*Th deficiencies and PO&/Th ratios in L T L L
pump-collected particles. They attributed the negative val- 0. 8. Export fluxes of(a) POC, (b) PIC, and(c) PN estimated
ues at some stations .In the study area to large input of patJ; 23471, 210p, and?10P0 as proxy (bars) and measured by the
ticulate matter by horizontal transport. AlthougtfPb has f

. . . S . oating traps (circles) from the euphotic layer. Error bars represent
been found useful in estimating the POC sinking flux in the uncertainty based on propagated counting errrs«).
deep ocean (Moore and Dymond, 1988), there are very few
studies using thé'%Pb/2%Ra disequilibrium to estimate the
export production in the euphotic layer because a reliable at-
mospheric®!%Pb flux is not available to better constrain the port production deduced from t#é%o deficiency was two
source term in Eq. (2), which is much greater than the in-folds higher than that estimated from tR¥#Th-238U dise-
put from the radioactive decay 6f°Ra. Nonetheless, as- quilibrium in the Atlantic (Sarin et al., 1994). On the other
suming the atmospherfé®b flux of 0.6 dpm cm? a1 (Fe- hand, Shimmield et al. (1995) found the export production
ichter et al., 1991; Xu et al., 2010), theoc_py Of 7.2—  estimated by th&poc_po Was an order of magnitude lower
21.3mmol-C m2d-1 can be estimated, which is within the than that estimated from thi&oc_1h’ values in the marginal
range ofFpoc and Fpoc-Th’ values. Since a constant atmo- ice zone of the Antarctica. In the Equatorial Pacific, Murray
spheric®1%Pb flux is assumed, thBpy values show no sea- et al. (2005) reported a generally higher and more variable
sonal variation (Table 2). Hence, the temporal variations of Fpoc_po than Fpoc_1h’ values. Stewart et al. (2007) ob-
the Fpoc_py are resulting from the PO&PPb ratio in sink-  tained theFpoc_th’ and Froc_pg Values of 3.8-8.9 mmol-
ing particles, which may be affected by particle composition.C m=2d~1 and 1.2—-2.6 mmol-C rr? d—1, respectively, from
The Fpoc-po based on thé'%Po210Pp system showed the the euphotic layer of the Northwestern Mediterranean. Re-
largest range of POC export, ranging from 1.8 to 20.3 mmol-cently, Buesseler et al. (2008) us&fTh and?'°Po prox-
Cm~2d~1, among the three pairs of disequilibria. ies to estimate POC export fluxes from the euphotic layer

Verdeny et al. (2009) recently presented a review of previ-of the Sargasso Sea and found theoc-ps is about two

ous studies using?*Th and?1%o as dual tracers to estimate folds higher than thépoc_1h’. Hence, considering the in-
the export production in the ocean. A discrepancy betweertrinsic difference in half-life, source function, and geochem-
the POC fluxes estimated B##*Th-238U and 2'%Po?#0Pb ical characteristics among the three radionuclides and the
disequilibria was commonly found. For example, the ex- uncertainty associated with the scavenging model, the POC

PN Flux (mmol-N m™ d™)
— ~ w £
T
o
[ ]

www.biogeosciences.net/8/3793/2011/ Biogeosciences, 8, 38982011



3804 C.-L. Wei et al.: Export production estimated by particle-reactive radionuclides in the South China Sea

Table 4. Export production estimated by various methods in the South China Sea. Average and standard deviation of various fluxes from
this study are shown in parentheses.

Method

mmol-Crm2d-1

Reference

Note

Northern shelf

234Th proxy 5.3-26.6 Chen et al. (2008) Estimated POC flux at 100 m

Central basin

228Ra-NG; coupling 26.5 Nozaki and Yamamoto (2001) Estimated diffusive; fix at 200 m
Biogeochemical modeling 1-73.5 Liu et al. (2002) Estimated POC flux at 125m

15N new production 3.86.7 Chen (2005)

Carbon budget 296.7 Chou et al. (2006) Net community production at mixed depth
Moored sediment trap 4271.8 Ho et al. (2009) Estimated by phosphorus flux at 160 m
Moored sediment trap 3355.0 Ho et al. (2011) Measurement of POC flux at 120 m
Floating trap 9.8-18.5 (14.4+ 3.3) Measurement of POC flux at 100 m

234Th proxy
210ph proxy
210pg proxy

9.6~21.0 (13.4:4.1)
7.2~21.3 (12.3£5.5)
1.8+20.3 (9.8£6.7)

This study

Estimated POC flux at 100 m
Estimated POC flux at 100 m
Estimated POC flux at 100 m

Southern shelf

228Ra-NO; coupling 4.4-57 ‘ Estimated diffusive N@flux at 200 m
234Th proxy 5.7 Caietal. (2002a, b) Estimated POC flux at 100 m
228Th proxy 1.7 Estimated POC flux at 100 m
210pg proxy 1.2 Yang et al. (2009)

fluxes estimated by these proxies in our work a consistent es- The correlation of POC exports obtained by various meth-
timate of the export production in the Northern South Chinaods and integrated primary production during the six cruises
Sea. is shown in Fig. 9. The primary production varied from
There is some literature that estimated the export pro-9.5mmol-Cnt2d=1 in July 2007 to 46.1 mmol-C r? d—?
duction by various other approaches in the Northern Souttin October 2007. The export efficiency can be indicated
China Sea. These approaches includ®Ra/NG; coupled by the ratio of the POC exports and the primary production
model (Nozaki and Yamamoto, 2001), biogeochemical mod-(Buesseler, 1998), which showed a large range between 0.04
eling (Liu et al., 2002), carbon budgeting (Chou et al., 2006),and 2.17 with an average ratio of 0.53. The unreasonably
15N incubation measurements of new production (Chen anchigh ratios greater than unity were found for ORIII-1239,
Chen, 2005; 2004), and phosphorus flux measurements bfyom which the primary production was suspected to be un-
sediment traps (Ho et al., 2009). The export fluxes by theselerestimated based on the vertical profile of primary produc-
approaches are summarized in Table 4. The export produdivity. Itis found that most of data fall in the range of 0.2 and
tions estimated by various proxies in the other regions of theD.7, which implies that export efficiency is high in the South
South China Sea, including the northern shelf (Chen et al.China Sea.
2008) and the southern shelf (Cai et al., 2002a, b; Yang et al., The values of“pic range from 2.1 to 9.5 mmol-Cnfd—1
2009), are also listed in the table. Among these studies, base@Fig. 8b), which is significantly higher than in other regions
on the P fluxes measured by the sediment traps deployedBerelson et al., 2007). The temporal variation of #igc
at the depth underlying the euphotic layer, Ho et al. (2009)is generally predicted by the fluxes estimated from the other
obtained the largest range of export fluxes (4.2—70.8 mmolproxies. Based on tié4Th deficiency and the PIE¥*Th ra-
Cm~2d-1) at the SEATS. Some anomalously high fluxes re- tio in pump-collected large particles, Bacon et al. (1996) esti-
ported by Ho et al. (2009) may be caused by over-trappingmated a PIC export of 0.45-0.80 mmol-Cfd~1 at 150 m
of their sediment traps, which were deployed at 160 m on aand 0.54-0.71 mmol-Cnifd~1 at 200 m in the Equatorial
long mooring line. An even larger range of POC flux, rang- Pacific. HighFp|c values at SEATS may be attributed to the
ing from 3.3 to 55 mmol-C m?d—1, was measured at 120m dominant coccolithophores in the algal community during
by moored sediment traps (Ho et al., 2011). It can thus behe winter season in the South China Sea (Chen and Chen,
concluded that the export production can be reasonably est2005), which enhances the sinking flux due to a ballast effect.
mated by using3*Th, 210%Pb, and*%o as carbon proxies in Indeed, microscopic examination of trap particles shows that
sinking particles. skeletal remains of coccolithophorids and diatoms are abun-
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5 Conclusions

. Fl’()( POC-Th POC-Pb POC-Po
25 T ™ T T 7 Temporal data of dissolved and particulate concentrations
/ 4 and fluxes of the particle-reactive radionuclidés*Th,
n ,’ o p d 210pp, and?1%po, in the upper water column of the time-
~ 2F / @, . series station, SEATS (18!, 116 E) were obtained during
= ,’ . P 2006 to 2008. All fluxes (total mas$34Th, 21%Pb, 210pg,
‘s / 7 n POC and PIC) measured at the euphotic depth were lower
Q 15 F 4o m 7/ @ - in summer-fall and higher in winter-spring, reflecting the
g ,’ ok 7 a - seasonal variability of biological pumping. Using the three
£ oL / 4 radionuclides as proxies, the disequilibria TfTh/238U,
‘;’ 0k .’ , 4 ol 210ppP25Ra, and?19PoP1%Pb were combined with their ra-
= / s M _ E’ tios to POC, PIC, and PN in the sinking particles collected
o s 4 2| -7 at the euphotic depth to estimate export production in the
2 st ,’ . &~ - i Northern South China Sea. Our results showed that esti-
/7 7/ -~ mated fluxes by the radionuclide proxies are within the range
,'/ / _-" “02 a of those measured by sediment traps, which ranged from 1.8
P to 21.3mmol-Cm?2d-1, from 1.6 to 9.1 mmol-Cm2d-1,
0= ; ; ' ; and from 0.2 to 4.5 mmol-N m? d~1, for POC, PIC, and PN,
0 10 20 30 40 50

respectively.
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