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AB STRACT

Trace metal (Cd, Cu, and Ni) dis tri bu tions and be hav iors in sur face wa ters of the East China Sea con ti nen tal shelf were

in ves ti gated dur ing an ex pe di tion con ducted in June 2004. Dis solved and par tic u late trace metal con cen tra tions, as well as

frac tions of dis solved trace met als, frac tion ated based on their dif fer ent chem i cal af fin i ties to ion exchangers, were de ter mined

us ing ul tra-clean tech niques and graph ite fur nace atomic ab sorp tion spec trom e try (GFAAS). Large vari a tions of dis solved

(< 0.45 mm) metal con cen tra tions in the East China Sea shelf wa ters were found (n = 16) and ranged be tween 0.036 - 0.287 nM

for Cd, 0.87 - 8.66 nM for Cu, and 2.66 - 6.04 nM for Ni. Par tic u late metal con tri bu tions were high est near the river mouth.

Dis solved Cd and Ni were pre dom i nantly pres ent (98% for Cd and 86% for Ni) as Chelex-la bile frac tions in the shelf wa ters.

The an ionic-or ganic metal frac tions ac counted for, on av er age, 8% for Cu, < 1% for Cd, and 1% for Ni. The dis solved “in ert”

metal frac tions, on av er age, were 32% for Cu, 2% for Cd, and 13% for Ni. Dis solved Cd, Cu, and Ni were lin early cor re lated

with sa lin ity and can be ex plained by a three or two-endmember mix ing model. For Cu, all three dis solved frac tions had in verse 

cor re la tions with sa lin ity and or ganic Cu ac counted for a sig nif i cant frac tion of the to tal dis solved Cu sug gest ing that Cu is

bioactive, but its as so ci a tion with biogeochemical pro cesses in the shelf wa ter was less im por tant than mix ing pro cess.
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1. IN TRO DUC TION

Trace el e ments in the ocean have been clas si fied into

groups based on their biogeochemical re ac tiv ity (Bruland

1980). Cd, Cu, and Ni have been re garded as nu tri ent-type

el e ments ow ing to their strong cor re la tion with nu tri ents (N,

P, or Si) down the wa ter col umn in the oceans. In coastal and

con ti nen tal shelf wa ters, var i ous pro cesses af fect trace metal 

dis tri bu tion, in clud ing phys i cal fac tors (wa ter mass mix ing

and upwelling), ex ter nal in puts (river, ben thic and at mo -

sphere) and bi o log i cal pro cesses (up take, remineralization

and ex port to deep ocean) (Achterberg et al. 1999; Le Gall et

al. 1999; Cotte-Krief et al. 2002). How ever, spe cific trace

elements be have dif fer ently de pend ing on their vari able

chem i cal re ac tiv ity (e.g., Irvine-Wil liams Se ries for metal-

 organic complexation). There fore, in each aque ous com -

part ment, pro cesses in volv ing trace met als oc cur at dif -

ferent de grees be cause of vary ing el e men tal re ac tiv ity and

wa ter chem is try (Honeyman and Santschi 1988; Santschi

et al. 1997). When river plumes en ter coastal ar eas, sev eral

im por tant pro cesses can af fect trace metal par ti tion ing, af -

fin i ties, and re moval. These in clude complexation with dis -

solved or ganic and in or ganic lig ands (Shine and Wallace

1995; Santschi et al. 1997), ad sorp tion/desorption re ac -

tions with sus pended and set tling par ti cles and plank ton,

floc cu la tion and co ag u la tion of colloids, humic sub stances

and par tic u late mat ter, and remobilization from sed i ments

(Sholkovitz 1978; Santschi et al. 1997; Wen et al. 1997).

In the East China Sea, the river plumes of the Chang -

jiang, along with those of the Huanghe and the Minjiang,

carry ter res trial ma te ri als and mix with the Kuroshio (Hsueh
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2000) and the sea son ally vari able coastal cur rent (Tsunogai

et al. 2003). Fur ther more, upwelling near the East China Sea

con ti nen tal slope trans ports subsurface wa ter into the East

China Sea con ti nen tal shelf (Gong et al. 1995). In the con -

tinental shelf wa ters that may have ei ther ter res trial or oce -

anic char ac ter is tics, dif fer ent pro cesses in flu ence trace me -

tal dis tri bu tions. There fore, trace met als in near-shore and

shelf wa ters may have vari able chem i cal af fin i ties dur ing the 

mix ing pro cess. The East China Sea is a mar ginal sea with

mul ti ple sources of wa ter masses and es pe cially with the

dynamic flow of the river plume. Re li able data are re quired

to elu ci date dis tri bu tion and be hav ior of trace el e ments, but

stud ies in this area us ing clean meth ods are lim ited. Ear lier

works on wa ter trace met als con ducted in this re gion were

mostly in the Chi nese es tu ar ies (Wang and Liu 2003; Ko -

shikawa et al. 2007), in clud ing a re view on China-US and

China-French stud ies (Zhang 1995). Prior stud ies in this re -

gion mostly re ported con cen tra tions of one or two el e ments

(Pai and Chen 1994; Noriki et al. 1998; Abe 2002). There -

fore, trace metal dis tri bu tions in the East China Sea war rant

fur ther in ves ti ga tion.

The pres ent study, us ing clean tech niques through out

the sam pling, pro cess ing, and an a lyt i cal pro ce dures, is in -

tended to pro vide in for ma tion on the dis tri bu tion and be -

havior of trace met als in this re gion. Dis solved metal frac -

tions were frac tion ated based on their ion ex change chem i -

cal af fin ity that are es sen tial for elu ci dat ing pro cesses re -

gard ing trace metal biogeochemistry in wa ters col lected off

the Changjiang Es tu ary and its ad ja cent con ti nen tal shelf

wa ters. This pa per is one of very few that re ports not only

mul ti ple el e ments, but also re sults be yond to tal dis solved

metal con cen tra tion in the vast East China Sea con ti nen tal

shelf.

2. MA TE RIAL AND METH ODS

2.1 Sam pling

Sur face sea wa ter sam ples from 16 lo ca tions in the East

China Sea (Fig. 1) were col lected dur ing an ex pe di tion be -

tween 10 and 18 June 2004 on board R/V Ocean Re searcher

I. Rig or ous clean sam pling pro ce dures were used through -

out the sam ple col lec tion and pro cess ing, as in pre vi ous

stud ies (Wen et al. 1996; Wen et al. 1999). Poly eth yl ene

(PE) and PFA Tef lon bot tles were used for sam pling, stor age

and sam ple pro cess ing. All bot tles were acid washed thor -

oughly be fore use (Wen et al. 1996). Sam pling bot tles (2 L

PE) were at tached to a ti ta nium rod with a poly propy lene

holder and low ered to ~50 cm depth from the bow of the ship 

upon ar rival at the sam pling lo ca tions. As soon as the 2-L

bot tles were filled and re trieved, they were trans ported to a

class 100 clean bench on board. There af ter, sea wa ter sam -

ples were fil tered im me di ately through a 0.45-mm pore-

 sized acid-cleaned cap sule fil ter (Osmonics, Westborough,

MA, USA). At each sam pling lo ca tion, three 1-L aliquots

were col lected. Two sam ples were fil tered and one was not.

The sam pling sta tions were ar ranged as three transects

off the Changjiang Es tu ary and into the East China Sea

(Lines B - D), and one across the north ern Tai wan Strait

(Line A) (Fig. 1). Line A (Sta tions 1 - 4) is be tween the

Minjiang and the south ern most part of the Oki nawa Trough,

lo cated off the coast of north east Tai wan where the Kuroshio 

has a strong in flu ence on wa ter mix ing and nu tri ent sup ply

via upwelling. Lines B (Sta tions 15 - 18), C (Sta tions 27 -

29), and D (Sta tions 19 - 23) are lo cated off the Changjiang

river mouth.

All sam ple han dling and ma nip u la tion was con ducted in 

a class 100 lam i nar flow bench. While op er at ing in the clean

bench on board, one fil tered sub-sam ple was im me di ately

buf fered by the ad di tion of 20 mL of 1 M am mo nia ac e tate

so lu tion (pH 5.5, made from dou bly dis tilled ace tic acid and

am mo nia so lu tions, both from Seastar, Base line grade), and

was sub ject to a dual-col umn ion ex change preconcentration 

pro ce dure (Jiann and Pres ley 2002). The other fil tered sam -

ple and the un fil tered sam ple were acid i fied (pH < 2) in the

clean bench by add ing 2 mL of sub-boiled ni tric acid (Sea -

star, Base line grade) into each sam ple (1 li ter), and stored at

4°C un til be ing re turned to the lab o ra tory. In the land-based

lab o ra tory, the acid i fied sam ples in Tef lon bot tles were UV-

 di gested (8 lamps of 15 W each) for 12 hours, in or der to

mobilize complexed and ad sorbed trace met als (Wen et al.

1996; Achterberg et al. 2001).

2.2 Trace Metal Anal y sis

In this study, we used a frac tion ation pro ce dure that uti -

lized a cationic ex change col umn (resin: Chelex-100, 100 -
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200 mesh, am mo nia form, Bio-Rad; col umn: Poly-Prep,

Bio- Rad) to ob tain Chelex-la bile metal frac tions (Donat et

al. 1994; Shafer et al. 2004) and an an ionic ex change col umn 

(AG MP1 resin, 100 - 200 mesh, OH- form, Bio-Rad), con -

nected in se ries, to fur ther dif fer en ti ate an ionic-or ganic and

in ert frac tions (Jiann and Pres ley 2002). Briefly, dis solved

trace metal frac tions are sep a rated ac cord ing to their ion ex -

change af fin ity and frac tion ated into Chelex-la bile (ionic

and weakly bound com plex forms), an ionic-or ganic (humic-

 like an ionic-or ganic com plexes), and in ert (strongly bound

com plexes or min er als) frac tions. De tailed con cepts and

frac tion ation de signs are de scribed by Jiann and Pres ley

(2002). Al though the frac tion ation tech nique is op er a tional

in na ture, it has been suc cess fully ap plied in river (Shiller et

al. 2006), estuarine (Jiann et al. 2005), and oce anic (Wen et

al. 2006) en vi ron ments to elu ci date biogeochemical pro -

cesses in volv ing trace met als. Pro cesses such as the re dis -

tribution of metal frac tions caused by photo-ox i da tion of

dissolved or ganic mat ter (Shiller et al. 2006), the pres ence of 

metal-sul fide min er als in suboxic and anoxic wa ters (Jiann

et al. 2005), and dis tri bu tion of metal frac tions and their re -

ac tiv ity in an oligotrophic ocean (Wen et al. 2006) have been 

re vealed us ing this tech nique.

Im me di ately af ter col lec tion, sam ples were passed th -

rough the col umn sets at a flow rate of 2 - 3 mL min-1 and

pH ~5.5 in a class 100 clean bench. Af ter the pas sage of sam -

ples, the col umns were dis con nected. Fol low ing a wash ing

step to sep a rate ma jor cat ions from the col umns, met als of

in ter est were eluted with 2 N ni tric acid (Seastar, Base line

dou bly dis tilled grade) for sub se quent as say. To tal dis solved

metal con cen tra tions were de ter mined on sep a rate fil tered

sam ples that had been acid i fied and UV-di gested, af ter pre -

concentrating met als on Chelex-100 col umns. The dis solved 

in ert metal frac tion (not re tained by ei ther Chelex-100 or

AG MP1 col umn) was ob tained as the dif fer ence be tween

to tal dis solved metal con cen tra tion and the sum of Chelex-

 la bile and an ionic-or ganic metal con cen tra tions. To tal metal

con cen tra tions were ob tained from un fil tered sam ples that

were UV-di gested af ter acid i fi ca tion, and preconcentrated.

Par tic u late metal con cen tra tions were cal cu lated from the

dif fer ences be tween to tal con cen tra tions (un fil tered sam -

ples) and to tal dis solved con cen tra tions (fil tered sam ples).

Mea sure ment of trace metal con cen tra tion was per formed on 

a graph ite fur nace atomic ab sorp tion spec trom e ter (GFAAS,

Varian, SpectrAA 880Z), equipped with an auto-sam pler

and a Zeeman cor rec tion sys tem. Ac cu racy of the pre -

concentration pro ce dure was con firmed by pro cess ing sea -

wa ter stan dard ref er ence ma te ri als (CASS 4 and NASS 5,

both from the Na tional Re search Coun cil of Can ada); the

recoveries of met als de ter mined for the two ref er ence ma -

terials were 88 - 112%. Pre ci sion was 2 - 5% for the met als

an a lyzed, es ti mated from rep li cate sam ples of am bi ent con -

cen tra tions. De tec tion lim its for each trace metal frac tions

were es ti mated from 3 times stan dard de vi a tions of their

replicate blank con cen tra tions. They are: Cd, 0.001 nM;

Cu, 0.02 - 0.05 nM; Ni, 0.02 - 0.06 nM.

2.3 Sup port ing Data

At each sam pling lo ca tion, tem per a ture, sa lin ity, and

flu o res cence pro files were ob tained with a Seabird CTD

(SBE-11, Gen eral Ocean ics) at tached to a ro sette sam pler.

Dis crete wa ter sam ples were col lected us ing 10-L X-Niskin

(Gen eral Ocean ics) bot tles and aliquots of sam ples were

taken for nu tri ent (ni trite, ni trate, phos phate, and sil i cate)

and chlo ro phyll a mea sure ments. De ter mi na tion of ni trite

and ni trate was made by us ing the stan dard pink azo dye

method mod i fied for a flow in jec tion an a lyzer (Pai et al.

1990a). Phos phate and sil i cate were de ter mined us ing mo -

lyb de num blue spec tro pho to met ric method on a flow in jec -

tion an a lyzer (Pai et al. 1990b). Sam ples for chlo ro phyll a

de ter mi na tion were fil tered im me di ately through GF/F fil -

ters (25 mm, Whatman), stored at -20°C, and later an a lyzed

on a fluorometer (10-AU-005, Turner) fol low ing the method 

de scribed by Strick land and Par sons (1972).

3. RE SULTS AND DIS CUS SION

3.1 Hydrography

Dis tri bu tion of sa lin ity in sur face wa ters (Ta ble 1) of the

East China Sea con ti nen tal shelf dur ing our sam pling pe riod

is shown in Fig. 2. Sa lin ity ranged from 30.1 near the

Changjiang river mouth to 34.6 at the south east con ti nen tal

slope (Sta tion 1). It is clear that dur ing the sam pling pe riod,

the Changjiang dis charge pre dom i nantly ex tended to wards

the east and north east on the con ti nen tal shelf, as high sa -

linity wa ter pen e trated from south east into our sam pling

transects. This should cause higher sa lin ity at Sta tion 28 than 

at sur round ing sta tions (Fig. 2). In gen eral, the sta tions clos -

est to the shore line of China (4, 18, 19, and 29) had the high -

est nu tri ent con cen tra tions (Ta ble 1). Ni trite con cen tra tions

ranged from 0.10 ~ 0.68 mM at near-shore sta tions to be low

0.04 mM in the shelf wa ters. Ni trate con cen tra tions ran -

ged from 0.64 to 9.40 mM in the near-shore wa ters and were

< 0.40 mM in the shelf wa ters. Sil i cate was slightly higher

(10.2 - 12.5 mM) at near-shore sta tions (18, 19, 20, and 29)

and was be tween 1.9 and 7.6 mM in the shelf wa ters. Phos -

phate in the East China Sea sur face wa ters ranged be tween

0.06 and 0.15 mM. Dis tri bu tions of nu tri ents in the East

China Sea shelf wa ters did not show ap par ent river-ocean

mix ing as no de creas ing trends go ing sea ward were found in

each transect. Higher chlo ro phyll a con cen tra tions were

found at sta tions near the Changjiang river mouth (Sta tions

18, 19, 28, and 29). In ad di tion, el e vated chlo ro phyll a con -

cen tra tion was also ob served at a known upwelling lo ca tion

(Sta tion 1) where phos phate con cen tra tions were found to be 

higher than those in sur round ing wa ters. Ear lier stud ies have 

shown that nu tri ents sup plied from the Changjiang in flux

Cd, Cu, and Ni in the East China Sea Sur face Wa ter 435



are re cy cled quickly and re used on the East China Sea con -

tinental shelf to re sult in higher pri mary pro duc tion near

the coastal and estuarine re gions (Gong et al. 2003; Shin et

al. 2003; Tsunogai et al. 2003). Our re sults are in con cert

with these ear lier find ings.

3.2 Dis tri bu tion of To tal Dis solved and Par tic u late
Trace Met als

Re sults of to tal dis solved (< 0.45 mm) and par tic u late

trace metal con cen tra tions at each lo ca tion are listed in Ta ble 2.

Of the three el e ments an a lyzed, dis solved Cd and Cu showed

large spa tial vari a tions, with the con cen tra tion vary ing as

much as a fac tor of 8 - 10 (Cd: 0.036 - 0.287 nM; Cu: 0.87 -

8.67 nM), while to tal dis solved Ni fell into nar rower con -

centration ranges (2.66 - 6.04 nM). Dis solved metal con -

centrations in the sur face wa ters of high sa lin ity (Sta tions 1,

2, 16, and 17) were found to be much lower than those at sta -

tions in the rest of the study area (Ta ble 2). In the outer shelf

and slope ar eas, dis solved Cu con cen tra tions were slightly

higher than those re ported for wa ters col lected in the same

geo graphic area (Abe et al. 2003). Our dis solved Cd con -

centrations were higher than those in sur face wa ter over the

slope re gions (Pai and Chen 1994; Abe, 2002). The ob -

served dif fer ences could be at trib uted to a few rea sons. First, 

there could be tem po ral vari a tions of the in put (endmember

con cen tra tion) from the Changjiang. Com pared with dis -

solved metal con cen tra tions in the Changjiang Es tu ary at

salinity 19 re ported by Wang and Liu (2003) as the fol low -

ing: Cu and Ni, ~20 nM; and Cd, 0.36 nM, our re sults are

much lower. Com pared with a more re cent Changjiang Es -

tuary data set of wa ter sa lin ity 30 - 34, of which dis solved
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continental shelf, sur veyed dur ing 10 - 18 June 2004.



metal con cen tra tions were Cd, 0.1 - 0.6 nM; Cu, 3 nM; and

Ni, 4 - 9 nM (Koshikawa et al. 2007), our re sults are com -

parable with theirs. Sec ond, stud ies have shown that col -

loids of ten se ques ter analytes that must be de stroyed by ap -

pro pri ate treat ment prior to anal y sis (Ostapczuk 1993; Wen

et al. 1999; Achterberg et al. 2001). Ear lier re sults in the East 

China Sea and north west ern Pa cific mar ginal seas were

mostly ob tained with out a UV-di ges tion pro ce dure prior to

de ter mi na tion of to tal dis solved trace met als. There fore

those re ported val ues could have been un der es ti mated. A

com par i son of dis solved trace metal con cen tra tions in the

region (Ta ble 3) shows that, when sa lin ity dif fer ence is

considered, re sults of metal con cen tra tions are com pa ra ble.

Higher con cen tra tions were only ob served in river and es -

tuarine wa ters (Zhang 1995; Wang and Liu 2003; Ko shi -

kawa et al. 2007) which were af fected by vary ing river end -

member con cen tra tions. The con cen tra tions we ob served in

the shelf and coastal wa ters away from river mouth are si -

milar to those ob tained from shelf wa ters in the re gion.

Dis solved Cu and Ni, and to a less ex tent, Cd, showed

con ser va tive mix ing be hav ior for sur face wa ters of the en -

tire East China Sea shelf (Fig. 3). As shown in other stud ies,

dis tri bu tions of Cu and Ni in coastal sur face sea wa ter were

af fected mostly by mix ing be tween river and oce anic wa ters

(Achterberg et al. 1999; Le Gall et al. 1999; Abe et al. 2003).

Both hy dro graphic (Fig. 2) and trace metal data in di cated

that there was a north east ward plume from the Changjiang,

with oce anic wa ter pen e trat ing across the shelf and into our

sur vey transects (B - D). The south east ern por tion of the

study area had higher sa lin ity and lower metal con cen tra -

tions (Ta ble 2). Cor re la tions be tween dis solved metal con -

cen tra tion and sa lin ity for Line A are ap par ently dif fer ent

from those of Lines B - D. How ever, the small sam ple num -

ber did not al low us to fur ther elab o rate on their dif fer ences.

Par tic u late met als were much higher at near-shore lo ca -

tions (Sta tions 4, 18, 19, 20, and 29; Ta ble 2) and de creased

sea ward. The low est par tic u late metal con cen tra tions were

found in the slope wa ter (Sta tion 1). Cd had vary ing par tic u -

late frac tions, rang ing from 20% to 30% in near-shore wa -

ters to 5 - 10% in shelf and slope wa ters. On av er age, par tic -

u late Cd ac counted for 15% of to tal Cd con cen tra tion in the

sur face wa ters. The av er age par tic u late Cu frac tion was 13% 

rel a tive to to tal Cu con cen tra tion. Among the three el e ments

de ter mined, Ni had the low est, yet con stant, par tic u late frac -

tion rel a tive to to tal Ni con cen tra tion, ac count ing for less

than 7% of to tal Ni, ex cept for one sam ple col lected near the
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Minjiang river mouth (Sta tion 4, 13%). Par tic u late metal

con cen tra tions ob tained in this study (Ta ble 2) are com -

parable with those re ported for shelf wa ter off the Chang -

jiang Es tu ary (Zhang and Liu 2002; Koshikawa et al. 2007).

3.3 Dis tri bu tion of Dis solved Trace Metal Frac tions

Re sults of dis solved con cen tra tion of dif fer ent chem i cal

af fin ity frac tions are shown in Ta ble 4. Dis solved Cd ex isted

mostly in the la bile frac tion, with only ~2% in the in ert frac -

tion. The only no tice able dis solved in ert Cd (0.01 nM, or 4% 

of to tal dis solved Cd) was ob served at Sta tion 18, the lo ca -

tion clos est to the Changjiang river mouth with the low est

sa lin ity. The high per cent age of Chelex-la bile Cd in di cates

that, upon reach ing the coast, Cd is pres ent as la bile spe cies,

most likely in the forms of chlo ride com plexes (Jiann et al.

2005; Wen et al. 2006).

On av er age, the Chelex-la bile, an ionic-or ganic and in ert 

Cu frac tions ac counted for 58, 8, and 34%, re spec tively, of

the to tal dis solved Cu. The an ionic-or ganic Cu frac tion was

con sis tently low, ac count ing for 1 - 10% of to tal dis solved

Cu. In ert Cu frac tion was el e vated in the high sa lin ity wa ters

(up to 58%) in which the Chelex-la bile Cu frac tion was low

(34%). All dis solved Cu frac tions showed con ser va tive

mixing be hav ior in the East China Sea shelf wa ters (Fig. 4).

Dis solved Ni was also pre dom i nantly in the Chelex-

 labile frac tion (Ta ble 4), ac count ing for 83 - 90% of to tal

dissolved Ni. An ionic-or ganic Ni frac tions ac counted for a

mi nor pro por tion (< 4% of the to tal dis solved Ni). For the

inert Ni frac tion, a rel a tively con stant per cent age (10 -

16%) was found. The an ionic-or ganic Ni frac tions did not

show clear dis tri bu tion pat terns, while the in ert Ni frac tions

were higher in the near-shore wa ters (Sta tions 4, 18, 19, and

29), av er ag ing 0.72 nM (0.52 - 0.81) com pared to 0.43 nM

(0.31 - 0.61) in shelf wa ters. The rel a tively con stant dis -

solved Chelex-la bile and in ert Ni frac tions (%) in di cate that

they be have con ser va tively in the shelf wa ter, like the trend

of to tal dis solved Ni (Fig. 3).
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Fig. 3. Re la tion ship be tween to tal dis solved trace metal con cen tra tion (< 0.45 mm fil ter-pass ing) and sa lin ity in the East China Sea shelf wa ters.
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The pres ence of non-la bile metal frac tions calls for spe -

cial at ten tion when re gional datasets are com pared. As men -

tioned ear lier, nat u ral wa ter sam ples an a lyzed with out di -

gestion pro ce dure may un der es ti mate their trace metal con -

centrations. For dis solved trace metal frac tions in the East

China Sea shelf wa ters, Cd and Ni have a very small amount

of an ionic-or ganic and in ert frac tions, while all three dis -

solved frac tions of Cu ac counted for im por tant pro por tions.

3.4 Dis tri bu tion and Be hav ior of Trace Met als

Both dis solved and par tic u late metal con cen tra tions, as

well as chlo ro phyll a and most nu tri ent con cen tra tions, were

higher in wa ters near the Changjiang river mouth, in di cat ing

el e vated ter res trial in flu ence in the Changjiang Es tu ary

(Tables 1 and 2). How ever, cor re la tions be tween metal and

sil i cate (or chlo ro phyll a) con cen tra tions in Lines B - D

(Fig. 5) should not be as cribed solely to the as so ci a tion of

trace met als with bi o log i cal ac tiv ity. Con sid er ing that all

three dis solved Cu frac tions, as well as those of Ni, cor re -

lated well with sa lin ity, it is sug gested that trace metal dis -

tributions in the East China Sea shelf wa ters off the Chang -

jiang Es tu ary were pre dom i nantly con trolled by mix ing. The 

out li ers in the dis solved Cd-sa lin ity plot are from Sta tions

19, 20, 27, and 29 (Fig. 3) which are lo cated di rectly off the

Changjiang river mouth, ex cept that Sta tions 27 and 29 were

sep a rated by the pen e tra tion of oce anic wa ter. Sta tions 18

and 21 - 23 be long to an other group of lo ca tions with Cd-

 salinity re la tion ship, and are lo cated fur ther away from the

river mouth. There fore, the mix ing pro cess in the study area

dur ing our sam pling pe riod ap peared to be a three- end -

member case off the Changjiang Es tu ary since two dis tinct

cor re la tions can be de rived from the Cd-Cu plot, as il lus -

trated in Fig. 5. These dif fer ent cor re la tions re sulted from

vari abil ity of endmember con cen tra tions be tween the two

groups of lo ca tions men tioned above. Based on that the

samples were col lected within 1 - 2 days for each group of

the locat ions (Ta ble 1), it is sug gested that the Changjiang

endmember con cen tra tions var ied on the time scale of 1 -

2 days for Cd, while they were con stant for Cu and Ni over 4

- 5 days. Fur ther more, no cor re la tion can be es tab lished be -

tween Cd and phos phate, or ni trate, like the up take-re gen er -

a tion model nor mally ob served in the open ocean. Sil i cate

showed pos i tive lin ear cor re la tion with Cu (Fig. 5) with a

higher de gree of scat ter ing (r = 0.864), sug gest ing that sil i -

cate ex port from the Changjiang was tem po rally vari able.

Among the three el e ments de ter mined in this study, only 

Cu had sub stan tial or ganic frac tions in the dis solved pools,

prob a bly sug gest ing strong as so ci a tion with bi o log i cal pro -

cesses and/or or ganic complexation. Higher dis solved an -

ionic-or ganic Cu frac tions were ob served at sta tions closer

to the coast, where chlo ro phyll a con cen tra tions were also

higher. Good cor re la tions be tween dis solved Cu frac tions

and sa lin ity in di cate con ser va tive mix ing be hav ior of Cu in

the East China Sea con ti nen tal shelf wa ters. It is there fore

sug gested that the or ganic complexation of Cu oc curred
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Fig. 4. Re la tion ship be tween dis solved Cu frac tions and sa lin ity. All 3

dis solved Cu frac tions had strong cor re la tion with sa lin ity, sug gest ing

mix ing-dom i nant ef fect.

Fig. 5. Re la tion ship be tween: (a) dis solved Ni and Cu, (b) dis solved Cd and Cu, and (c) dis solved Cu and sil i cate.

(a) (b) (c)



above or near the Changjiang river mouth, and mix ing dom i -

nated in the con ti nen tal shelf wa ters. There fore, the as so ci a -

tion with ter res trial humic sub stances was likely the ma jor

cause for the ob served an ionic-or ganic Cu frac tions in the

shelf wa ters. Our re sults re veal that the na ture of the an -

ionic-or ganic and in ert metal frac tions were ter res trial, since

the pres ence of humic sub stance can con trib ute to metal

complexation (Buffle 1988) which would have or ganic cha -

racteristics, but can be kinetically in ert (Kogut and Voelker

2003) in coastal wa ters. The pres ence of rel a tively con stant

an ionic-or ganic Cu frac tions (%) in the sur face wa ters were

in con cert with sim i lar find ings ob served in French coastal

wa ters, where con stant hy dro pho bic Cu frac tions were re -

ported (Waeles et al. 2004), and in the Narragansett Bay,

USA (sa lin ity 25 - 30), where col loi dal (1 - 8 kDa) Cu be -

haved near con ser va tively in the es tu ary (Wells et al. 2000).

These find ings, com bined with the ob ser va tions of the lin ear 

re la tion ship be tween dis solved metal frac tions and sa lin ity,

sug gest that, in the East China Sea, bi o log i cal ac tiv i ties in -

volv ing trace met als and re dis tri bu tion of metal frac tions are

not as sig nif i cant as mix ing pro cess.

4 CON CLU SION

Dis solved trace metal con cen tra tions in the wa ters off

the Changjiang Es tu ary and along the con ti nent shelf ob -

tained in this study are con sis tent with pre vi ously re ported

val ues. The dis tri bu tions of Cd, Cu, and Ni in the East China

Sea con ti nen tal shelf wa ters were af fected pre dom i nantly by 

mix ing be tween source wa ters from the Changjiang (and the

Minjiang) and oce anic wa ter masses. Based on the ob ser va -

tions of (1) par tic u late metal con cen tra tions de creas ing east -

ward along each transect and (2) the pres ence of higher an -

ionic-or ganic and/or in ert metal frac tions in wa ters off the

Changjiang Es tu ary and their di lu tion on the con ti nen tal

shelf, it is sug gested that there are sub stan tial ter res trial in -

flu ence of trace met als in the East China Sea con ti nen tal

shelf. These strongly bound or complexed metal frac tions

were pres ent within the es tu ary be fore reach ing the shelf

water.

In ad di tion to con ven tional dis solved and par tic u late

metal con cen tra tions, the par ti tion of trace met als in var i ous

chem i cal forms are re ported in the East China Sea con -

tinental shelf wa ters. The per cent ages of the Chelex-la bile

metal frac tions were in the or der: Cd > Ni > Cu, the an ionic-

 or ganic frac tions: Cu > Ni > Cd, and the in ert frac tions: Cu >

Ni > Cd. The ob served low or ganic and in ert frac tions for Cd 

and Ni, along with the pres ence of lin ear re la tion ships be -

tween all three dis solved Cu frac tions with sa lin ity, in di cate

that biogeochemical pro cesses in volv ing the dis tri bu tion of

the three met als oc cur mostly within the Changjiang Es tu ary. 

The or ganic and in ert frac tions of Cu are pres ent at sig nif i -

cant pro por tions within the Changjiang Es tu ary as they be -

came or gan i cally complexed in the riverine and estuarine

regions and are pro gres sively di luted on the East China Sea

shelf.
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