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AB STRACT

De tailed pro files of dis solved and par tic u late 234Th, 210Pb, and 210Po ac tiv i ties at three sta tions in the Hung-Tsai Trough off

south west ern Tai wan were de ter mined. The to tal 234Th ac tiv ity is 20 ~ 25% de fi cient from its sec u lar equi lib rium in the en tire

wa ter col umn. Ex cept for an ev i dent ex cess of 210Po at some depths in the mixed layer and in the pycnocline layer, to tal 210Po

ac tiv ity is also lower than to tal 210Pb ac tiv ity. As a re sult of at mo spheric de po si tion, 210Pb is about 25% in ex cess of its par ent,
226Ra, through out the wa ter col umn of the Hung-Tsai Trough. The ra tios of the dis tri bu tion co ef fi cients of 234Th, 210Pb, and
210Po show that the or der of par ti cle af fin ity is Po > Th ~ Pb in the mixed layer and bot tom layer, whereas the or der changes, due

to par ti cle re gen er a tion, into Th > Pb > Po in the pycnocline layer of the Hung-Tsai Trough.

Mass bal ance equa tions in cor po rat ing hor i zon tal advection are es tab lished to es ti mate the scav eng ing and re moval

rates of 234Th, 210Pb, and 210Po. The ver ti cal fluxes of 234Th, 210Pb, and 210Po within the euphotic layer for the Hung-Tsai

Trough are 6760, 630, and 400 dpm m-2 d-1, re spec tively. The res i dence times of the three radionuclides in the euphotic

zone are re mark ably close to one an other (within 2 weeks). By us ing 234Th and 210Po as prox ies of par tic u late or ganic

car bon and ni tro gen, ex port flux from the euphotic layer of the Hung-Tsai is 40 mmol C m-2 d-1 based on the 234Th ap proach and 

64 mmol C m-2 d-1 based on the 210Po approach.
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1. IN TRO DUC TION

The con vey ance of par ti cle-re ac tive el e ments from the

up per wa ter col umn to sed i ments sig nif i cantly re lies on the

set tling of par tic u late mat ter. The three most par ti cle-re ac -

tive radionulides of 238U-se ries, 234Th, 210Pb, and 210Po have

been ex ten sively used as pow er ful trac ers for the study of

par ti cle dy nam ics in the ocean. With a proper mass bal ance

setup based on the fact that the ra dio ac tive dis equi lib rium

be tween long-lived par ent and short-lived daugh ter radio -

nuclides re flects the ver ti cal fluxes out of the sys tem, ex port

fluxes can then be quantitatively estimated.

Pro duced con stantly from 238U in sea wa ter, 234Th (t1/2 =

24.1 d) is ad sorbed quickly to par ti cle sur face and re moved

from the wa ter col umn. The 238U-234Th dis equi lib rium has

been widely used as a pow er ful tracer for par tic u late or ganic

car bon and pro vides es ti mates of ex port pro duc tion (see re-

view of Buesseler et al. 2006). Al though both 210Po (t1/2 =

138.4 days) and 210Pb (t1/2 = 22.2 yrs) are par ti cle-re ac tive,

the geo chem i cal mech a nisms that are re spon si ble for their

fate in ma rine en vi ron ments are dif fer ent. Pre vi ous mea -

sure ments of 210Po and 210Pb in the ocean show that bio -

logical up take may be more im por tant than in or ganic ad -

sorption for 210Po scav eng ing whereas 210Pb tend to be

adsorbed by in or ganic par ti cles.

There are very few pre vi ous stud ies that re port 234Th,
210Pb, and 210Po data de ter mined from the same sea wa ter

sam ple. Tanaka and Tsunogai (1983) mea sured 234Th, 210Pb,

and 210Po ac tiv i ties in the same sea wa ter sam ples and in set -

tling par ti cles col lected from Funka Bay, Ja pan. Sarin et al.

(1994) re ported three ver ti cal pro files of dis solved ac tiv i ties

of 234Th, 210Pb, and 210Po in the north east ern Ara bian Sea.

Harada and Tsunogai (1986) re ported 234Th, 210Pb, and 210Po

ac tiv i ties in set tling par ti cles col lected by sed i ment traps de -

ployed in the North east Pa cific and Antarctica. Wei and

Terr. Atmos. Ocean. Sci., Vol. 20, No. 2, 411-423, April 2009 doi: 10.3319/TAO.2008.01.09.01(Oc)

* Cor re spond ing au thor
E-mail: weic@ntu.edu.tw



Murray (1991, 1994) com pared geo chem i cal be hav ior of
234Th, 210Pb, and 210Po in the Black Sea. Shimmield et al.

(1995) si mul ta neously mea sured the three radionuclides

from the same sea wa ter sam ples col lected in the up per

500 m in the mar ginal ice zone in Antarctica. Kim and

Church (2001) pre sented dis solved and par tic u late 234Th,
210Pb, and 210Po data si mul ta neously de ter mined on the same 

sam ples col lected from the Ber muda Time-se ries Sta tions

(BATS). As part of JGOFS EqPac pro gram, Murray et al.

(2005) re ported a com plete 234Th, 210Pb, and 210Po data set

mea sured from the sea wa ter sam ples col lected in the up per

wa ter col umn and set tling par ti cles col lected by float ing

traps in the Equa to rial Pa cific.

Off the south west ern tip of Tai wan, the Hung-Tsai

Trough (Fig. 1) is a sub ma rine can yon bathymetrically

characterized by a nar row up per can yon with steep walls

and a broad lower can yon with a flat floor (Yu and Chiang

1995). The Hung-Tsai Trough shows the hy dro graphic char -

ac ter is tics of the South China Sea (Fig. 2), which orig i nated

from the in tru sion of Kuroshio Cur rent through Bashi Chan -

nel (Shaw 1989). In the past few years, the re gion has been

cho sen as a train ing site for grad u ate stu dents and has been

vis ited reg u larly once or twice a year, so de tailed ocean o -

graphic data, such as sb-ADCP, hy dro graphic and chem i cal

pa ram e ters are avail able as aux il iary in for ma tion to de -

lineate geo chem i cal pro cesses.

A de tailed sam pling of sea wa ter for 234Th, 210Pb, and
210Po de ter mi na tions at three sta tions lo cated along the axis

of the Hung-Tsai Trough was car ried out. The goals of this

study are to use the col lected data to (1) use the Hung-Tsai

Trough as a test site to eval u ate the fea si bil ity of incor -

porating ADCP-de rived cur rent to the scav eng ing/re moval

model; (2) com pare the geo chem i cal be hav ior of 234Th,
210Pb, and 210Po; and (3) to es ti mate the ex port flux of par -

ticulate or ganic car bon and ni tro gen us ing 234Th and 210Po

as prox ies in the Hung-Tsai Trough.

2. MA TE RI ALS AND METH ODS

Sea wa ter sam ples were col lected at the three sta tions

shown in Fig. 1 dur ing 6 ~ 8 March 2006 (cruise #784),

onboard R/V Ocean Re searcher I. A CTD/20 L Go-Flo sys -

tem was used to col lect large vol umes of sea wa ter for 234Th,
210Pb, and 210Po de ter mi na tions. At each sam pling depth,

40-L sea wa ter was col lected and di vided into one 20-L and

two 10-L subsamples. The 20-L sam ple was used to de ter -

mine 234Th and the two 10-L sam ples were used to de ter mine 
210Pb and 210Po, re spec tively. Sea wa ter was im me di ately

pres sure-fil tered by com pressed air through a pre-weighed

142 mm Nuclepore fil ter (0.45 µm) mounted in a Ple xi glas

filter holder.

Fil tered sea wa ter was trans ferred into a cubitainer, acid -

i fied with ap prox i mately 20 ml of con cen trated HCl and

spiked with 35 dpm 230Th yield tracer as well as 60 mg Fe

car rier. With out in ter rupt ing the aer a tion, 12 N NaOH was

added to raise the pH to 8. The Fe(OH)3 pre cip i tates, with
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Fig. 1. Bathymetric map of the Hung-Tsai Trough and lo ca tions of

sam pling sta tions of OR1-784.

Fig. 2. T-S di a gram of the three sam pling sta tions in the Hung-Tsai

Trough. Rep re sen ta tive T-S curves of the South China Sea (SCS) and

the West Phil ip pine Sea (WPS) were taken from Sta tion F of OR1-#575 

(20°15’N, 118°39.6’E) and Sta tion BV of OR1-#833 (20°24.48’N,

127°16.2’E), re spec tively.



ad sorbed tho rium, were col lected by si phon ing and cen tri -

fug ing, and then dis solved in con cen trated HCl to make the

sam ples 9 N HCl. These sam ples were then passed through

an an ion ex change col umn (AG1X-8) pre con di tioned by 9N

HCl to sep a rate ura nium from tho rium. Tho rium sam ples

were pu ri fied by pass ing the sam ple through three an ion

exchange col umns pre-con di tioned with 8 N HNO3. The

sam ple was evap o rated down to one drop and was ready for

ex trac tion. Th-234 and the yield tracer, 230Th, were ex tracted 

into a 0.4 M TTA (thenoyltrifluoroacetone)-ben zene so lu -

tion and stip pled on a stain less-steel disc. Preconcentration

and sep a ra tion of ura nium and tho rium from the fil tered

sea wa ter sam ples were com pleted in three days af ter sam -

ples were col lected.

The par tic u late sam ples col lected on the Nuclepore fil -

ters were dried in a des ic ca tor and weighed to es ti mate the

con cen tra tion of to tal sus pended mat ter. The fil ter was then

de com posed and di gested fol low ing the pro ce dures of An -

der son and Fleer (1982). In short, the fil ters were de com -

posed in the lab o ra tory by soak ing in ~10 ml of con cen trated 

NH4OH. The sam ples were gently heated to evap o rate the

NH4OH then fluxed in HClO4/HF to thor oughly di gest or -

ganic and in or ganic ma te ri als. Af ter di ges tion, the sam ples

were pu ri fied and mounted on stain less-steel discs fol low ing 

the same pro ce dures as for dis solved 234Th sam ples.

The ac tiv i ties of 234Th were counted by a low background 

(< 0.15 cpm) anti co inci dence coun ter (Riso GM25- 5) via its

b-emit ting daugh ter 234Pa. Chem i cal yield of tho rium was

es ti mated by count ing spiked 230Th us ing sil i con sur face-

 bar rier de tec tors (EG&G Ortec 576). The count ing ef fi cien -

cies of the a de tec tors were cal i brated against NIST trace -

able 230Th (Iso tope Prod ucts Lab o ra tory 387-67-3) stan -

dard plates. Ac tiv i ties of 234Th re ported here were cor rected

back to the sam pling time af ter the ingrowth of 234Th from
238U was sub tracted.

The fil trate from the 210Po sam ple was acid i fied with

about 10 ml con cen trated HCl and spiked with 2.2 dpm of
209Po and 30 mg of Fe car rier. Given 2 days iso to pic equi -

libration time, con cen trated NH4OH was then added to

raise the pH~8 to pre cip i tate Fe(OH)3. The Fe(OH)3 pre -

cipitate was col lected by de cant ing and cen tri fug ing and

dissolved in HCl, di gested with HNO3, and 210Po and 209Po

were spon ta ne ously plated onto sil ver plates fol low ing Flynn

(1968). The par tic u late sam ples col lected on the Nuclepore

fil ters were dried in a des ic ca tor and weighed to es ti mate the

con cen tra tion of to tal sus pended mat ter. The fil ter was than

de com posed and di gested fol low ing the pro ce dures of An -

der son and Fleer (1982). The same pro ce dures as for dis -

solved sam ples were car ried out to plate 210Po and 209Po onto

sil ver plates.

The 10-L sea wa ter sam ples for 210Pb de ter mi na tion

were stored for at least 1 year to let 210Po grow in from 210Pb;

then the same pro ce dures for dis solved and par tic u late 210Po

were fol lowed. The sil ver discs were counted by al pha spec -

trom e try (EG&G Ortec 576).

Col lected by sep a rate hydrocasts, about 5 L of sea wa ter

for par tic u late or ganic car bon and to tal ni tro gen was fil tered

through a pre-combusted (450°C) Whatman 25 mm GF/F

fil ter, wrapped in alu mi num foil and stored at -4°C. In the

lab o ra tory, the fil ter was acid-fumed to re move car bon ates

and then wrapped firmly into tin boats and loaded into the

autosampler of Fisons el e men tal an a lyzer (NA1500). Cali -

bration curve was ob tained by run ning ac et an i lide (C8H9NO)

stan dard. The over all pro ce dural er rors es ti mated from du -

pli cates are better than ±2% for both car bon and ni tro gen

deter mi na tions.

3. RE SULTS AND DIS CUS SION

Ta ble 1 gives depth, 238U ac tiv i ties cal cu lated from Ku

et al. (1977), con cen tra tions of to tal sus pended mat ter mea -

sured from subsamples for 234Th (TSMTh), 
210Pb (TSMPb),

and 210Po (TSMPo), dis solved and par tic u late 234Th (DTh and 

PTh), 210Pb (DPb and PPb), and 210Po (DPo and PPo) ac tiv i -

ties, and con cen tra tions of par tic u late or ganic car bon (POC)

and par tic u late ni tro gen (PN) at the three sam pling sta tions

in the Hung-Tsai Trough. Un cer tain ties of all ra dio iso tope

data listed were es ti mated ac cord ing to the prop a ga tion of

count ing er ror (±1s). Note: hy dro graphic and nu tri ents data

are not listed but are available upon request.

3.1 Hydrography and Ver ti cal Dis tri bu tions of 234Th,
210Pb, and 210Po

Mea sured by PAR sen sor at tached to CTD/Ro sette sys -

tem, the euphotic depth at all three sta tions was 80 m. The

T-S di a gram of the three sta tions is shown in Fig. 2, in which

the typ i cal T-S curves of the South China Sea (SCS) and the

West ern Phil ip pine Sea (WPS) were also shown. Rep re sen -

ta tive T-S curves of the SCS and the WPS were taken from

Sta tion F of OR1-#575 (20°15’N, 118°39.6’E) and Sta tion

BV of OR1-#833 (20°24.48’N, 127°16.2’E), re spec tively. It 

can be seen that the hy dro graphic char ac ter is tics of the study 

area is sim i lar to that of the wa ter in the South China Sea .

The ver ti cal pro files of po ten tial den sity at the three sam -

pling sta tions are shown in Fig. 3. The pycnocline layer, in

the depth range of 50 to 200 m, shoals from the lower can yon 

to the up per can yon. The pro nounced os cil la tion of the

pycnocline as a re sult of semi-di ur nal tide in the re gion has

been ob served (Liang et al. 1985).

Com pos ite ver ti cal pro files of the dis solved and par -

ticulate ac tiv i ties of the three radionuclides at the three

sam pling sta tions are shown in Fig. 4. It can be seen that the

data shows as be ing some what scat ter ing. The de gree of

scatterings was sig nif i cantly re duced if the ac tiv i ties were

plot ted against den sity (Fig. 5), in di cat ing the ef fect of

vertical move ment of wa ter through the sam pling pe riod

caused by tidal forc ing. Con se quently, in or der to min i mize
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the vari abil ity caused by os cil la tion of the wa ter body, the

plots of pa ram e ters ver sus po ten tial den sity in stead of depth

will pref er a bly be used for later dis cus sion.

3.2 238U-234Th, 226Ra-210Pb, and 210Pb-210Po
Disequilibria

The ac tiv ity ra tios of to tal 234Th to 238U (TTh/U), to tal
210Pb to 226Ra (TPb/Ra), and to tal 210Po to to tal 210Pb

(TPo/TPb) are shown in Fig. 6. Apart from a few depths in the 

mixed layer, to tal 234Th ac tiv ity was 10 ~ 40% de fi cient or 20

to 25% for the whole wa ter col umn, from its sec u lar equi lib -

rium in the en tire wa ter col umn of the Hung-Tsai Trough.

Sim i lar to the pre vi ous re sults ob tained in the vi cin ity (Hung

and Wei 1992; Wei et al. 1994) the 234Th ac tiv ity is es sen tially

de fi cient rel a tive to 238U through out the whole wa ter col umn,

in di cat ing dy namic scav eng ing phe nom e non in the re gion.
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Fig. 4. Com pos ite ver ti cal pro files of the dis solved (open sym bols) and par tic u late (filled sym bols) (a) 234Th, (b) 210Pb, and (c) 210Po at sam pling sta -

tion W1 (cir cles), W2 (squares), and W3 (tri an gles).

Fig. 5. sq-ac tiv ity plots of the dis solved (open sym bols) and par tic u late (filled sym bols) (a) 234Th, (b) 210Pb, and (c) 210Po at sam pling sta tion W1 (cir -

cles), W2 (squares), and W3 (tri an gles).

(a) (b) (c)

(a) (b) (c)

Fig. 3. Ver ti cal pro files of po ten tial den sity at the three sam pling sta tions.



Es sen tially, 210Pb ac tiv ity is higher than its par ent th -

rough out the whole wa ter col umn (Fig. 6b). Stand ing stock

of ex cess 210Pb in the wa ter col umn of the HungTsai Trough

in creases to ward the lower can yon, from 0.35 dpm cm-2 at

the shal low est W3 to 1.03 dpm cm-2 at the deep est W1. This

ex cess 210Pb is much lower than the val ues found in the Oki -

nawa Trough (~10 dpm cm-2, Nozaki et al. 1990) and com pa -

ra ble with the Equa to rial Pa cific Ocean (0.1 ~ 1.6 dpm cm-2,

Murray et al. 2005). Since the ex cess 210Pb sig nal was still

ob served at our deep est sam pling depth, this value rep re -

sents the min i mum re sid ual amount of de pos ited 210Pb from

the at mo sphere af ter par ti cle re moval and phys i cal trans port. 

Con sid er ing the close ness of the con ti nen tal source of 222Rn

at the site, the low ex cess 210Pb in the Hung-Tsai Trough

implies a very fast re moval rate.

Po lo nium re moval from the ocean is tightly re lated to

bi o log i cal ac tiv ity as sup ported by the cor re la tions of 210Po

de fi ciency rel a tive to 210Pb with POC con cen tra tion (Sarin et 

al. 1999) and the re moval rate con stant with chlo ro phyll

con cen tra tion (Nozaki et al. 1998). The de vi a tion of TPo from 

sec u lar equi lib rium was rel a tively larger (low est TPo/TPb

activitiy ra tio as low as 0.3) in the sur face layer and in the

bot tom layer (Fig. 6c). How ever, an ev i dent ex cess of 210Po

was ob served at some depths in the mixed layer and in the

layer of sq = 24 ~ 25. An ex cess of 210Po (TPo/TPb > 1) be -

low the mixed layer was com monly ob served in the pro duc -

tive oceans (Ba con et al. 1988; Sarin et al. 1994). Chung and

Wu (2005) re ported ver ti cal pro files of dis solved and par -

ticulate 210Pb and 210Po at three sta tions in the north ern

Luzon Strait. Al though only 74 km to the south west of our

study area, ex cess 210Po was not ob served in the Luzon Enter 

St rait, which may be a re sult of dif fer ent wa ter masses be -

tween the two study sites.

The com par i sons of the ra tios of 210Po and 210Pb in the

dis solved (DPo/DPb ) and par tic u late (PPo/PPb ) phases

pro vide some in sight into the frac tion ation of the two

radionuclides (Fig. 7). Ex cept at some depths in the euphotic 

zone and in the in ter me di ate layer, the DPo/DPb ra tio is

lower than unity (Fig. 7a) and shows sim i lar dis tri bu tion

with TPo/TPb (Fig. 6c). For those lay ers with ex cess DPo

rel a tive to DPb, po lo nium is re leased back to sea wa ter due to 

par ti cle re gen er a tion, which is com monly ob served in dif -

ferent oce anic re gimes (Ba con et al. 1976; Murray et al.

2005). It should be noted that set tling par ti cles may be en -

trained and the en hance ment of the par ti cle de com po si tion

may oc cur due to lon ger res i dence time in the pycnocline of

sq = 23.5 ~ 25.5. Un like the dis tri bu tion of DPo/DPb ra tio,

the PPo/PPb ra tios (Fig. 7b) are larger than unity (the high est 

value is 4) only in the sur face layer, in di cat ing pref er en tial

up take of 210Po by planktons re sid ing in the sur face wa ter of

the Hung-Tsai Trough. The en rich ment of Po in the sus -

pended par ti cles cor rob o rate the find ings of Sarin et al.

(1999), who found sig nif i cant cor re la tion be tween 210Po

deficiency rel a tive to 210Pb with POC con cen tra tion in the

upper 500 m of the South At lan tic.

3.3 Par ti tion ing of 234Th, 210Pb, and 210Po

The par ti tion ing of one el e ment be tween dis solved and

par tic u late phases re flects the re ac tiv ity of the el e ment to par -

ti cle sur faces. Con ven tion ally, the dis tri bu tion co ef fi cient, Kd, 

has been used as an in dex of the de gree of re ac tiv ity. The dis -

tri bu tion co ef fi cients of the radionuclides are cal cu lated as

(1)

where ADiss and APart are dis solved and par tic u late ac tiv i -

ties, re spec tively, of the radionuclides of in ter est. Un like
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Fig. 6. sq-ac tiv ity ra tios of (a) to tal 234Th to 238U, (b) to tal 210Pb to 226Ra, and (c) to tal 210Po to 210Pb at the three sam pling sta tions. Dashed lines

represent sec u lar equi lib rium of par ent-daugh ter pair.

(a) (b) (c)



the ob ser va tion of the neg a tive Kd-TSM cor re la tions from

many stud ies (e.g., Honeyman et al. 1988; Wei and Murray

1994), the Kd-TSM cor re la tions of 234Th, 210Pb, and 210Po

ob tained from the Hung-Tsai Trough are not as ob vi ous

because of the nar row range of TSM con cen tra tion. How -

ever, as shown in Fig. 8, the Kd of 234Th [Kd(Th)] and 210Pb

[Kd(Pb)] cor re late with the or ganic frac tion of sus pended

par ti cles, whereas the cor re la tion is not as sig nif i cant for
210Po [Kd(Po)]. The re sult im plies that, in ad di tion to the

par ti cle con cen tra tion ef fect (Honeyman et al. 1988), the

com po si tion of par tic u late mat ter also plays an im por tant

role in the par ti tion ing of the radionuclides.

To com pare the geo chem i cal be hav ior of 234Th, 210Pb,

and 210Po, the frac tion ation fac tor, which is the ra tio of the

Kds of the radionuclide of in ter est, is cal cu lated. Plot ting

against den sity, ver ti cal dis tri bu tions of the ra tio of Kds of

the three radionuclides are shown in Fig. 9. It can be seen

that three dis tinc tive lay ers of the Hung-Tsai Trough can be 

iden ti fied. In the mixed layer where the sus pended par ti cles 

are en riched in or ganic ma te ri als (POC/TSM > 10%, Fig.

9a), Kd(Po) shows the high est val ues among the three ra -

dio nuclides (Figs. 9c, d), which is con sis tent with the com -

mon view that po lo nium is pref er en tially scav enged by bio -

genic par ti cles (Shan non et al. 1970). In the pycnocline

layer (sq = 23 ~ 25), Kd(Th) tends to ex ceed Kd(Pb) and

Kd(Po) to show the frac tion ation fac tor < 1 (Figs. 9b, c), as

a re sult of the par ti cle re gen er a tion pro cess when set tling

down from the euphotic layer (Ba con et al. 1988). Though

not as ev i dent as in the mixed layer, Kd(Po) also seems

higher than Kd(Pb) and Kd(Th) in the bot tom layer of the

Hung-Tsai Trough. Con sid er ing the rel a tive shal low wa ter

col umn (300 ~ 500 m) of the Hung-Tsai Trough, it is pos si -

ble that the par ti cles in the bot tom layer are re sid ual par ti -

cles that sur vived de com po si tion dur ing de scent from the

sur face and are still en riched in or ganic con tent thereby

rais ing the Kd(Po).

3.4 Scav eng ing and Re moval Rates of 234Th, 210Pb, and 
210Po

For bud get ing 234Th in the Hung-Tsai Trough, two equa -

tions, one for dis solved and one for par tic u late 234Th, are es -

tab lished as fol lows.
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Fig. 7. sq-ac tiv ity ra tios of (a) dis solved 210Po to dis solved 210Pb and (b) par tic u late 210Po to par tic u late 210Pb at the three sam pling sta tions. Dashed

lines rep re sent sec u lar equi lib rium.

(a) (b)

Fig. 8. Cor re la tion of dis tri bu tion co ef fi cient of 234Th (open cir cles),
210Pb (filled cir cles), and 210Po (crosses) and or ganic frac tion of to tal

sus pended mat ter.



(2)

(3)

where

UW2 = av er age 
238U ac tiv ity in the mixed layer of sta tion

W2 (dpm m-3);

DThi = dis solved 234Th ac tiv ity in the mixed layer of sta tion

i (dpm m-3);

PThi = par tic u late 234Th ac tiv ity in the mixed layer of sta tion 

i (dpm m-3);

VW2 = av er age cur rent ve loc ity in the mixed layer of sta tion 

W2 (m d-1);

DL = dis tance be tween sta tions W1 and W3 (28700 m);

lTh = ra dio ac tive de cay con stant of 234Th (d-1);

JTh = net scav eng ing rate of dis solved 234Th in the mixed

layer of sta tion W2 (dpm m-3 d-1);

RTh = net re moval rate of par tic u late 234Th in the mixed

layer of sta tion W2 (dpm m-3 d-1).

The res i dence times of dis solved (tDTh) and par tic u late (tPTh) 
234Th rel a tive to scav eng ing and re moval rates, re spec tively,
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Fig. 9. (a) sq ver sus or ganic frac tion of sus pended mat ter, (b) sq-frac tion ation fac tors of 210Pb and 234Th, (c) 210Po to 234Th, and (d) 210Po to 210Pb at the

three sam pling sta tions.

(a) (b)

(c) (d)



can be cal cu lated by the quo tients of ac tiv i ties and chang -

ing rates.

(4)

(5)

The mass bal ance equa tions for 210Po data are shown

below and it can be seen that the equa tions are very sim i lar

to that for 234Th ex cept ad di tional source for par tic u late 210Po 

from ad sorbed 210Pb.

(6)

(7)

The res i dence times of dis solved (tDPo) and par tic u late (tPPo) 
210Po can be cal cu lated.

(8)

(9)

With the re place ment of sub scripts to in di cate val ues for
210Po, the def i ni tions for the pa ram e ters, vari ables, and

con stants in Eqs. (6) - (9) are the same as those for 234Th.

As for 210Pb, some what dif fer ent con sid er ation is given

due to the fact that, in ad di tion to the ra dio ac tive de cay from
226Ra, the ma jor source of 210Pb in the sur face ocean is at mo -

spheric de po si tion. Since there is no ev i dence re gard ing the

phase of at mo spheric 210Pb de po si tion into the ocean, only

to tal 210Pb (TPb = DPb + PPb) is con sid ered to establish the

equation.

(10)

where

IPb = at mo spheric 210Pb flux in dpm m-2 d-1;

TPbi = total 210Pb ac tiv ity in the mixed layer of sta tion i

(dpm m-3);

Rai =
226Ra ac tiv ity in the mixed layer of sta tion i (dpm m-3);

lPb = ra dio ac tive de cay con stant of 210Pb (1 d-1);

RPb = net re moval rate of 210Pb in the mixed layer of sta tion

W2 (dpm m-3 d-1).

Ra-226 ac tiv i ties were not mea sured in this study. Cor -

re la tion equa tion de rived from 226Ra ac tiv i ties and SiO2 con -

cen tra tions of the equa to rial Pa cific (Ku et al. 1995), the

North Pa cific (Nozaki et al. 1990), and the South China Sea

(Nozaki and Yamamoto 2001), 226Ra (dpm 100 L-1) = 8.06 +

0.124 ´ SiO2 (mM), was used to es ti mate 226Ra ac tiv i ties in

the Hung-Tsai Trough. The at mo spheric 210Pb flux in the study

re gion was as sumed to be 2 dpm cm-2 yr-1 or 54 dpm m-2 d-1

(Yang 2001).

The res i dence time of to tal 210Pb (tPb) is cal cu lated by:

(11)

To eval u ate the sig nif i cance of tem po ral change of the

ac tiv i ties of the radionuclides, we use the two data sets (un -

pub lished re sults) col lected from the two cruises to sta tion

W1 of this study. The two cruises, OR1-#742 (24 ~ 26 De -

cem ber 2004) and OR1-#744 (3 ~ 6 March 2005), were

separated by 70 days. The tem po ral chang ing rates were 6,

0.08, and 0.2 dpm m-3 d-1 for 234Th, 210Pb, and 210Po, re spec -

tively. The tem po ral change of the radionuclide ac tiv i ties

was gen er ally less than 10% of the ra dio ac tive de cay rate of

each radionuclide. Hence, it is ac cept able to as sume the

steady-state con di tion (
¶

¶

¶

¶

¶

¶

Th

t
  

Po

t
  

Pb

t
  = = = 0 ) for the 

dis tri bu tion of these radionuclides in the Hung-Tsai Trough.

As pointed out by Savoye et al. (2006), the most dif fi cult 

task of ac cu rately es ti mat ing the phys i cal trans port of 234Th

in the scav eng ing/re moval model is the avail abil ity of mean

cur rent ve loc ity in the study re gion. Here we at tempt to

apply the av er age cur rent de rived from the his tor i cal ship -

board ADCP data mea sured in the study area. Fol low ing the

pro ce dures of Liang et al. (2003), mean cur rent ve loc ity in

the Hung-Tsai Trough was es ti mated by av er ag ing ar chived

ship board ADCP data (NCOR Data Bank) col lected in

March dur ing 1991 ~ 2006. The av er age cur rent in the up per

100 m is 12.4 cm s-1 with a gen eral di rec tion along the axis of 

the trough, in agree ment with the mea sure ment by moored

cur rent me ter (Liang et al. 1985).

The av er age radionuclide ac tiv ity at the three sam pling

sta tions and the re sults of the scav eng ing model are shown in 

Ta ble 2. In the ta ble, for the pur pose of com par i son, var i ous

chang ing rates and res i dence times cal cu lated from the sca -

venging model with out hor i zon tal trans port are listed in

ital ics. Av er age ac tiv ity was cal cu lated by di vid ing the

radio nuclide in ven to ries in the euphotic layer by 80 m, the

euphotic depth mea sured by the PAR sen sor.

The ver ti cal 234Th flux, 6760 dpm m-2 d-1, can be cal cu -

lated by mul ti ply ing the re moval rate, RTh, by the euphotic

depth. At the site, about 55 km to the north west of the

Hung-Tsai Trough, ver ti cal 234Th fluxes rang ing from 363 to

2290 dpm m-2 d-1 in the up per 450 m were mea sured by

sediment traps (Wei et al. 1994). It is not un rea son able that
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much higher 234Th flux was ob served in the Hung-Tsai

Trough be cause of the close ness of the sam pling site to the

land mass. Sim i larly, the ver ti cal fluxes of 210Po and 210Pb,

400 and 630 dpm m-2 d-1, re spec tively, through the euphotic

depth are es ti mated. It should be noted that the 210Pb flux is

about an or der of mag ni tude higher than the at mo spheric
210Pb flux of the re gion. It should also be noted that the

vertical 210Pb flux would re duce to 56 dpm m-2 d-1 if we

don’t consider hor i zon tal trans por ta tion. Whether this re -

flects the bound ary scav eng ing phe nom e non (Ba con et al.

1976) or bias due to an un re al is tic scav eng ing model is un -

clear and de serves fur ther in ves ti ga tion.

The res i dence times of the three radionuclides are re -

mark ably com pa ra ble to each other. For ex am ple, res i dence

times of to tal 234Th, 210Po, and 210Pb, are 13, 19, and 15 days,

re spec tively. The res i dence times of the radionuclides would 

in crease from weeks to months if the hor i zon tal trans ports

are ne glected. Par ti cle set tling ve loc ity, 16 ~ 20 m d-1, ob -

tained by the quo tient of the euphoitc depth and tPTh or tPPo,

is in a rea son able range for the set tling ve loc ity of ma rine

par ti cles.

3.5 Ex port Fluxes

With the ra tio nale of us ing 234Th or 210Po as prox ies for

par tic u late or ganic car bon (Murray et al. 2005), ex port flux

in Hung-Tsai Trough is es ti mated by mul ti ply ing the 234Th

re moval flux to the POC/PTh and by mul ti ply ing the 210Po

re moval flux to the POC/PPo ra tio of sus pended par ti cles:

EPTh = RTh ´ 80 ´ (POC/PTh) (12)

EPPo = RPo ´ 80 ´ (POC/PPo) (13)

The POC/PTh ra tio shows its high est value, up to 37 mmol

dpm-1, in the sur face layer of the Hung-Tsai Trough. The

ra tio de creases dra mat i cally to 2 ~ 6 mmol dpm-1 in the deep 

layer. The POC/PTh ra tio in the par tic u late mat ter of the

ocean shows large vari abil ity and fac tors that may at trib ute

to this vari abil ity in clude size, com po si tion, shape, mor -

phol ogy, and the sink ing ve loc ity of par ti cles (Bueseller et

al. 2006). The or ganic car bon to 210Po ra tio in sus pended

par ti cles (POC/PPo) ranges from 50 to 300 mmol dpm-1

with an el e va tion of the ra tio in the mixed and bot tom layer. 

The POC/PPo ra tio is 100 ~ 300 mmol dpm-1 in the mixed

layer, which is com pa ra ble with the ra tio in trap par ti cles

col lected in the equa to rial Pa cific (Murray et al. 2005).

The av er age POC/PTh and POC/PPo of 6 and 150 mmol

dpm-1, re spec tively, at the euphotic depth, are used to cal cu -

late the ex port flux from the euphotic layer of the Hung-Tsai

Trough. The ex port flux is 40 mmol m-2 d-1 estimated from

the 234Th flux and 64 mmol m-2 d-1 es ti mated from the 210Po

flux. Con sid er ing the un cer tainty of the model, the ex port

fluxes es ti mated us ing the two ap proaches, agree quite well.
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The ex port pro duc tion de duced from the 210Po-210Pb sys tem

is higher than that es ti mated from the 234Th-238U dise qui -

libria by a fac tor of 2 (Sarin et al. 1994). Murray et al. (2005)

found ex port based on 210Po is higher than that based on
234Th also by a fac tor of 2 in the equa to rial Pa cific. On the

con trary, Shimmield et al. (1995) found ex port pro duc tion,

es ti mated by the 210Po-210Pb dis equi lib rium, is an or der of

mag ni tude lower than that es ti mated from the 234Th-238U dis -

equi lib rium in the mar ginal ice zone of Antarctica.

The POC and PN cor re late tightly (n = 30, r2 = 0.96) and

the C/N ra tio of sus pended par ti cle in the Hung-Tsai Trough

is 6.62, iden ti cal to the RKR ra tio. Ac cord ingly, by mul ti -

plying par tic u late or ganic car bon flux with the C/N ra tio of

suspended par ti cles, ni tro gen flux via par ti cle set tling is 6 ~

10 mmol N m-2 d-1 in the Hung-Tsai Trough.

4. CON CLU SIONS

Three sta tions lo cated at the up per, mid dle and lower

por tions of the Hung-Tsai Trough were vis ited for large-

 volume sea wa ter sam pling. De tailed ver ti cal pro files of

dissolved and par tic u late 234Th, 210Pb, and 210Po were used to 

com pare their geo chem i cal be hav ior and to es ti mate ex port

flux in the Hung-Tsai Trough. The find ings of this study can

be sum ma rized as fol lows:

(1) 234Th ac tiv ity is de fi cient rel a tive to 238U es sen tially

through out the whole wa ter col umn. 210Po is also de fi -

cient to its sec u lar equi lib rium value ex cept in the layer

im me di ately be low the mixed layer. 210Pb is in ex cess of
226Ra ac tiv ity in the en tire wa ter col umn.

(2) By com par ing dis tri bu tion co ef fi cients of 234Th, 210Pb,

and 210Po in the Hung-Tsai Trough, it is found, among

the three radionuclides that the 210Po has the high est

affinity for par ti cles re sid ing in the sur face mixed layer

and in the bot tom layer.

(3) The DPo/DPb ra tio is lower than unity ex cept at some

depths in the euphotic zone and in the pycnocline layer,

whereas the PPo/PPb ra tios are higher than unity only in

the sur face layer, in di cat ing pref er en tial up take of 210Po

by planktons re sid ing in the sur face wa ter and re ge -

neration phe nom e non of par ti cles in the in ter me di ate

layer of the Hung-Tsai Trough.

(4) The mass bal ance equa tions for 234Th, 210Pb, and 210Po

need to in clude hor i zon tal advection to give an ac cu rate

es ti mate of scav eng ing and re moval rates. The scav eng -

ing and re moval rates for 234Th, 210Pb, and 210Po would be 

un der es ti mated to give much lon ger res i dence times of

dis solved and par tic u late 234Th, 210Pb, and 210Po if hor i -

zon tal trans ports were ig nored in the Hung-Tsai Trough.

(5) The ver ti cal fluxes of 234Th, 210Pb, and 210Po through the

euphotic depth es ti mated from the scav eng ing model are

6760, 630, and 400 dpm m-2 d-1, re spec tively. The res i -

dence times of the three radionuclides in the euphotic

zone are about 2 weeks.

(6) 234Th and 210Po were used as prox ies of par tic u late

organic car bon to es ti mate ex port flux in the Hung-Tsai

Trough. Ex port flux from the euphotic layer of the

Hung- Tsai is 40 mmol C m-2 d-1 es ti mated from the 234Th

flux and 64 mmol C m-2 d-1 es ti mated from the 210Po flux.
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