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Abstract During the Second Chinese Nationa lA rc tic Exped ition ( CH INARE) from

July to Sep tember 2003, depth pro files o f d isso lved and particulate
234

Th in upperw a

ter co lum ns were co llected at two stations of BR03 and BR24 in the Bering Sea.
234

Th

was sam pled by using a trad itional Fe ( OH ) 3 co prec ip itation technique, wh ich is a

re liab le approach to 234 Th m easurem en.t W e observed 234 Th excess at station BR03

be low the euphotic zone, wh ich w as possib ly due to the intensive rem inera lization o f

particu latem atter. Particu la te organ ic carbon ( POC ) export fluxes w ere estmi ated

from a one dmi ensional irreversible steady sta te m ode l o f
234

Th fluxes together w ith

m easurem ents o f the POC /
234

Th ratio on the suspended partic les. The POC export flu

xes from the eupho tic zone w ere 11. 66 and 11. 69 mmol C m
- 2

d
- 1

at BR03 and

BR24 stations, respectively. The ratios o f POC fluxes to prmi ary production a t the tw o

stations w ere about 0. 5 and 0. 59, respectively, probably due to the presence o f large

phy top lankton ( in particular diatom s) .
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1 Introduction

The euphotic zone is an active water layer in the ocean for mar ine phytop lankton to

convert inorgan ic carbon in to organ ic carbon, resu lting in a CO2 exchange across the atmos
phere/ocean in terface. Moreover, it is an important layer for the production of b iogen ic

m atter and for the vertica l transport o f particles to the deep sea. Export flux of particulate
organ ic carbon ( POC) from the euphotic zone to the deep ocean is regarded as a critical in

dex of the effic iency of b iolog ical pump and it has often been used as a necessarym easure

m ent to determ ine the b iogeochem ical cycling ra tes o f particle reactive elemen ts and constit
uents in the ocean[ 1 2] .

The estimation of POC export fluxes in the ocean is based on twom ain app roaches in
clud ing sed iment trap deployment and the radioactive isotope tracing method. In the upper

ocean, the quantity and quality o f sink ing m ater ials collected by sed imen t traps are largely

based on the hydrodynam ic situation and often involve sw imm er re lated issues[ 2 ] . R e



cently, the N eutra lly Buoyan t Sed im ent T rap has im proved hydrodynam ic prob lem s and can
be used to determ ine the POC flux in the upper ocean. H owever, the instrum en t is too ex

pensive to be densely dep loyed in the investiga ted area and be w idely used.
N atura l radioactive iso tope tracing is an alternative method to determ ine POC export

fluxes, and the 234Th /238U disequ ilibr ium is them ostw idely used approach. 234Th is a radi

oactive nuclidew ith very h igh particle reactiv ity, produced in situ from the decay of its par
en t 238U w ith a steady rate in the ocean. 234Th can be scavenged and removed rap idly w ith

sink ing particu latematter, resu lting in d isequ ilibrium between 234Th and 238U, especially in
the upper water column. The deficiency of 234Th w ith respect to 238U reflects the cycle, ex

port and rem inera lization of particles. Due to the re latively short half life o f 234Th ( 24. 1d),
it is well su ited for trac ing b iogeochem ical p rocesses in the timescale sim ilar to partic le dy

nam ics in the upper ocean[ 3 ] . A s reported by Buesseler et a l. [ 4] , the 234Th 238U disequ ilib

r ium techn ique is proved to be a robust method in the estim ation of partic le export fluxes
from the euphotic zone in the ocean. Fukuch i et al. estim ated the POC export flux from the

euphotic zone of the Ber ing Sea using sed im ent traps in the ISHTAR ( Inner Shelf Transfer
A nd Recycling) P ro jectwh ich concerned bio log ical processes in the seasonal sea ice region

of the north Ber ing Sea[ 5] . Chen et al. first estim ated POC export fluxes at three sta tions in

the sou thwestern Ber ing Sea from 234Th /238U d isequ ilibr ia
[ 6]

. To our know ledge, there are
few reports on POC export fluxes in the Bering Sea. H ere we report export fluxes of POC

from the euphotic zone in the Ber ing Sea based on 234 Th 238U d isequ ilibrium data and a
steady state box mode.l

2 Study area

Fig. 1 Sam pling sta tions.

Bering Sea is them ost northernm arginal sea of the Pacific O cean bounded by S iberia,
A laska and theA leu tian Islandsw ith an area of 2. 3 ! 106 km 2. The northern portion is con

nected toA rcticO cean by Bering Stra itwh ich is 80km w ide and 50m deep. Thewarm water
flow s from the northern PacificO cean to the A rctic O cean through the Bering Sea and Be

r ing S tra i.t The Ber ing Sea is in tr iangu lar
form and can be d iv ided in to three portions:

the northern portion of the Bering Sea is
characterized by broad con tinental shelf ( ac

coun ting for 44% of the to ta lBering Sea are
a); the centra l and western portion consist
o f deep basins ( accoun ting for 43% of the

tota l Ber ing Sea area); the remain ing is
characterized by the con tinental slope[ 7 9] .

Samp les were collected at two stations
( BR24: 170. 78∀E, 53. 97∀N and BR 03:
176. 18∀ E, 57. 99∀ N ) onboard R /V

#Xuelong∃ during the second Ch inese N a
tionalA rctic Exped ition ( CH INARE ) from

July to Septem ber 2003. A t each station,
20L of seawater for each samp le was collect
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ed using N isk in bottles in each water depth ( .i e. 0m, 10 m, 30m, 50m, 75m, 100m,
150 m and 200m ).

3 Sample ana lysis

U pon samp le collection, a 1 L portion of each sam ple was filtered through 0. 7 m

glass fiber filters (W hatm anTM GF /F), dried and brought back to the labora tory for POC a
nalysis. The rem ain ing 19 liters o f seaw aterw ere filtered through a 0. 45 m m embrane filer

to ob ta in samp les ofwater and partic les. A fter tha,t the water samples were co precip ita ted
w ith Fe( OH ) [ 10 ]

3 . F inally the beta /alpha sources were prepared w ith electrodeposition and

the rad ioactiv ity of 228 Th and 234 Th were detected w ith low level spectrum / coun ter. In

other stud ies, activ it ies o f 234 Th and its y ield tracer 228Th ( or 229 Th, 230 Th ) were usually

m easured using a  coun ter and spectrometer, respective ly, so the detector inter calibra
tion w as necessary for the resu lts. In the presen t study, only one detectorwas used tom eas
ure the activ it ies o f 234Th and 228Th simultaneously so the detector in ter calibration between

spectrometer and  counterwas avoided and them easurement errorwas then redu ced[ 11] .

For the short half life, 234 Th activ ities were determ ined on board by the mentioned proce
dure above, while 238U activ it ies were calcu la ted w ith the re la tionsh ip between 238U and sa

linity ( S): 238 U ( dpm % L
- 1

) = 0. 07081 ! S
[ 12]

. T emperature and salin ity were deter
m ined by shipborne CTD system.

4 Results and discussion

4. 1 hydrolog ic param eters

The depth profiles of tem perature and salin ity w ere listed in tab le 1. The m ixed layer
at BR24 and Br03 sta tion cou ld extend to a depth of 50 m w ith main thermocline and halo

cline located in the range of 20 to 50m depth. A s a marg inal sea of North Pacific O cean,
the sou thern part of Bering Sea w as connected w ith the Pacific O cean. BR03 station lay in

the Ber ing Basin andwas characterized by typ ical vertical pro files o f tem perature and salin i
ty in the Bering Sea: the w arm erwaters ( > 7 & ) cou ld not extend m ore than 15m depth

and in term ed iate colderwaters ( < 3 & ) between 50 to 200m. The warm waters also exis
ted at BR24, wh ile the interm ed iate cold waters were heated by warm water from theN orth

Pacific O cean and showed a h igher temperature than that of BR03.

4. 2 Ver tical prof iles of 234Th and POC concentrations

V ertica l pro files of 234Th and 238U activ ities are given inT ab le 1 and F ig. 2. The partic
ula te fraction accounted for 8% ~ 28% of total 234 Th activ it ies. 234Th activ it ies show ed an

apparen t defic iency to its parent 238U in the euphotic zone due to the scavenged to and re
moved w ith mar ine particles. Below 100m, to ta l 234 Th activ ities balanced w ith 238U. A t

BR 03, there was a sign ifican t excess of 234 Th at 200m, wh ich m ight be due to intensive
rem ineralization of particles.
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Table 1. V ertica l d istr ibu tions o f temperature, sa lin ity, POC concentrations and 234Th activ ities

Sta tion Depth
(m )

T
( & )

S
ADTh

( dpm% L
- 1

)
*

A PTh

( dpm% L
- 1

)

A U

( dpm% L
- 1

)

POC
( m ol% L

- 1
)

0 9. 490 32. 106 1. 707 ( 0. 225 0. 237 ( 0. 019 2. 273 13. 056

10 9. 490 32. 707 1. 375 ( 0. 076 0. 316 ( 0. 025 2. 316 9. 250

BR24 20 6. 431 32. 904 1. 224 ( 0. 071 0. 412 ( 0. 022 2. 330 8. 500

Bottom 30 5. 457 33. 022 1. 725 ( 0. 130 0. 451 ( 0. 027 2. 338 6. 383

depth: 50 4. 563 33. 089 1. 211 ( 0. 067 0. 500 ( 0. 034 2. 343 8. 583

3100m 75 3. 550 33. 187 1. 447 ( 0. 120 0. 664 ( 0. 043 2. 350 8. 050

100 4. 050 33. 623 1. 646 ( 0. 077 0. 331 ( 0. 024 2. 381 11. 528

150 4. 128 33. 840 1. 799 ( 0. 145 0. 260 ( 0. 020 2. 396 4. 264

0 10. 488 33. 054 1. 146 ( 0. 087 0. 646 ( 0. 054 2. 341 12. 167

10 9. 987 33. 069 1. 488 ( 0. 096 0. 438 ( 0. 031 2. 342 12. 000

BR03 30 5. 505 33. 094 1. 447 ( 0. 105 0. 206 ( 0. 012 2. 343 7. 041

Bottom 50 2. 258 33. 193 1. 329 ( 0. 086 0. 347 ( 0. 023 2. 350 4. 771

depth: 75 1. 754 33. 207 1. 533 ( 0. 074 0. 214 ( 0. 019 2. 351 3. 073

3870m 100 1. 744 33. 236 1. 748 ( 0. 125 0. 480 ( 0. 038 2. 353 2. 300

150 2. 228 33. 386 1. 834 ( 0. 117 0. 193 ( 0. 020 2. 364 1. 819

200 3. 523 33. 740 2. 215 ( 0. 139 0. 307 ( 0. 024 2. 389 3. 438

* 1 dpm = 1 /60 Bq

4. 3 S cavenging and rem oval rates of 234Th

Estimates of the scavenging and rem oval rates o f 2 34Th as well as the residen t tim es of

d isso lved and particu la te 234Th can be determ ined from an irreversible steady statem odel o f

thorium scavenging in the w ater column using the follow ing equation[ 13] :

A
Th
/ t = !% [A

U
- (A

DTh
+ A

PTh
) ] - P

Th
+ V ( 1)

where A
U
, A

DTh
andA

PTh
represent the activ it ies ( dpm% L- 1 ) of 238U, d isso lved 234 Th and

particu late 234Th, and!. is the 234Th decay constant ( 0. 02876 d- 1 ) . The term PTh ( dpm

% m - 3 % d- 1 ) represen ts the removal ra te o f particu la te 234Th due to particle sink ing and

V, the contributions of advection and diffusion to the 234Th fluxes.

H ere, the con tr ibu tions of advection and d iffusion are neglected and Eq. ( 1) is rew rit

ten for d issolved and particu la te 234Th in a steady sta te, respective ly:

JTh = !% (AU - ADTh ) ( 2)

P Th = JTh - !% ADTh ( 3)

∀D = ADTh /JTh ( 4)

∀P = APTh /PTh ( 5)

where the term J
Th

( dpm% m - 3 % d- 1 ) represents the net scavenging ra te o f disso lved 234Th

on to particles. ∀D ( d) and ∀P ( d) are the residence tim es of 234Th w ith respect to particle

scavenging and remova,l respective ly.

The resu lts calculated from the model mentioned above were given in Table 2. A t

BR 24, JTh ranged from 16. 296 in the su rface water to 32. 550 dpm% m - 3% d- 1 at the depth

of 150m w ith an average of 23. 705 dpm% m - 3 % d- 1; PTh ranged from 4. 673 dpm% m - 3

% d- 1 in the surfacewater to 19. 962 dpm% m - 3 % d- 1 at the dep th of 150m w ith an average
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of 12. 310 dpm% m - 3% d- 1; ∀D ranged from 37. 2d in the surface w ater to 104. 7d at the
depth of 150m w ith an average of 70. 916d; ∀

P
ranged from 17. 588d in the surfacew ater to

96. 514d at the depth of 150m w ith an average of 42. 357d.

( a) BR24 ( b ) BR03

Fig. 2 Depth profiles o f
234

Th /
238

U activ ity ra tios.

A t BR 03, JTh ranged from 5. 013 in the surfacew ater to 34. 342 dpm% m - 3% d- 1 200

m deep w ith an average of 21. 907 dpm% m- 3 % d- 1; P Th ranged from - 3. 817 dpm% m - 3

% d- 1 in the surface w ater to 19. 852 dpm% m - 3% d- 1 200m deep w ith an average of 11.
735 dpm % m - 3 % d- 1; ∀D ranged from 33. 383d in the surface w ater to 441. 799d 200m

deep w ith an average of 115. 378d; ∀P ranged from - 80. 440d in the surface water to 132.
559d 200m deep w ith an average of 23. 756d. W e found someP Th and ∀P had negative val

ues at the dep th of 200m, wh ich was consisten t w ith the excess of 234Th m entioned above.

Table 2. Estmi ated resident tmi es, scaveng ing and rem ova l ra tes

Station Depth
(m )

JTh

( dpm m- 3 d- 1 )

PTh

( dpm m- 3 d- 1 )
∀D

( d)
∀P

( d)

0 16. 296 9. 483 104. 740 24. 978

10 27. 049 17. 963 50. 851 17. 588

20 31. 814 19. 962 38. 466 20. 645

BR24 30 17. 635 4. 673 97. 823 96. 451

50 32. 550 18. 181 37. 212 27. 480

75 25. 968 6. 878 55. 724 96. 514

100 21. 136 11. 619 77. 872 28. 481

150 17. 188 9. 719 104. 643 26. 721

0 34. 342 15. 775 33. 383 40. 923

10 24. 545 11. 958 60. 629 36. 601

30 25. 782 19. 852 56. 121 10. 387

BR03
50 29. 380 19. 410 45. 230 17. 860

75 23. 541 17. 384 65. 116 12. 313

100 17. 412 3. 618 100. 393 132. 559

150 15. 237 9. 701 120. 378 19. 846

200 5. 013 - 3. 817 441. 779 - 80. 440
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4. 4 POC export f lux

The euphotic zone cou ld extend to 50m depth at BR24 and BR03 in the Bering Sea, so

w e chose the depth of 50m as the export layer in the scavengingm odel to estimate POC ex

port fluxes
[ 14]

:
FB = F

PTh
% POC /A

PTh
( 6)

where FB, FPTh andPOC /APTh represen t POC export f luxes, 234Th export fluxes and POC to

particu late 234Th ratio, respective ly. The results are listed in T ab le 3.

For lim ited sh ip tim e, we did not use pump to get large volume of sea water ( .i e. 200

~ 300L) on board so as to obta in size fractionated partic les, so the POC /APTh ra tios we

used in th is paper to estim ate POC fluxes were ra tios in the suspended particles rather than
really sink ing matters. The POC export f luxes w ere 11. 66 mm ol C m - 2 d- 1 at BR24 and

11. 69 mm ol C m - 2 d- 1 at BR03, respective ly. The data lay in the range of resu lts ( abou t

10- 15 mmol C m - 2 d- 1 ) in the neighbor ing sea area reported by Chen et al. [ 6 ] H owever,
they weremuch less than those in the northern Ber ing Sea due to different b io log ical condi

tions. Moreover, Fukuchi used sed im ent traps to determ ine POC fluxes[ 5 ] , wh ich often dif

fers from the 234Th data reported by Buesseler[ 15] .

Table 3. Estmi ated resident tmi es in the euphotic zone and POC export fluxes

S tation Export layer
( m )

∀D
( d)

∀P
( d)

POC /A PTh

( mo l dpm
- 1

)

FPTh

( dpm m
- 2

d
- 1

)
F

B

( mm ol C m - 2 d- 1 )

BR24 50 57. 5 29. 8 17. 18 678. 6 11. 66

BR03 50 52. 1 20. 5 13. 76 849. 4 11. 69

The prim ary productiv ity of the euphotic zone in the Ber ing Sea was 19. 8 mm olC m - 2

d- 1 [ 16 ] , so 50% at BR24 and 59% at BR 03 of the organ ic carbon produced by phytop lank

ton w ere exported from the euphotic zone. Such h igh ratios m ight be because of the exist

ence of large phytoplankton b iom ass, especially dia tom s[ 2] .

4. 5 Conclusion

The 234Th 238U d isequ ilibr ia in the upper ocean were used to estimate the resident times
and export fluxes of 234 Th as well as POC export fluxes in summ er of the Bering Sea. A t

BR 24, the resident times of d isso lved and particu late 234Th were 57. 5d and 29. 8d respec

tively, and POC export flux was 11. 66mmol C m - 2 d- 1. A t BR 03, the resident times of

d isso lved and particu la te 234Th were 52. 1d and 29. 8d respective ly, and POC export flux
w as 11. 69 mmolC m - 2 d- 1. A nd 234Th activ ities were excess to 238U at the depth of 200m,

wh ich m ay be because of intensive rem ineralization of particles. POC export from the eu

photic zone accounted for 50% and 59% of prim ary productiv ity, due to the existen ce of

large phytoplank ton in the h igh latitude seas. The results can be a re ference for further un
derstand ing the role o f the Ber ing Sea in global carbon cycle.
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