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Abstract

Thorium-234 and particle composition (organic matter, biogenic silica, carbonate and lithogenic
component) were examined in the East China Sea (ECS) and the northern South China Sea (NSCS)
in order to constrain the particle types scavenging thorium isotopes. Good positive correlations be-
tween particulate organic matter (POM) or carbonate and thorium-234 in suspended particulate
matter (SPM) indicates that POM and carbonate are efficient to scavenge thorium-234. No relation-
ship between biogenic silica and thorium-234 suggests that geochemical behavior of thorium-234
may be not influenced by biogenic silica. A simple model was used to evaluate the affinity of
thorium-234 to different particle components. The results show that POM is the most efficient
scavenger for thorium-234 in the ECS and the NSCS, followed by carbonate. The authors’ re-
sults lend support to the utility of thorium-234 as a proxy of POC and carbonate in the upper
layer. However, the strong dependence of thorium scavenging on particle composition challenges
thorium-230 as a constant flux proxy.
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1 Introduction

Thorium isotopes (thorium-228, thorium-230 and

thorium-234) are naturally occurred radionuclides in

the ocean. Owing to their constant production rates

and the known sources in the ocean, one can calculate

particle fluxes based on the radioactive disequilibria

between thorium and their precursor (uranium iso-

topes). Actually, there are very few natural tools that

can convert concentrations into fluxes in the ocean

(Geibert and Usbeck, 2004). Therefore, thorium iso-

topes, especially thorium-234 and thorium-230, have

been widely used to evaluate the fluxes of biogenic par-

ticles and trace metals. Thorium-234 (T1/2=24.1 d)

has usually been used to estimate fluxes of particulate

organic carbon (Buesseler et al., 1992; Eppley, 1989),

particulate inorganic carbon (Bacon et al., 1996), bio-

genic silica (Rutgers van der Loeff et al., 2002; Bues-

seler et al., 2001), tracer metals (Gustafsson et al.,

2000) and persistent organic pollutants (Gustafsson

et al., 1997a, b). The basic principle for flux calcu-

lation is to multiply thorium-234 flux by its ratio to

other elements on particles. However, recent studies

suggest that the ratios were affected by particle size,

sampling depth, studied regions and sampling meth-

ods (Buesseler et al., 2006). How these factors pro-

duce the effect of the ratios of thorium-234 on other

elements and then the calculated fluxes become a fo-

cus of thorium-234 application and is not well under-

stood up to now. In fact, almost all of the influencing

factors resulted from the unique fact that is the in-

teraction between thorium-234 and different particle

chemical components. Consequently, the reliability or

validity of thorium-234 flux approach is subject to the

particle chemical composition essentially.

Thorium-230 (T1/2=75 400 a) was widely used

as a proxy in paleoproductivity (Kumar et al., 1995;

Kumar et al., 1993; Francois et al., 1993), constant-

flux calibration (Francois et al., 1990; Suman and Ba-

con, 1989) and ocean circulation (Moran et al., 2001;

Yu et al., 1996). These applications assume that

the thorium-230 removal to be independent of parti-

cle chemical composition, and approximately equal to

its production rate from uranium-234 in the overlying

water column. However, many recent field and labora-

tory studies suggest that thorium affinity to different
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particle components (such as particulate organic mat-

ter, carbonate, biogenic silica, lithogenic matter, etc.)

was different (Li, 2005; Ray-Barman et al., 2005; Geib-

ert and Usbeck, 2004; Chase et al., 2002; Guo et al.,

2002; Luo and Ku, 1999). An important question is

whether composition-dependent scavenging of thorium

affects the utility of thorium-230 as a proxy as pointed

out by Chase et al. (2002).

In this paper, we have presented a set of data

obtained in the East China Sea (ECS) and the north-

ern South China Sea (NSCS) that allows the interac-

tion between thorium-234 and particle chemical com-

ponents to be examined. Our results will shed light

on the question linked to the utilities of thorium-234

and thorium-230 as flux proxies in the ocean.

2 Sampling and analyses

2.1 Sampling sites

Figure 1 shows the collection sites in this study.

Among the eight stations occupied for thorium-234

and particle composition measurements, three depth

profiles (Stas S0508, S0703 and S1002) were obtained

with Rosette casts in the ECS from June to July 2006.

Only surface samples were collected at other stations

(Stas D15, D16, D18, D20 and D22) in the NSCS from

July to August 2006.

Fig.1. Locations of sampling stations in the

East China Sea (Stas S1002, S0703 and S0508)

and the South China Sea (Stas D15, D16, D18,

D20 and D22).

2.2 Thorium-234 analysis

Thorium-234 analysis was conducted with a

MnO2-coprecipitation technique described by Ma et

al. (2005). Briefly, two liters of seawater was added

with drops of concentrated ammonia, 25 µl of con-

centrated KMnO4 solution and 10 µl of concentrated

MnCl2 solution. The formed MnO2 precipitate carry-

ing thorium was allowed to settle for 2 h and filtered

on a 47 mm GF/F filter. Filters containing MnO2

precipitate and suspended particulate matter were

dried and beta-counted as soon as possible. After de-

cay of thorium-234 (>150 d), a second beta-counting

was required to correct for the contribution of other

beta emitters than thorium-234/protactinium-234m

(Rutgers van der Loeff et al., 2002). The thorium-234

counting errors were less than ±5%, and the thorium-

234 activities were corrected to the sampling mid-time.

The study areas were characterized by high particle

concentration (with the mean of 0.005 4 kg/m3), in

this condition, particulate thorium-234 (in Bq/m3)

makes up about 90% of the total thorium-234 (Chen,

1996), herein total thorium-234 measured reflects the

particulate thorium-234 actually.

2.3 POC, biogenic silica and carbonate analy-

sis

Samples for particulate organic carbon and car-

bonate were taken from the same Rosette cast for the

thorium sampling. One to two liters of water were

filtered using pre-combusted 47 mm GF/F filters (at

500◦C for 4 h). The filters were stored frozen un-

til determination. POC filters were fumed with con-

centrated HCl to remove inorganic carbonates, and

analyzed in Perkin Elmer CHN analyzer. Carbonate

filters were not treated with any acid but other proce-

dures were the same to that of POC. Particulate in-

organic carbon (PIC) was calculated as the difference

between bulk carbons obtained from carbonate filters

and POC. The carbonate fraction was calculated as

follow: CaCO3=8.33×PIC (Ray-Barman et al., 2005).

Biogenic silica analysis was conducted using the

double wet-alkaline digestion method (Ragueneau et

al., 2005). In brief, a polycarbonate membrane (0.4

µm pore-size and 47 mm diameter) containing sus-

pended particulate matter was firstly digested with

0.2 mol/dm3 NaOH in a polymethylpentene centrifuge

tube at 100◦C for 40 min. At the end of this digestion,

silicic concentration in the supernatant was analyzed.

After rinsed and dried, the filter was secondly digested

identical to the first one. The biogenic silica concentra-

tion was corrected for mineral interference determined

by the second digestion.
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Lithogenic content was estimated as 100–

(2.4×BSi+carbonate+2×organic carbon) (Chase et

al., 2002). Where 2.4 was conversion factor between

Siopal and opal (Mortlock and Froelich, 1989), which

was also proposed by JGOFS, 2 is the mass ratio

of organic matter to organic carbon (Buffle, 1990).

Hereby, lithogenic component was comprised of min-

erals mainly.

3 Results and discussion

3.1 Role of bulk particle in geochemical cycling

of thorium

In general, thorium isotopes except thorium-232

in the ocean are produced in situ by uranium isotopes

and removed from the water column by particle scav-

enging and sinking. A good positive correlation be-

tween thorium-234 activiy in seawater and the concen-

trations of suspended particulate matter (SPM) was

observed (Fig. 2), which reflected the important role

of SPM in regulating the geochemical behavior of

Fig.2. Relationship between thorium-234

specific activity and the concentrations of sus-

pended particle matter in the ECS and the

NSCS.

thorium-234 in the study sea areas. In order to ex-

amine particle scavenging to thorium-234, ratios of

thorium-234 activity to particle concentrations (in

Bq/kg) were adopted in the following (Fig. 3). Be-

cause total thorium-234 reflected particulate thorium-

234 actually, ratios of total thorium-234 to particle

concentration indicated similar implications to that of

particulate thorium-234 to particle concentration es-

sentially. The SPM collected by filters is composed

of fecal pellets, marine snow, detritus and individual

foraminifera in variable proportions. Although each

type of particles was derived from different sources, it

was a practical and efficient way to classify them based

on their chemical compositions, such as particulate or-

ganic matter (POC), biogenic silica (BSi), carbonate

and lithogenic component. By means of this classifi-

cation, it will be possible to study the role of different

components in thorium-234 scavenging. In the follow-

ing, we will focus on the relationship between thorium

and the contents of different components.

3.2 Role of different particulate components

on thorium scavenging

3.2.1 POC

A good positive correlation between thorium-234

and POC was observed (Fig. 3a), which gave a sup-

port to the use of thorium-234 as a POC flux proxy

at least in the East China Sea. Disequilibria between

thorium-234 and uranium-238 have been widely used

to estimate POC export flux out of the euphotic zone,

though a few of studies suggest that thorium-234 pos-

sibly tracks the total mass flux rather more closely

than the POC flux (Shimmield et al., 1995; Murray

et al., 1989). More efficient scavenging of thorium-234

in the upper ocean layer was ascribed to the enriched

organic ligands in the particulate matter produced by

biological activity (Ray-Barman et al., 2005; Quigley

et al., 2001). Because POC consists of many organic

compounds, and different compounds have different

affinity to thorium, the observed correlation between

thorium-234 and POC may change with POC compo-

sition. Polysaccharides have been considered to play

an important role in thorium-234 scavenging and have

been studied mostly (Guo, Hung et al., 2002; Quigley

et al., 2002). However, a little was known about the

role of other organic compounds (such as pigments,

fatty acid, amino acid and humic acid etc.) in thorium-

234 scavenging (Stewart et al., 2007; Guo, Chen et al.,

2002). More in-depth studies were needed for accu-

rately evaluating different organic compounds in tho-

rium scavenging. During particulate settling, organic

ligands in POM decreased rapidly by degradation or

remineralization (Hirose and Tanoue, 1998), and thus

the scavenging efficiency of thorium to POC may be-

come weakened gradually. Considering the sorption ir-

reversibility of thorium-234 with marine organic mat-

ter (Quigley et al., 2001) and the lost of thorium-234

by radioactive decay, the correlation between POC and

thorium-234 may change or disappear in mesopelagic

waters. This can be elucidated by another thorium

isotope of thorium-230 which is produced in situ by

uranium-234 decay and is almost independent of its

disintegration in the ocean. Lack of correlation be-

tween excessive thorium-230 and POC in sediment
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Fig.3. Thorium-234 as a function of particle compositions. (a. POC, b. lithogenic component, c. carbonate
and d. biogenic silica)

trap samples at least below 400 m in the north-

eastern Atlantic POMME experiment verified that

thorium scavenging by particulate organic matter in

mesopelagic waters was less efficient than that in sur-

face bio-productive water (Ray-Barman et al., 2005).

On the other hand, a four-end-member mixing model

proposed by Li (2005) suggests that the role of organic

matter in thorium-230 scavenging can not be ignored

though it is less efficient in the mesopelagic waters.

3.2.2 Lithogenic material

There is an inverse linearly relationship between

thorium-234 and the lithogenic fraction (Fig. 3b),

which indicates that the bulk lithogenic material act

as a dilute reagent in thorium-234 specific activities.

However, this inverse relation can not infer informa-

tion on the role of lithogenic component in scavenging

thorium-234. This relation can result from the follow-

ing mechanisms. On the one hand, high SPM con-

centration may exceed the amount which is enough to

scavenge bulk thorium-234. As a result, lithogenic ap-

pears to be a dilute reagent. In this condition, actual

relation has been concealed and apparent relation does

not illustrate the scavenging of lithogenic component

to thorium-234. On the other hand, lithogenic regime

is a complicated system consisting of minerals, MnO2,

Fe(OH)3, etc. This relationship may change with the

changing of the fraction of each substance in lithogenic

components due to their different scavenging efficien-

cies for thorium as revealed by controlled experiments

(Geibert and Usbeck, 2004; Guo, Chen et al., 2002)

and in situ investigation (Ray-Barman et al., 2005;

Luo and Ku, 1999).

Partition coefficients, Kd, of thorium listed in Ta-

ble 1 indicate obvious difference among the affinities of

thorium to different lithogenic substances. The high-

est Kd values were observed for thorium on MnO2. It

is well known that thorium-234 in seawater is usually

enriched by manganese oxide-impregnated cartridges

(Buesseler et al., 2001; Buesseler et al., 2000) or MnO2

precipitation (Ma et al., 2005; Rutgers van der Loeff

et al., 2002). The strong affinity of MnO2 for thorium

was not surprising. In contrast, Kd values on smectite,

a standard for determination of clay minerals via X-ray

diffraction, are three to four orders of magnitude less

than that on MnO2 (Table 1), indicating relative weak

affinities of this lithogenic mineral for thorium. If the

affinities of other lithogenic substances for thorium lie

between smectite and MnO2, Kd values for thorium

on bulk, lithogenic component would vary from 106

to 1010. The in situ data of Kd which lied between
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this range (Table 1) approved this assumption. Obvi-

ously, correlations between lithogenic components and

thorium will depend on the lithogenic composition.

On the one hand, good positive correlations between

lithogenic component and thorium have been observed

in the Pacific and Atlantic Oceans (Ray-Barman et al.,

2005; Luo and Ku, 1999). Ray-Barman et al. (2005)

pointed out that this positive correlation reflected the

correlation between manganese content and thorium.

Namely, thorium scavenging by lithogenic matter de-

pends on the manganese-related coatings outside the

particles. On the other hand, manganese was not al-

ways correlated with the load of lithogenic compo-

nents. Manganese was enriched in small suspended

particles and can be incorporated into sinking partic-

ulate throughout the water column by coagulation or

aggregation (Ray-Barman et al., 2005). On this condi-

tion manganese was wrapped by other substances and

has little chance to contact with dissolved thorium, as

a consequence negative correlation between lithogenic

component and thorium was observed. Considering

only a little studies have been conducted on the in-

fluence of lithogenic composition on thorium scaveng-

ing in recent years and the complications of lithogenic

component, further studies are required to evaluate ac-

curately which substances are the major thorium-234

scavenger in lithogenic materials.

Table 1. Partition coefficients of thorium between particulate components and seawater

Components Locations Radionuclide Kd/ Reference

dm3·kg−1

Opal EqPac and MAB thorium-230 0.4×106 Chase et al. (2002)

EqPac and North Atlantic thorium-230 2.5×106 Luo and Ku (2004)

Carbonate EqPac. and MAB thorium-230 9.0×106 Chase et al. (2002)

EqPac and North Atlantic thorium-230 1.0×106 Luo and Ku (2004)

Lithogenic EqPac and North Atlantic thorium-230 230×106 Luo and Ku (2004)

EqPac. and MAB thorium-230 10×106 Chase et al. (2002)

MnO2 NE Atlantic Ocean thorium-230 (2–2.5)×1010 Ray-Barman et al. (2005)

Western Mediterranean Sea thorium-230 (0.4–0.6)×1010 Ray-Barman et al. (2002)

Smectite Controlled experiments thorium-234 7.1×106 Geibert and Usbeck (2004)

SPM Southern South China Sea thorium-234 0.07×106 Chen (1996)

Northeastern South China Sea thorium-234 0.45×106 Chen (1996)

Xiamen Bay, China thorium-234 0.49×106 Chen (1996)

Jiulong River Estuary, China thorium-234 0.14×106 Chen (1996)

Coastal ocean to open ocean thorium-234 (0.003 2–10)×106 Honeyman and Santschi (1989)

3.2.3 Carbonate

Good positive correlation between thorium-234

and carbonate contents (Fig. 3c) suggests that CaCO3

is an important thorium-234 scavenger in the ECS

and the NSCS. This is consistent with the reported

results from the Southern Ocean and the Equatorial

Pacific, where the strong correlation between exces-

sive thorium-230 and CaCO3 was used to approve

that CaCO3 could be an important thorium-230 car-

rier (Luo and Ku, 2004; Chase et al., 2002). Con-

trolled experiments show that CaCO3 selectively in-

teracts with thorium-234 in contrast to SiO2 (Guo,

Chen et al., 2002), which was also confirmed by

the higher partition coefficients of thorium between

CaCO3 and solution observed in situ (Table 1). In gen-

eral, CaCO3 remains stable over much of the water col-

umn whereas particulate organic matter is expected to

experience more dissolution with depth (Ray-Barman

et al., 2005). This implies that the role of CaCO3 in

regulating thorium scavenging may be more notable

in mesopelagic waters. On the other hand, thorium-

230 produced in water column was usually removed to

local sediments (Yu et al., 2001; Walter et al., 1997;

Kumar et al., 1993) and the standing crops of thorium-

230 increase linearly with increasing depth (Edmonds

et al., 1998); both lend support to the importance of

CaCO3 in thorium scavenging in deep water. Actu-

ally, the above information can be found in the previ-

ous studies, in which CaCO3 and lithogenic materials

have been expected to scavenge thorium efficiently in

mesopelagic and deep water where POC were barren

relative to upper layer (Luo and Ku, 2004; Chase et

al., 2002). Our results provided a further evidence for

this expectation.

3.2.4 Biogenic silica

The lack of correlation between thorium-234
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activities and BSi contents suggests that BSi is not

the main thorium-234 carrier (Fig. 3d). Although

little study was conducted on the influence of bio-

genic silica on thorium-234 scavenging, this relation

can be illustrated by other thorium isotope such as

thorium-230. The inverse correlations between exces-

sive thorium-230 and BSi observed in the northeast-

ern Atlantic (Ray-Barman et al., 2005), the Southern

Ocean and the equatorial Pacific Ocean (Chase et al.,

2002) indicate that thorium-230 has a lower affinity

to BSi than other components. A combined model

also confirms that opal (i.e., BSiO2·xH2O) is a weak

scavenger for thorium-230 (Siddall et al., 2005). How-

ever, these results do not exclude the probability that

a good positive correlation between thorium-234 activ-

ities and BSi contents can be found. In some environ-

ments where particulate organic carbon coupled with

biogenic silica closely (i.e., nearly constant POC/BSi

ratio occurred), a positive correlation may occur. The

euphotic layer in some sea areas belongs to these envi-

ronments. The relationship between thorium and BSi

in these environments reflects the connection between

POC and thorium indeed. With the particulate or-

ganic matter degradation and the dissolution of opal

during particle settling, this relation would disappear

within the mesopelagic water as a result of the decou-

pling of POC and BSi.

3.2.5 Comparison of thorium affinity to different

particle components

Since POC, CaCO3 and lithogenic matter in par-

ticles play important roles in regulating thorium-234

scavenging just as stated above, a three end-member

model was proposed to distinguish the affinities of

thorium-234 to different particle components (i.e.,

POC, CaCO3 and lithogenic matter). The multiple

regression equation is

ATh−234 = aPOC+ bCaCO3 + cLith, (1)

where ATh−234 is the thorium-234 activity; a, b and

c are coefficients of multiple regression; and POC,

CaCO3 and Lith denote the contents of particulate or-

ganic carbon, calcium carbonate and lithogenic mat-

ter. The regression analyses show that affinities of

thorium-234 to different chemical components varied

greatly (Table 2). POC had the strongest preference

for thorium-234 than inorganic components, followed

by carbonate. Recent studies suggest that both of

lithogenic component and CaCO3 were the major car-

riers for thorium-230 in mesopelagic water (Li, 2005;

Chase et al., 2002; Luo and Ku, 1999). Considering

that thorium-230 scavenging predominantly occurred

in mesopelagic water rather than in surface water, and

POM degraded mainly in upper ocean while refractory

inorganic matter such as CaCO3 and lithogenic expe-

rience a little loss throughout the water column, our

results provide additional evidence for the important

role of lithogenic and CaCO3 in thorium-230 scaveng-

ing in mesopelagic water.

Table 2. Multiple regression results for thorium-234 ac-

tivities as a function of POC, CaCO3 and lithogenic con-

tents

Component Coefficient ±SE n r
2

F P

POC a 2.71 ±0.61

CaCO3 b 0.84 ±0.28 19 0.86 30.58 <0.000 1

Lithogenic c 0.64 ±0.25

3.3 Implications for thorium as particle flux

proxy

Thorium-234 was widely used as a tracer for POC

flux in the euphotic layer (Burd and Honda, 2007;

Kawakami and Honda, 2007; Buesseler et al., 2006;

Cochran et al., 2000). POC flux out of the euphotic

layer was estimated by the POC/thorium-234 ratio in

the particles at export interface multiplied by thorium-

234 export flux (Buesseler et al., 1992). This appli-

cation is based on the assumption that thorium-234

is scavenged by particulate organic matter or certain

correlation between thorium-234 and POM exists. As

stated above, our results support thorium-234 as a

proxy for POC export flux. In addition, the correla-

tions between thorium-234 and carbonate or lithogenic

matter highlighted the use of thorium-234 as a tracer

for inorganic component flux though more studies are

needed in the future.

Thorium-230 has been widely used to calibrate

particle flux and sediment focusing or winnowing with

the assumption that its removal from water column is

roughly equal to its production in the overlying wa-

ter column whatever the particle chemical composi-

tion variation (Hoffmann and McManus, 2007; Moran

et al., 2001; Walter et al., 1997; Yu et al., 1996; Fran-

cois et al., 1990). However, our results suggest that

thorium scavenging in seawater was affected by par-

ticle chemical composition. For example, in sea areas

with the particle regime mainly comprised of biogenic

silica, thorium-230 scavenging will be less efficiency,

and the particulate fluxes calculated by normalizing

to thorium-230 production will be over-estimated. In

sea areas with particulate organic matter dominating
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the particle regime, particulate fluxes normalized to

thorium-230 will be underestimated. The enhanced

scavenging of thorium-230 in the western Northwest

Pacific Ocean highlighted this situation (Yamada and

Zheng, 2007). It is obvious whether the thorium-230

was suitable as a constant flux proxy or a calibrated

standard will depend on particle composition in the

study sea areas.

4 Conclusions

Relationships between particle chemical compo-

sitions and thorium-234 show that thorium-234 was

scavenged strongly by particulate organic matter, fol-

lowed by carbonate in the East China Sea (ECS) and

the northern South China Sea (NSCS). These results

provided evidence for thorium-234 as a proxy of POC

and carbonate export in the study sea areas. Although

inverse relation has been observed between thorium-

234 and lithogenic component, any conclusions can

not be drawn due to the high particle concentrations

in the study sea areas and complication of lithogenic

components. Lithogenic components and carbonate

play more important role in thorium scavenging in the

mesopelagic water due to POM degradation during

particle settling. Biogenic silica was not an efficient

scavenger for thorium-234 in seawater. This study

places an important constraint on the use of thorium

isotopes as the flux proxy of particulate component in

the ocean.

Acknowledgements

We are grateful to the reviewers for their insight-

ful and constructive comments on this study.

References

Bacon M P, Cochran J K, Hirschberg D, et al. 1996.

Export of carbon at the equator during the EqPac

time-series cruises estimated from 234Th measure-

ments. Deep-Sea Research (II), 43: 1133–1154

Buesseler K O, Bacon M P, Cochran J K, et al. 1992.

Carbon and nitrogen export during the JGOFS

North Atlantic Bloom Experiment estimated from
234Th: 238U disequilibria. Deep-Sea Research, 39:

1115–1137

Buesseler K O, Ball L, Andrews J, et al. 2001. Upper

ocean export of particulate organic carbon and bio-

genic silica in the Southern Ocean along 170◦W.

Deep-Sea Research (II), 48: 4257–4297

Buesseler K O, Benitez-Nelson C R, Moran S B, et al.

2006. An assessment of particulate organic carbon

to thorium-234 ratios in the ocean and their impact

on the application of 234Th as a POC flux proxy.

Marine Chemistry, 100: 213–233

Buesseler K O, Benitez-Nelson C R, Rutgers van der Lo-

eff M, et al. 2000. An intercomparison of small- and

large- volume techniques for thorium-234 in seawa-

ter. Marine Chemistry, 74: 15–28

Buffle J. 1990. Complexation Reactions in Aquatic Sys-

tems. An Analytical Approach. New York: Ellis

Horwood, 629

Burd A B, Jackson G A, Moran S B. 2007. The role of

the particle size spectrum in estimating POC from
234Th/238U disequilibrium. Deep-Sea Research (I),

54: 897–918

Chase Z, Anderson R F, Fleisher M Q, et al. 2002. The

influence of particle composition and particle flux

on scavenging of Th, Pa and Be in the ocean. Earth

and Planetary Science Letters, 204: 215–219

Chen Min. 1996. Particle dynamics in the euphotic zone:

application of disequilibria between 234Th and 238U:

[dissertation]. Xiamen: Xiamen University, 153

Cochran J K, Buesseler K O, Bacon M P, et al. 2000.

Short-lived thorium isotopes (234Th, 228Th) as in-

dicators of POC export and particle cycling in the

Ross Sea, Southern Ocean. Deep-Sea Research (II),

47: 3451–3490

Edmonds H N, Moran S B, Hoff J A, et al. 1998.

Protactinium-231 and thotium-230 abundances and

high scavenging rates in the western Arctic Ocean.

Science, 280: 405–407

Eppley R W. 1989. New production: history, methods,

problems. In: Berger W H, Smetacek V S, Wefer G,

eds. Productivity of the Ocean: Present and Past.

New York: Wiley, 85–97

Francois R, Bacon M P, Altabet M, et al. 1993.

Glacial/interglacial changes in sediment rain rate

in the SW Indian sector of subantarctic waters as

recorded by 230Th, 231Pa, U and δ
15N. Paleoceanog-

raphy, 8: 611–629

Francois R, Bacon M P, Suman D O. 1990. Thorium-

230 profiling in deep sea sediments: High-resolution

records of flux and dissolution of carbonate in the

equatorial Atlantic during the last 24,000 years. Pa-

leoceanograhy, 5: 761–787

Geibert W, Usbeck R. 2004. Adsorption of thorium and

protactinium onto different particle types: experi-

mental findings. Geochimica et Cosmochimica Acta,

68: 1489–1501

Guo L D, Chen M, Gueguen C. 2002. Control of Pa/Th

ratio by particulate chemical composition in the

ocean. Geophysical Research Letters, 29(20), 1961,

doi: 10.1029/2002GL015666

Guo L D, Hung C C, Santschi P H, et al. 2002. 234Th

scavenging and its relationship to acid polysaccha-

ride abundance in the Gulf of Mexico. Marine Chem-

istry, 78: 103–119



52 YANG Weifeng et al. Acta Oceanologica Sinica 2009, Vol. 28, No. 2, P.45-53
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Gustafsson Ö, Widerlund A, Anderson P, et al. 2000.

Colloid dynamics and transport of major elements

through a boreal river-brackish bay mixing zone.

Marine Chemistry, 71: 1–21

Hirose K, Tanoue E. 1998. The vertical distribution of

the strong ligand in particulate organic matter in

the North Pacific. Marine Chemistry, 59: 235–252

Hoffmann S, McManus J. 2007. Is there a 230Th deficit

in Arctic sediments? Earth and Planetary Science

Letters, 258: 516–527

Honeyman B D, Santschi P H. 1989. A Brownian-

pumping model for oceanic trace metal scavenging:

Evidence from Th isotopes. Journal of Marine Re-

search, 47: 951–992

Kawakami H, Honda M C. 2007. Time-series observation

of POC fluxes estimated from 234Th in the north-

western North Pacific. Deep-Sea Research (I), 54:

1070–1090

Kumar N, Anderson R F, Mortlock R A, et al. 1995.

Increased biological productivity and export pro-

duction in the glacial Southern Ocean. Nature, 378:

675–680

Kumar N, Gwiazda R, Anderson R F, et al. 1993.
231Pa/230Th ratios in sediments as a proxy for past

changes in Southern Ocean productivity. Nature,

362: 45–48

Li Y-H. 2005. Controversy over the relationship between

major components of sediment-trap materials and

the bulk distribution coefficients of 231Th, 230Pa,

and 10Be. Earth and Planetary Science Letters,

233: 1–7

Luo S D, Ku T L. 1999. Oceanic 231Pa/230Th ratio influ-

enced by particle composition and remineralisation.

Earth and Planetary Science Letters, 167: 183–195

Luo S D, Ku T L. 2004. On the importance of opal,

carbonate and lithogenic clays in scavenging and

fractionating 230Th, 231Pa and 10Be in the ocean.

Earth and Planetary Science Letters, 220: 201–211

Ma Qiang, Chen Min, Qiu Yusheng, et al. 2005. MnO2

precipitation and direct beta counting technique for

determining 234Th in small-volume seawater. Acta

Oceanologica Sinica (in Chinese), 27: 68–75

Moran S B, Shen C-C, Weinstein S E, et al. 2001. Con-

strains on deep water age and particle flux in the

equatorial and South Atlantic Ocean based on sea-

water 231Pa and 230Th data. Geophysical Research

Letters, 28: 3437–3440

Mortlock R A, Froelich P N. 1989. A simple method for

the rapid determination of biogenic opal in pelagic

marine sediments. Deep-Sea Research, 36: 1415–

1426

Murray J W, Downs J N, Strom S, et al. 1989. Nu-

trient assimilation, export production and 234Th

scavenging in the eastern equatorial Pacific. Deep-

Sea Research, 36: 1471–1489

Quigley M S, Santschi P H, Guo L, et al. 2001. Sorption

irreversibility and coagulation behavior of 234Th

with marine organic matter. Marine Chemistry, 76:

27–45

Quigley M S, Santschi P H, Hung C C, et al. 2002.

Importance of acid polysaccharides for 234Th com-

plexation to marine organic matter. Limnology and

Oceanography, 47: 367–377

Ragueneau O, Savoye N, Del Amo Y, et al. 2005. A

new method for the measurement of biogenic silica

in suspended matter of coastal waters: using Si:Al

ratios to correct for the mineral interference. Conti-

nental Shelf Research, 25: 697–710

Ray-Barman M, Coppola L, Souhaut M. 2002. Thorium

isotopes in the Western Mediterranean Sea: an in-

sight into the marine particle dynamics. Earth and

Planetary Science Letters, 196: 161–174

Ray-Barman M, Jeandel C, Souhaut M, et al. 2005.

The influence of particle composition on thorium

scavenging in the NE Atlantic ocean (POMME ex-

periment). Earth and Planetary Science Letters,

240: 681–693

Rutgers van der Loeff M M, Buesseler K, Bathmann U,

et al. 2002. Comparison of carbon and opal export

rates between summer and spring bloom periods in

the region of the Antarctic Polar Front, SE Atlantic.

Deep-Sea Research (II), 49: 3849–3869

Shimmield G B, Ritchie G D, Fileman T W. 1995. The

impact of marginal ice zone processes on the dis-

tribution of 210Po, 210Pb and 234Th and implica-

tions for new production in the Bellingshausen Sea,

Antarctica. Deep-Sea Research (II), 42: 1313–1335

Siddall M, Henderson G M, Edwards N R, et al. 2005.
213Pa/230Th fractionation by ocean transport, bio-

genic particle flux and particle type. Earth and

Planetary Science Letters, 237: 135–155

Stewart G, Cochran J K, Xue J H, et al. 2007. Exploring

the connection between 210Po and organic matter

in the northwestern Mediterranean. Deep-Sea Re-

search (I), 54: 415–427

Suman D O, Bacon M P. 1989. Variations in Holocene

sedimentation in the North-American basin deter-

mined from 230Th measurements. Deep-Sea Re-

search (I), 36: 869–878



YANG Weifeng et al. Acta Oceanologica Sinica 2009, Vol. 28, No.2, P.45-53 53

Walter H J, Rutgers van der Loeff M M, Heoltzen H.

1997. Ehanced scavenging of 231Pa relative to 230Th

in the South Atlantic south of the Polar Front: Im-

plications for the use of the 231Pa/230Th ratio as a

paleoproductivity proxy. Earth and Planetary Sci-

ence Letters, 149: 85–100

Yamada M, Zheng J. 2007. 210Pb and 230Th in settling

particles in the western Northwest Pacific Ocean:

Particle flux and scavenging. Continental Shelf Re-

search, 27: 1629–1642

Yu E-F, Francois R, Bacon M P. 1996. Similar rates of

modern and last-glacial ocean thermohaline circula-

tion inferred from radiochemical data. Nature, 378:

689–694

Yu E-F, Francois R, Bacon M P, et al. 2001. Fluxes of
230Th and 231Pa to the deep sea: implications for

the interpretation of excess 230Th and 231Pa/230Th

profiles in sediments. Earth and Planetary Science

Letters, 191: 219–230


