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Abstract

Large-volume seawater samples were collected from the water column at two
stations off southwestern Taiwan for the measurements of dissolved and particulate ®*Th.,
Parallel vertical profiles of particulate organic carbon and other hydrographic parameters
were also determined from separate sampling casts. Enhanced scavenging and removal
-processes are evident in the study area as indicated by large deficiencies of **Th relative
to U throﬁghout the whole water column. Vertical ®*Th fluxes calculated from the ®Th-
(] disequilibria increase monotonically from ~150 dpm/m?/d in the surface at both
stations to 5800 and 8200 dpm/m?/d at the depth of 300 m of station B2 and station HT,
respectively. The increasing rate of 2*Th fluxes with depth at station HT is 50% higher
than that of station B2 due to shoreward intensification of scavenging force originated
from terrestrial input. | '

Export fluxes of particulate organic carbon in the coastal regime off southwest
Taiwan were estimated from #*Th-**U disequilibria and POC/**Th ratios in suspended
particles in the water column. The calculated export fluxes of POC at the two stations
range from 20 to 50 mM/m¥d at the base of euphotic layer and converge to ~75 mM/m?/d
at 300 m. In the subsurface layer, station HT shows a higher POC flux than station B2.
At station HT, a distinctive maximum of POC fluxes were found in the layer enriched
with nitrite, Unlike **Th fluxes, POC fluxes obtained by two sampling casts, separated
rby ~18 hours, at station HT reveal different pattern. Samples taken from the afternoon (2
p.n.} show a higher value at the maximum and sharper decreasing rate with depth than
those taken in the evening (8 p.m.), which may be resulted from diurnal variation of POC

production and respiration rates in the upper water column.

- Imtroduction

In order to understand the cycling process of carbon in the ocean, it is crucial to
know the amount of organic carbon settled out the euphotic layer, i.e., export production.
Export production provides an important constraint of carbon balance in the euphotic
layer and balanced by the production supported by upwelled nutrients and other external

nutrient sources. Yertical settling of particulate organic carbon serves as an important



pathway of this exported production and can either be directly measured by sediment
trap deployed at the base of euphotic layer or estimated from ®“Th-*U disequilibria, a
powerful tool to trace carbon in the upper ocean (10C, 1994; Buesseler, 1998). Recently,
these two approaches have widely been used in various oceanic regimes, including open
ocean (Buesseler et al., 1995; Bacon et al., 1996; Murray et al., 1996) and coastal ocean
(Baskaran et al., 1996; Santschi et al., 1999; Hall et al., 2000).

Th-234 (t,,=24.1 days) is continuously produced from **U decay and is one of
the most particle-reactive elements in seawater. The **Th-"*U disequilibria can
quantitatively estimate the scavenging and removal rates by simple mass balance
calculation if both dissolved and particulate **Th were measured (Coale and Bruland,
1985; Wei and Murray, 1992}, and the removal rates of associated elements in t'né particle
can then be estimated by multiplying *Th flux to the ratio of **Th and elements
interested.

Qutskirting northeastern South China Sea, the study area is influenced by the
intrusion of Kuroshio Current through Bashi Channel (Shaw, 1989). The region has been
used as a test site for various experiments. Floating trap experiments were successfully
carried out in this region and the ®*Th fluxes measured by the floating trap were
consistent with that estimated from the *‘Th/**U disequilibria in seawater, ranging from
363 to 2290 dpm/m*/d (Wei et al., 1994). In this paper, we will present results of **Th
and particulate organic carbon (POC) measurements from two stations off southwestemn

Taiwan and give an estimate of export flux of particulate organic carbon from the water

column.

Methods
Seawater samples were collected at two stations shown in Figure 1 during 28~31

March 1999, onboard R/V Ocean Researcher I (cruise # 545). A CTD/201 Go-Flo
system attached with a fluorescence sensor was used to collect large volume seawater for
24Th determination. At station HT (Figure 1), a total of 12 CTD/Rosette casts were
repeated in the time span of 33 hours, among which two casts (cast #8 at 8 p.m. of 29
March and #26 at 2 p.m. of 30 March) were used for dissolved and particulate **Th

measurements. Seawater was immediately pressure-filtered by compressed air through a



pre-weighed 142 mm Nuclepore filter (0.45 pm) mounted in a Plexiglas filter holder.

Filtered seawater (~20 ) was transferred into a cubitainer, acidified with
approximately 20 ml of concentrated HC| and spiked with 35 dpm **Th yield tracer as
well as 60 mg Fe carrier. The samples were then aerated for at least 4 hours to help
achieve isotopic equilibrium (Wei and Hung, 1993). Without interrupting the aeration, 12
N NaOH was added to raise the pH to 8. The Fe(OH); precipitates, with adsorbed
thorium, were collected by siphoning and centrifuging, and then dissolved in concentrated
HCI to make the samples 9 N HCL. These samples were then passed through an anion
exchange column (AG1X-8) preconditioned by 9N HCI to separate uranium from
thorium. Thorium samples were purified by passing the sample through three anion
exchange columns pre-conditioned with 8 N HNO3. The sample was evaporated down to
one drop and was ready for extraction. Th-234 and the yield tracer, *°Th, were extracted
into a 0.4 M TTA (thenoyltrifluoroacetone}-benzene solution and stippled on a stainless-
steel disc. Preconcentration and separation of uranium and thorium from the filtered
seawater samples were completed in three days after samples were collected.

After weighing for the determination of TSM concentration, the filters were

decomposed in the laboratory -by soaking in 10 ml of concentrated NH,OH. The
samples were gently heated to evaporate the NH,OH then fluxed in HCIO,/HF to
thoroughly digest organic and inorganic materials. After digestion, the samples were
purified and mounted on stainless-steel discs following the same procedures as for
dissolved 2**Th samples.

The activities of **Th were counted by a low background (< 0.3 cpm)

anticoincidence counter (Tennelec LB-5100) via its f-emiting daughter #*Pa. Blank

determinations of all reagents and filter paper used for this study indicated negligible
contribution, Chemical yield of thorium was estimated by counting spiked **Th using
silicon surface-barrier detectors (EG&G Ortec 576). The counting efficiencies of the a
detectors were calibrated against NIST traceable *' Am (Isotope Products Laboratory 387-
67-2-2) and ™ Th (Isotope Products Laboratory 387-67-3) standard plates. Activities of
24Th reported here were comrected back to the sampling time after the ingrowth of 2Th

from #*1J was subtracted.



A separate cast of CTD/Rosette assembly was deployed to collect seawater for
POC measurement. Particulate organic carbon was measured on the particulate matter
retained by a Whatman 25 min GF/F glass fiber filter, which was pre-heated at 450°C to
reduce background carbon. A Heraeus CHN Rapid Elemental Analyzer was used to
measure total organic content after carbonate carbon was removed by adding 1 N HCl

solution. The preciston of the POC data is £0.2 pM (Liu et al., 1995).

Results and Discussions
Depth, salinity, calculated **U activities from Ku et al. (1977), concentrations of
total suspended matter {TSM), dissolved, particulate **Th activities, and POC

concentrations are given in Table 1. Uncertainties of all tadioisotope data listed were
estimated according to the propagation of counting error (+ 1¢). Hydrographic and

nutrients data are not listed but are available upon request.

The vertical distributions TSM concentration, dissolved and particulate **Th at
stations HT and B2 are shown in Figures 2 and 3, respectively. Total ®*Th activities as
the sum of dissolved and particulate **Th are also included in the figures. Dotted lines |
drawn in the figures represent calculated ?*U activities. Similar to the previous results
obtained in the vicinity (Hung and Wei, 1992; Wei et al., 1994) and in other coastal
regimes (Baskaran, 1996; Santschi et al. 1999}, all profiles show the deficiency of **Th
relative to 2U throughout the whole water column, indicating dynamic scavenging
phenomenon in the region. The degree of **Th deviation from secular equilibrium is more
pronounced at station HT than station B2, due to enhanced particle scavenging landward.
Average residence times of 2¢Th in the euphotic zone of station HT are 38 and 20 days,
with respect to scavenging and particle removal rates, respectively. Comparing to
station HT, a longer residence time of dissolved »*Th, 64 days, relative to scavenging rate
was found in the euphotic zone of station B2 but similar particulate residence time of 21
days was found. It is noted that there is little difference between two sets of profiles
obtained from two casts separated by 18 hours at station HT, as a result of a fast tum
over rate of ®Th relative to physical mixing in the study area. For all samples taken,

24Th is dominated by dissolved phase, which represents 60~90 % of total *‘Th in



seawater. Distribution coefficients, Ky, ranges from 10°4~10%* ml/g, in the same range of
previous studies in the vicinity (Hung and Wei, 1992; Wei et al., 1994) and other marginal
sea (Baskaran et al., 1996).
According to the irreversible scavenging model the particle removal rate for **Th (i.e.,
P flux, Coale and Bruland, 1985) can be calculated by
P=Xx(U-TTh) (1)
Where A is the decay constant of #Th (0.0288 d"), U is #*U activity (dpm/L), and TTh is

total ®*Th activity (dpm/L). It should be noted that the P flux calculated from (1} hasa
rate unit, dpm/Ld, and P flux can be converted into a flux unit, dpm/m*/d, by trapezaidal
integration of P flux,
Fn = X [(Pi + Pi-1) {(Zi-Zi-1)/2] )

Where Pi is successive P flux calculated from discrete **Th data at depth Zi in the water
column.

Vertical fluxes of ®*Th calculated from the irreversible model are shown in Figure
4. Atstation HT, ®Th fluxes calculated from the two casts are remarkably similar and
increases from ~150 dpm/fn‘fd near surface to ~8200 dpm/m*/d at 300 m. Th-234 fluxes
also increase with depth at station B2 but with a lower increasing rate relative to depth
than at station HT, ranging from 190 dpm/m*/d near surface to 5800 dpm/m?*d at 350 m.
Th-234 fluxes estimated at nearby locations (OR1-306A and OR1-368, Figure 1) fall in
the same range of this study (Hung and Wei, 1992 , Wei et al., 1994). The core top
samples collected from a station (water depth = 46 m) to the north of this study (OR1-
438, Figure 1) gave an inventory of excess ®Th of 2.36x10° dpm/m? (Chu, 1996).
Consequently, a **Th flux of 6790 dpm/m?/d, scavenged from the overlying water column
to the botto_m sediments, is needed to support the excess **Th inventory.
Different from the observation that floating traps may not provide accurate vertical
particle fluxes in some oceanic regimes (Bueseller, 1991), our previous results from
floating trap showed excellent agreement between vertical **Th fluxes measured by traps
and from **Th/?*U disequilibria in the study area (Wei et al., 1994),

Considering the resemblance of turn over time between #**Th and POC in the

euphotic zone, Eppley (1989) suggested that POC flux can be caiculated from the



quotient of POC inventory and the residence time of ®*Th in the euphotic zone. The
notation of treating **Th as a carbon tracer in the euphotic zone has been implemented in
the framework of JGOFS (Joint Global Ocean Flux Studies) program. Assuming the
difference of the inventories between **UJ and total **Th (dissolved + particulate) gives an
accurate flux of settling particles from the euphotic zone, POC fluxes can be calculated by
multiplying POC/*Th ratio in suspended or settling particles to Fry (Buesseler et al.
1995; Bacon et al., 1996; Murray et al., 1996) and the export carbon fluxes can then be
calculated, i.e.,
Fpoc = Fm (POC/Th) (3

where POC/Th is the average POC/**Th ratio at depth Zi and Zi-1.
However, it should be noted that export flux of particulate organic carbon calculated by
this model is highly dependent on the POC/**Th ratio used and the ratio varies both
temporally and spatially (Buesseler, 1998). Hence, in order to obtain an accurate
estimation of POC export flux, it is required to simultaneously measure #‘Th /~*U
deficiency in seawater and POC/**Th ratio in particulates.

Vertical profiles of particulate **Th (PTh), POC, chlorophyll, and POC/PTh ratio
at stations HT and B2 are shown in Figure 5 and 6, respectively. As seeﬁ in Figures 5
and 6, little similarity is shared among the vertical structures of PTh, POC, and
chlorophyll. Representing a small pool of ®Th in seawater, PTh ranges between 0.1 and
0.6 dpny/L and shows neither vertical nor horizontal trend. On the contrary, POC
distribution is characterized by elevated concentration in the surface layer at both stations
and in the botto_m layer of station HT. Higher POC concentration at station HT than
station B2 and elevated concentration in the bottom layer of station HT indicate the
terrestrial influence to the nearshore station. Terrestrial influence can also be supported
by the incoherent vertical structures between POC and chlorophyll distributions. Neither
maximal POC nor maximal PTh concentration was observed at the subsurface chlorophyll
maximum, which is typically found in the region. In consistent with the observation in

Northern Iberian Margin off Spain (Hall et al., 2000), most of POC/*Th ratio in the
suspended particles fall in the range of 5 and 25 pmol/dpm, with considerable variability

in the surface layer. The suspended particles residing in the upper water tend to have a



higher POC/*Th ratio due to POC enrichment in the particulates,

The discussion on which size of particles is the most appropriate pool to be used
for calculating Fpoe has been raised (e.g., Bacon et al., 1996; Santschi et al., 1999; Rutgers
van der Loeff, 1997} and consensus has not yet been reached on this issue. The nature of

our dataset restricts us to use POC/Th ratic in total suspended particles larger than 0.45
um for POC flux calculation. The results may be treated as an upper limit of the true

export flux of POC if higher POC/2Th were found in finer particles than large particles
(Bacon et al., 1996; Santschi et al., 1999; Hall et al., 2000).

Vertical profiles of POC fluxes calculated from (3) were shown in Fig. 7. Except in
the subsurface layer, the calculated POC fluxes are quite similar between the two. stations,
with the values of 10 and 70 mM/m?d in the surface an;:'l bottom layers, respectively.
Overall, export flux of POC obtained in this study is an order of magnitude higher than
oligotrophic open ocean (Buesseler et al. 1995; Bacon et al., 1996; MurTay et al.l, 1996),
implying the importance of coastal ocean in sequestering carbon via particle settling from
upper water. Such a high POC fluxes were also found in the continental margin (Hall et
al., 1999) and in eutrophic open ocean {Rutgers van der Loeff, 1997). In the subsurface
layer, much higher POC fluxes were found at station HT than station B2. It is noted that
POC fluxes in the subsurface layer of station HT show a large variability with a much
higher POC flux at 2 p.m. and lower POC flux at 8 p.m., indicating a diurnal variability of
carbon flux. From cast #26 obtained at 2 p.m. at station HT, POC flux reaches to 145
mM/m?*d at 75 m then decreases dramatically to 25 mM/m?*/d at 150 m, implying that
more than 80% of particulate organic carbon was decomposed and/or respired on the path
of settling through the layer between 75 and 150 m. Repeated sampling of hydrographic

parameters enables us to observe the temporal variability in the water column of station
HT. Although not shown here, a layer of maximal nitrite concentration (> 0.5 p.M),

centered at 80 m, started to emerge from midnight of 29 March till 6 p.m. of 30 March.
Milder subsurface maximum of POC flux from the profile of cast #8, obtained 2 hours
prior to the emergence of nitrite maximum, may be related to the absence of the nitrite
maximum during this time of the day. Lower production rate of POC in the surface layer

and slower decomposition/respiration rate in the subsurface layer during nighttime is



hypothesized as the cause of the difference of POC flux between the two casts,

~ Conclusions
The degree of ®*Th/”*U disequilibria in the water column of two stations off

southwestern Taiwan was investigated and used to estimate export production. Enhanced
scavenging and removal processes were found in the coastal regime, which results in large
#Th deficiency throughout the whole water column. A daily total of 5800~8200 dpm/m?
2Th were stripped from the water column to the bottom sediments. POC fluxes, a proxy
of export production, was calculated by multiplying **Th fluxes to the ratio of POC and
2+Th in the suspended particles. An average POC flux of 70 mM/m?d settling from the

water column into sediment of the study area was estimated.
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Figure captions

Figure 1. Sampling stations (HT, B2) of OR1-545 occupied during 28~31 March 1999 off
southwest Taiwan., Bottom depths of station HT and B2 are 347m and 395 m,
respectively. Locations of sampling station from previous cruises were also

_ shown.

Figure 2. {a) Vertical profiles of the concentration of total suspended matter, total,
dissolved and particulate 2*Th collected from cast #8 at station HT. The
vertical dashed line at 2.45 dpm/L represents 2*¥U activity calculated from S-
B8 relationship. (b) Same as (a) except from cast #26.

Figure 3. Vertical profiles of the concentration of total suspended matter, total, dissolved
and particulate *'Th at station B2. The vertical dashed line at 2.45 dpm/L

_ represents 222U activity calculated from S- 28U relationship.

Figure 4. Vertical profiles of calculated #*Th fluxes from the cast #8 (@ ) and cast #26
(O ) of station HT and station B2({J ).

Figure S.Vertical profiles of (a) particulate 2Th, (b) particulate organic carbon, {c}
chlorophyll concentration, and (d) ratio of organic carbon and *Th in suspended
particulates of station HT, Samples taken from casts #8 and #26 are shown in
open and closed circles, respectively.

Figure 6. Vertical profiles of (a) particulate 2*Th, (b) particulate organic carbon, {c)
chlorophyll concentration, and (d) ratio of organic carbon and **Th in suspended
particulates of station B2.

Figure 7. Vertical profiles of calculated fluxes of particulate organic carbon from the cast
#3 (@ )andcast#26(O )of station HT and station B2(0 ).

10



References

Bacon, M. P,, J. K. Cochran, D. Hirschberg, T. R. Hammar and A. P. Fleer, 1996: Export
flux of carbon at the equator during the EqPac time-series cruises estimated from
Th measurements, Deep-Sea Res. i1, 43, 1133-1153.

Baskaran, M, P. H. Santschi, L. Guo, T. S. Bianchi, and C. Lambert, 1996: ®Th; =(J
disequilibria in the Guif of Mexico: the importance of organic matter and particle

- concentration. Cont. Shelf Res., 16, 353-380.

Buesseler, K. Q., 1991: Do upper-ocean sediment traps provide an accurate record of
particle flux? Nature, 353, 420-423.

Buesseler, K. O., 1998: The decoupling of production and particulate export in the
surface ocean. Global Biogeochem. Cycles, 12, 297-310.

Buesseler, K. O., J. A. Andrews, M.C. Hartman, R. Belastock, and F. Chai, 1995:
Regional estimates of the export flux of particulate organic carbon derived from
thorium-234 during the JGOFS EqPac program. Deep-Sea Res. I, 42, 777-304.

Buesseler, K. O, L. Ball, J. Andrews, C. Benitez-Nelson, R. Belastock, F. Chai, and Y.
Chao, 1998: Upper ocean export of particulate organic carbon in the Arabian Sea
derived from Th-234, Deep-Sea Res. I, 45, 2461-2487.

Chu, K.-S., 1996: Studies of sediment dynamics using natural and artificial radionuclides.
M.S. thesis, 66p, National Taiwan University. |

Coale, K. H. and K. W. Bruland, 1985: **Th:**U disequilibria within the California
Current. Limnol. Oceanogr., 30, 22-33.

Eppley, R. W., 1989: New production: history, methods and problems. In: Dahlem
Workshops in " Productivity of the Ocean: Present and Past". W. H. Berger, V.
Smetacek, and O, Weffer (eds.) pp 85-97, Wiley, New York.

Hall, I. R., S. Schmidt, I. N. McCave, and I. L. Reyss, 2000: Particulate matter
distribution and **Th/#*U disequilibrium along the Northern Iberian Margin:
implications for particulate organic carbon export. Deep-Sea Res., 47, 557-582.

Hung, C.-C. and C.-L. Wei, 1992: Th-234 scavenging in the water column off
southwestern Taiwan, Terr., Atmosph., Ocean. Sci., 3, 183-197.

10C, SCOR, 19%4: Protocols for the Joint Global Ocean Flux Study (JGOFS) Core
Measurements, IOC Manuals and Guides No.29, 170pp.

11



Ku, T. L., K. G. Knauss and G. G. Mathiew, 1977: Uranium in open ocean :
concentration and isotopic composition. Deep-Sea Res., 24, 1005-1017.

Liu, K.-K., Z.-L. Lai, G.-C. Gong and F.-K. Shiah, 1995: Distribution of particulate
organic matter in the southern East China Sea: Implications in production and
transport. Terr., Atmosph., Ocean. Sci., 6, 27-45.

Murray, J. M., J. Young, J. Newton, J. Dunne, T. Chapih, B. Paul, J. J. McCarthy, 1996:
Export flux of particulate organic carbon from the central equatorial Pacific
determined using combined drifting trap-**Th approach. Deep-Sea Res. If, 43, 1095-
1132. |

Rutgers van der Loeff, M. M., J. Friedrich, and U. V. Bathumann, 1997: Carbon export
during the spring bloom at the Antarctic Polar Front, determined with the natural
tracer *Th. Deep-Sea Res. I, 44, 457-478.

Santschi, P, H., L. Guo, . D. Walsh, M. S. Quigley, and M. Baskaran, 1999: Boundary
exchange and scavenging of radionuclides in continental margin waters of the Middle
Atlantic Bight: implications for organic carbon fluxes. Cont. Shelf Res., 19, 609-636.

Shaw, P. T., 1989: The intrusion of water masses into the Sea Southwest of Taiwan, J.
Geophys. Res., 94, 18,213-18,226.

Wei, C.-L. and J. W. Murray, 1992: Temporal variation of **Th activity in the water

. column of Dabob Bay: Particle scavenging. Limn. Oceanogr., 37, 296-314.

Wei, C.-L. and C.-C. Hung, 1993: The effect of isotopic equilibration time on the
determination of ®*Th in seawater. J. Radicanal. Nucl. Chem., Lett, 175, 155-159.

Wei, C.-L., K.-L. Jen, and K. Chu, 1994: Sediment trap experiments in the water column

off southwestern Taiwan: 24T fluxes. J. Oceanogr, 50, 403-414.

12



N)

itude (




(q)

$T

- 06¢

- 00¢

- 05T

- 002

- 061

- 001

Depth (m)

U23g -

- 0S¢

- 00t

- 05T

- 00T

- 051

- 001

(1/udp) y,

Depth (m)



Th (dpm/L)

0.5

0.0
507
3007
350

T
8
[ o™

Depth (m)

1007
1507

TSM



ThF (dpm/m2/d)

0 2500 5000 7500 10000

i 1 i 1

507

1007

1507

2007

(w) ydag

2507

300 7

350 -

td



POC (uM)

PTh (dpm/L)

0.0

0.8

0.6

0.4

0.2

0.0

—

I { I ! I
a 8 & 8 8 8
- — b o~ &
Depth (m)
C)
T T T T T T
" 8 & 8 & 8
— - ™~ (] 3a

Depth (m)

POC/PTh (umol/dpm)

Chl {(pg/L)

= 1 T T T T T
© 8 8 8 8 g 8
— — (o | [ ] (a1

Depth (m)
C)

T

o
g 8 &

Depth (m)



(w) ydaq

POCF (mM/m2/d})

50 100 150

i 1 —

50
100
1507
200
250

3007

350

[A:



