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The dyn am ics o f  sed im en t-b o u n d  m eta ls (Cs, Cu, Ni, Pb, Ti and Zn) w ere  stud ied  o ff th e  Têt River 
(w estern  G ulf o f  Lion), a typ ical M editerranean coasta l river pu nctuated  by  short and v io len t flash-floods. 
Spatial and tem p oral sam plin g  strategies w ere  com b in ed  to e lu cid ate  th e  fate o f  th ese  e lem e n ts  in 
resp on se to both  th e  riverine sed im e n t input and th e  o ffshore transport o f  th ese  sed im en ts  through  
hydrodynam ics. Our results sh o w  th e  tem p oral en trap m en t o f  riverborne particles and assoc ia ted  m etals, 
con secu tiv e ly  to a m ajor flood even t, in th e  nearshore sed im en tary  un it called prodelta. Here, d ep o sitio n  
and resu sp en sion  m ech an ism s d efin e  a sed im en to log ica l cycle  th at cou ld  be fo llow ed  co m p le te ly  in this 
study. In term s o f  sp écia tion  b e tw e e n  reactive (lab ile) and residual fractions a long th e  flu vio-delta ic  
contin uum , our results sh o w  th at Cu, Pb and Zn are th e  m o st labile (p oten tia lly  m ob ile) m eta ls in th e  
river, in accordance w ith  th eir  contribu tions from  an th rop ogen ic  sources. But in th e  m arine surficial 
sed im en ts , tw o  m ain  behaviours can  be d iscrim inated  w h en  com pared  to  th e  riverine su sp en d ed  
particu late m atter. W hile  Pb and Zn d ep ict rather a con stan t labile fraction. Cu is characterized  by  
decreasing  leve ls  (up to  50% difference). In term s o f  en v iron m en ta l im pact, th ese  contrasting trends have  
direct rep ercussion s for th e  con tam in an t d ispersal in th e  coasta l area. W hereas Pb and Zn con serve  th eir  
en h an ced  leve ls  b ecause o f  th eir  stronger affinity w ith  fine sed im en ts . Cu is m arked by  th e  entire  loss o f  
its an th rop ogen ic  co m p o n en t th at is p rogressively  transferred to th e  d isso lved  ph ase, lik ely  m ed iated  by  
organic ligands. W e ascribe th ese  behaviours to d ifferent p o st-d ep o sitio n a l partition  m ech an ism s w ith  
respect to  ox idation  o f  th e  particu late organic p h ase  at th e  b o ttom  sed im en t/w a ter  interface. Also, 
analysis o f  o n e  sed im en t core from  th e  prodelta  ind icates th at th e se  early d iagen etic  p rocesses govern  
th e  chem ical form s o f  land -derived  con tam in an ts seq uestrated  in th e  nearshore sed im en tary  archives.

© 2011 E lsevier Ltd. All rights reserved.

1. Introduction

C oastal m arg in s su rro u n d e d  b y  d en se ly  p o p u la ted  w a te rsh e d s  
a re  sensitive  e n v iro n m en ts  b ecau se  th e y  c o n s titu te  rep o sito ry  
a rea s for c o n ta m in a te d  r iv erb o rn e  particles. A bout 90% o f th e  la tte r  
can  b e  d ep o sited  in th e  v ic in ity  o f riv er m o u th s , acco rd ing  to  M artin  
an d  W in d o m  (1991). Recently, it has  b e en  sh o w n  th a t  riverine  
su sp en d ed  se d im e n t fluxes o f som e trace  m eta ls  a re  s im ilar to  th e ir  
an th ro p o g e n ic  fluxes to  th e  a tm o sp h e re , soils an d  w a te rs  (Viers
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e t al., 2009). From  b o th  en v iro n m en ta l an d  ecological v iew po in ts, 
stu d y in g  th e  tran s fe r  o f  th e se  c o n ta m in a n ts  to  th e  m arin e  realm  is 
th e re fo re  o f  g rea t co n ce rn  an d  th e ir  d is tr ib u tio n  in m an y  d ifferen t 
coasta l a reas has b e en  ex tensively  s tu d ied  so far (e.g. Chiffoleau 
e t  al., 1999; A ngelidis a n d  Aloupi, 20 0 0 ; Cobelo-G arcia an d  Prego,
2004). P reva len t in th e  clay  fraction, m e ta ls  a re  p re d o m in an tly  
d e liv e red  to  th e  coasta l w a te rs  in  a sso c ia tion  w ith  riverb o rn e  
p a rtic les th a t  a c t as tran sp o rtin g  agen ts. T heir b eh av io u r an d  fate 
stro n g ly  d e p e n d  on  se d im e n ta ry  d y nam ics (Zhang, 1999; Che e t  al., 
2003), b u t also  b iological a n d  physico-chem ical in te rac tio n s 
o ccurring  in  th e  m ix ing  zone  b e tw e e n  fresh  a n d  sa lt w a te rs  can  
play  a n  im p o rta n t ro le  (C om ans an d  V an Dijk, 1988; R egnier and  
W ollast, 1993; Eggleton a n d  Thom as, 2004).

The Gulf o f Lion (NW  M editerranean), a  n o n  tidal env ironm en t, is 
b o rdered  by nu m ero u s industria lized /cu ltivated  river catchm en ts
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dra in ing  im p o rtan t q u an titie s  o f m ateria ls in to  th e  coastal zone. 
Previous stud ies dealing  w ith  th e  fate o f terrestria l particles and  
associated  substances (e.g. m etals, sew age tracer, o rganic m atte r) over 
th e  co n tin en ta l she lf con trib u ted  to n ew  findings w ith  resp ec t to  th e  
particu la te  m ateria l bud g e ts in  th e  overall region (D urrieu  d e  M adron 
e t  al., 2000), th e  deg ree  o f m etallic  po llu tion  on  th e  p latfo rm  (Roussiez 
e t  al., 2006), an d  th e  river in pu ts o f  trace  m eta ls  from  th e  d ifferent 
d ra inage  basins (Radakovitch e t  al., 2008). Also, m ore  deta iled  
ap proaches focusing o n  th e  sed im en tary  processes a t th e  co n tin en t/ 
sea in terface d e m o n s tra ted  th a t  p a rt o f th e  riverborne particles 
accum ula te  o ff th e  river m ouths, in nearsh o re  sedim entological un its  
called prodeltas. This im plies th a t sed im en t-b o u n d  co n tam in an ts  
ten d  to rem ain  close to  th e ir  p o in t sources before  even tually  being 
tran sp o rted  fu rth e r offshore (e.g. Roussiez e t  al., 2 0 0 5 a  and  references 
therein ). However, to  date, in fo rm ation  regard ing  th e  sed im en t 
depositio n /resu sp en sio n  dynam ics and  its repercussion  o n  th e  
co n tam in an t d ispersal w as clearly  lacking. To im prove th is  k now l
edge, stra teg ies w e re  developed  to  track  riverborne  particles in  th e  
d irec t v icin ity  o f river m o u th s an d  th u s  explore th e  effects o f sh o rt
te rm  processes such  as floods an d  sto rm s on  sed im en t delivery  and  
erosion. M ulti-scale sed im en t sam plings an d  in situ  m on ito ring  have 
b een  carried  o u t for th e  past five y ears w ith in  th e  fluvio-deltaic 
co n tin u u m  o f th e  T êt River, a  typical M ed ite rranean  flood-dom inated  
system  a t th e  w este rn  b o rd er o f th e  Gulf o f Lion. W h ereas previous 
ap proaches m ain ly  focused o n  th e  overall sed im en t fluxes (e.g., 
Guillén e t al., 2006), th e  research  rep o rted  here  is d evo ted  to  th e  
geochem ical trac ing  o f  th ese  sedim ents.

O ur m ain  p u rp o se  is to  ex am in e  th e  b eh av io u r an d  fate o f se lec ted  
p a rticu la te  trace  m eta ls  (Cs, Cu, Ni, Pb, Ti an d  Zn) in th e  fluvio-delta ic  
co n tin u u m  o f  th e  T êt River d u rin g  variab le  h y d ro dynam ic  co nd itions 
in 2003  an d  2004. Based o n  a co m b in a tio n  o f spa tia l an d  tem p o ra l 
sam pling  stra teg ies, th is  s tu d y  especially  focuses o n  a  typ ical hydro - 
sed im e n ta ry  e v en t ( i.e. th e  flood ep isode  o f D ecem ber 2003  ) an d  th e  
geochem ical changes induced  by  its d ev e lo p m en t in  th e  coasta l area.

Total an d  labile fractions w e re  analysed  a long  th e  d o w n s tre am  
tra n sp o rt p a th w ay  o f sed im en ts, th ro u g h  th e  m ain  sed im en tary  
co m p artm en ts : river, p ro d e lta  an d  d ista l se d im e n ta tio n  area. 
Specific ob jectives w e re  (i) to  d e te rm in e  th e  m eta l dynam ics in th is 
h ighly  en erg e tic  system  w ith  regard  to  riverine  in p u t a n d  seabed  
erosion, (ii) to  te s t  w h e th e r  tem p o ra l a n d  spatia l d is trib u tio n s o f 
m eta ls  can  ind ica te  th e  m o v em en t o f  sed im en ts  in th is  area, an d  (iii) 
to  a ssess th e  risks for ecosystem s v ia  linking th e  p o ten tia l m obility  o f 
m eta ls  to  th e ir  an th ro p o g en ic  con tribu tions.

2. Material and methods

2.1. Site description

The T êt River is a  sh o rt coasta l river loca ted  in th e  w e s te rn  p a rt 
o f  th e  Gulf o f  Lion in th e  M ed ite rran ean  Sea (Fig. 1 ). Its b asin  a rea  is 
a b o u t 1400 km 2  an d  th e  river len g th  is 120 km . The u p p e rm o s t 
p a rts  o f  th e  b asin  a re  loca ted  in e lev ated  reg ions w h e re  p o p u la tio n  
d e n s ity  is low. M ost o f th e  p o p u la tio n  is d is tr ib u te d  n e a r th e  river 
m o u th , especially  in th e  c ity  o f P e rp ig n an  (10 km  from  th e  coast), 
w h ich  su p p o rts  60% o f th e  to ta l b asin  popu lation .

The river is ch arac te rized  by  a h igh ly  co n tra s ted  hydrological 
reg im e (Ludw ig e t  al., 2004), typ ical for M ed ite rran ean -ty p e  
c lim ates. The m ain  p a r t o f  th e  river su sp en d ed  p a rticu la te  m a tte r  
(SPM) is de liv e red  to  th e  coasta l w a te rs  d u rin g  ep iso d ic  flood 
e v en ts  in a u tu m n  a n d  w in te r  (p eak  flow s > 3 0 0  m 3  s _ 1  are  
freq u en tly  reco rd ed  a t  th e  ou tle t), co n tra s tin g  w ith  th e  u su a l low  
flow  o b se rv ed  especially  in su m m er (ab o u t 2 —3 m 3 s~ ') . The 
average  a n n u a l w a te r  d isch arg e  a t th e  o u tle t  is ab o u t 1 0  m 3  s 1 an d  
th e  m ean  a n n u a l solid  flux is e s tim a te d  to  0.7 x IO5  t y r - 1  (Serrai 
e t  al., 2001; Garcia Esteves an d  Ludwig, 2003).

In te rm s  o f geology, th e  river d ra in s  m e ta m o rp h ic  an d  igneous 
rocks from  th e  e a s te rn  p a r t o f  th e  French P yren ean  m o u n ta ins. 
F u rth e r d o w n stream , it e n te rs  its alluvial p lain  c o n s titu ted  o f

FRANCE

Têt River

30 m

16 Kilometers

Fig. 1. Study area showing the sampling locations. Asterisk and star correspond respectively to the river SPM and the surface prodeltaic sediment follows-up. Square symbolizes the 
location of the prodeltaic sediment core. Points represent the nine surficial sediments collected during the April 2004 transect (two of them are superimposed with star and square 
symbols, respectively). Dashed lines represent the 10 m isobath intervals.
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ero sio n  p ro d u c ts  from  th e  u p s tre am  rocks. The n a tu ra l p a r t o f SPM 
is th u s  a  co m p o site  m ate ria l o f  various origins, a n d  th e  specific 
geochem ical b ack g ro u n d  va lues for th e  overall riv er basin  a re  n o t 
know n. H ow ever, average  m eta l re fe ren ces for th e  m arin e  sed i
m en ts  in th e  e n tire  G ulf o f  Lion have b e en  d e te rm in e d  by  R oussiez 
e t  al. (2005b). Due to  th e  h igh  spa tia l h o m o g en e ity  o f  p re -a n th ro -  
pogen ic  levels o v er th e  p latfo rm , th e se  va lues w e re  found  to  be also 
rep re se n ta tiv e  for o u r  co asta l sed im en ts  a n d  h en ce  u sed  as n a tu ra l 
re fe ren ces in  th is  w ork.

As sh o w n  th ro u g h  a  recen t characterization  o f  b o th  dissolved and 
p a rticu la te  m ateria l fluxes in th e  T êt River (Garcia Esteves e t  al., 2007), 
ag ricu ltu ra l activ ities (m ostly  fruit tree s  an d  v ineyards) an d  u rb an  
w astew ate rs  (m ain ly  from  th e  w a stew ate r  sta tio n  o f  Perpignan) have 
a  large im pact on  th e  w a te r  quality. The T êt River th ere fo re  rep re sen ts  
a  source  o f co n tam in a tio n  for th e  nearb y  coasta l w aters, o f im por
tan ce  as shallow  su b m arin e  rock ou tcrops close to  th e  river m o u th  
co n stitu te  sensitive ecological n iches for m arin e  species.

The coasta l zone  off th e  T êt River can  be  d iv ided  in to  tw o  m ain  
sed im ento log ica l un its , based  o n  th e  lim it o f th e  sto rm w ave in flu 
ence  (i.e. 35  m  isobath , Roussiez e t  al., 2005a): (i) th e  p rodelta , i.e. th e  
n ea rsh o re  an d  w ave-im p ac ted  area, w h e re  fine-g ra ined  sed im en ts  
can  accu m u la te  th ro u g h  coagulation /floccu lation  processes, an d  (ii) 
th e  d is ta l sed im en ta tio n  area, n o t u n d e r  th e  d irec t in fluence o f 
riverine  in pu ts an d  w h e re  less en erg e tic  hydrodynam ical cond itions 
favour longer residence  tim es o f particles on  th e  seafloor.

2.2. Sam pling strategy
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2.2.1. River SPM
A to ta l o f 10 w a te r  sam p les from  th e  T êt River w e re  co llected  a t 

subsu rface  d e p th  d u rin g  d iffe ren t river flow  co n d itio n s v ia  a  h o ri
zon ta l N iskin b o ttle  b e tw e e n  m id  O ctober 2 00 3  a n d  la te  A pril 2 0 0 4  
(Fig. 2A). The tw o  sam pling  s ta tio n s  w e re  loca ted  in  an d  d o w n 
s tre am  th e  city  o f Perp ignan , re sp ec tive ly  10 an d  1 km  from  th e  
river m o u th . For th re e  d a tes, th e  sam p les w e re  tak e n  a t b o th  
s ta tions. W a te r sam p les w e re  im m ed ia te ly  s to red  in 1 N HC1 p re 
c lean ed  p o ly p ropy lene  bo ttles. R etu rned  to  th e  laborato ry , sam ples 
assigned  to  trac e  m eta l analyses w e re  p re -filte red  th ro u g h  a  p re 
c lean ed  63 pm  nylon m esh  p rio r to  filtra tio n  th ro u g h  p rew eig h ted  
an d  0.1 N HC1 p re -c lean ed  cellu lose  ace ta te  filters w ith  47 m m  in 
d ia m e te r  an d  0.22 pm  in po re  size. W ate r sam p les u sed  for g ra n 
u lo m e tric  analyses w e re  d irec tly  filte red  th ro u g h  p o lycarbonate  
filters (47 m m , 0.4 pm ). Im m ed ia te ly  a fte r  filtra tions, filters w e re  
d ried  a t 4 0  ° C d u rin g  2 4  h  in a  c lean  oven  an d  p a rtic le  c o n ce n tra 
tio n s  w e re  calcu lated . All rin sing  p ro ced u re s (p o lyp ropy lene  
bo ttles, cellu lose  a c e ta te  filters) w e re  p e rfo rm ed  u sin g  M illi-Q  
d e io n ised  w ater.

2.2.2. Coastal sedim ents
The in v estig a ted  m arin e  se d im e n ts  a re  a  com p ila tio n  o f th re e  

sam p le  series (see  a lso Fig. 1 ): (i) o n e  se d im e n t core  co llected  in th e  
p ro d e lta ic  a rea  in N ovem ber 200 2  u sin g  a  m u ltico re r d u rin g  th e  
“R em ora 3 ” cam p aig n  (see  R oussiez e t  ai., 2005b); (ii) five surficial 
sam p les o f se d im e n t cores co llected  in m o n th ly  in te rvals b y  d iving 
a t o n e  p ro d e lta  s ta tio n  b e tw e e n  la te  N ovem ber 2003  an d  la te  April 
2 0 0 4  (n o te  th a t  no  core  w as tak e n  in Jan u ary ); (iii) n in e  surficial 
sam p les o f  se d im e n t cores s tre tch in g  o v er th e  e n tire  p ro d e lta  and  
th e  d ista l se d im e n ta tio n  a rea  an d  co llected  in m id  April 2 0 0 4  using  
an  U snel-type  box c o rer d u rin g  th e  “Sed 2 ” cam paign . The cho ice  o f  
th e  sam p lin g  s ta tio n s  w as b ased  o n  th e  d isc rim in atio n  b e tw ee n  
p ro d e lta ic  an d  d is ta l se d im e n ta tio n  areas, re spec tive ly  above and  
b e lo w  th e  35 m  isobath . Surficial sam p les w e re  tak e n  as th e  first 
0.5 cm  o f su b -sam p led  se d im e n t co res u sin g  1 N HC1 p re -c lean ed  
PVC tu bes. Sam ples w e re  s to red  in p lastic  bags a n d  im m ed ia te ly  
d eep -fro zen  a n d /o r  lyophilized.

Fig. 2. (A) W ater discharge of the Têt River between September 2003 and April 2004. 
River water samplings are indicated by triangles. (B) Relationship between the water 
discharge and the suspended particulate m atter content in the Têt River, based on the 
10 water samplings from this study.

2.3. H ydro-sedim entary con text over the s tudy  period

The coasta l sy s tem  off th e  T êt River, a n d  especially  its p rodelta , 
is a  h igh ly  e n erg e tic  en v iro n m en t, freq u en tly  p e r tu rb a te d  b y  b o th  
“w e t” an d  “d ry ” s to rm s (G uillén e t  al., 2006). The fo rm er ty p e  
in d u ces to rren tia l floods w h e rea s  th e  la tte r  is on ly  respo n sib le  o f  
seab ed  a g ita tio n  a n d  se d im e n t rew ork ing . H ence th e  above 
d esc rib ed  sam pling  s tra teg y  w as d esig n ed  to  track  th e  d ev e lo p 
m e n t o f floods a long  th e  fluv io-delta ic  c o n tin u u m  o f th e  T êt River.

Two floods o ccurred  d u rin g  th e  p ro d e lta  follow -up, o n e  in early  
D ecem ber 20 0 3  a n d  o n e  in m id  April 2 0 0 4  (Fig. 2A). But on ly  th e  first 
e v en t left n ew  d ep o sits  a t  o u r  sam pling  site. The d e p o ce n te r re la ted  
to  th e  flood ep iso d e  o f April 2 0 0 4  w as confined  c loser to  th e  sho re line  
d u e  to  s tro n g  N orth -Sou th  c u rre n ts  (G uillén e t  al., 20 0 6 ) a n d  hence  
o u t o f  reach  o f o u r  m o n ito rin g  site. It is also w o rth  no ting  th a t  very  
low  w a te r  d ischarge  (im ply ing  low  sed im en t tran sp o rt)  o f th e  Têt 
River w as reco rded  b e tw ee n  th ese  tw o  floods (Fig. 2A). This m ean s 
th a t, d u rin g  th e  s tu d y  period , a lm o st all o f  th e  riverine  m ate ria l th a t 
se ttled  in th e  p ro d e lta ic  a rea  co rresp o n d s to  th e  D ecem ber 2003 
flood deposits . As a consequence, th e  seaw ard  tran sec t in m id  April 
2 0 0 4  is re p re sen ta tiv e  for b o th  sed im e n ta ry  an d  geochem ical 
co n d itions th a t  prevail in  th e  surficial sed im en ts  a t th is  d a te  a fte r 
a  re la tive  long period  w ith o u t any  significant fresh  riverborne  
partic le  delivery.

2.4. Geochemical analyses and particle-size distribution

Total a n d  n o n -res id u a l trace  m eta l co n cen tra tio n s  w e re  d e te r 
m in ed  in b o th  river SPM an d  coasta l sed im en ts . G eochem ical

0 50 100 150 200 250

W ater discharge (m3.s'1)
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an aly ses w e re  re s tr ic ted  to  th e  less th a n  63 |im  se d im e n t fraction. 
Filters w e re  tre a te d  in th e  sam e w ay  th a n  sed im en ts . The analy tical 
p ro ced u re s an d  accuracies re la ted  to  to ta l m eta l m ea su re m e n ts  
w e re  d esc rib ed  in d e ta ils  in  R oussiez e t  al. (2005b). Briefly, it 
co nsists  in a  to ta l d ig es tio n  using  a  HF—HNO3 —HCIO4  m ix ture . 
A ccuracy w as co n tro lled  by  th e  use  o f certified  s ta n d ard s  (i.e. 
MESS-2 an d  GSMS-3) an d  p ro v id ed  su itab le  recoveries (±0.5%  for 
Cs a n d  Ni, a n d  <5% for Cu, Pb an d  Zn). For th e  se d im e n t core 
sam ples, th e  activ ity  o f  2 1 0 Pb, a  n a tu ra l rad io n u c lid e  u sed  as a  trac e r 
o f  se d im e n t m ix ing  an d  accu m u la tio n  (e.g. K rishnasw ani e t  al., 
1980) w as d e te rm in e d  by  to ta l a lp h a  m ea su re m e n ts  a fte r  to ta l 
se d im e n t d ig es tio n  follow ing th e  p ro ced u re  d esc rib ed  by 
R adakovitch  e t al. (1999). G ran u lo m etry  w as d e te rm in e d  by  laser 
g ra n u lo m e te r  LISST-100 o n  b u lk  riv er SPM a n d  se d im e n t core 
sam ples. Each re su lt is a  m ean  o f tw o  m e a su re m e n t runs, d u rin g  
w h ich  100 v a lues a re  collected . Finally, th e  surficial sed im en t 
sam p les co llected  a t  th e  p ro d e lta  s ite  d u rin g  th e  fo llow -up  w ere  
also  an alysed  for o rgan ic  carb o n  (OC) c o n te n ts  (% d ry  w e ig h t 
sed im en t)  by  co m b u s tio n  in a  LECO CN 2 0 0 0  an aly se r a fte r  acid i
fication  w ith  HC1 2 N to  rem ove carbonates.

2.5. Single-step leaching procedure

The u se  o f to ta l m eta l c o n ce n tra tio n s  in  se d im en ts , a lb e it 
su itab le  for d e te rm in in g  c o n ta m in a tio n  levels, lim its  th e  u n d e r
s ta n d in g  o f  e le m e n t d y n am ics since all fo rm s o f  a  g iven  m eta l do  
n o t ex h ib it a  sim ila r b e h av io u r (Sim s an d  Sklin, 1991 ; H su a n d  Lo, 
2001 ). In th is  re spec t, su b s ta n tia l in fo rm a tio n  can  b e  g a in ed  from  
rap id  a n d  low  co st p ro c ed u re s  such  as s in g le -s tep  acid  leaches 
th a t  ta rg e t th e  n o n -re s id u a l (n o n -d e tr i ta l)  m eta llic  frac tion  in 
se d im e n ts  (e.g. C h ester a n d  V outsinou , 1981 ; F iszm an e t al., 1984). 
This frac tio n  is c o m p o sed  o f  reac tive  (labile) m e ta l phases, w h ich  
a re  acid  ex trac tab le , red u cib le  a n d  o x id izab le  (R auret e t  al., 1999). 
M etals in c lu d ed  in  th e s e  p h ases  a re  a t  d iffe ren t d e g ree s  p o te n 
tia lly  m obile, as th e y  m ay  e q u ilib ra te  w ith  th e  a q u eo u s  p h a se  an d  
th u s  b eco m e  easily  b ioavailab le  a n d  tox ic  (Pardo  e t al., 1990). To 
m ea su re  th e  labile  fraction , c e r ta in  a u th o rs  re co m m e n d  a 1 N HC1 
leach  (Szefer e t  al., 1995; San tos e t  al., 2 0 0 5 ) b a sed  o n  h igh  
co rre la tio n s  th a t  can  be  fo u n d  b e tw e e n  m eta ls  in  b e n th ic  o rg a n 
ism s a n d  1 N HC1 ex tra c te d  m eta ls  in su rface  se d im e n ts  (Bryan 
a n d  Langston, 1992). H ow ever, w h e n  co m p ared  to  se q u en tia l 
e x tra c tio n  p ro ced u res, th e  0.5 N HC1 sing le  leach  tech n iq u e  
a p p ea rs  to  b e  th e  m o st e ffective  ap p ro ach  to  e x tra c t lab ile  m eta l 
p h ases  (S u th erlan d , 2002). W e th e re fo re  u sed  th is  m e th o d  an d  
a ssu m e d  th a t  leach ed  m eta ls  c o rre sp o n d  to  th e  to ta l o f  n o n 
re sid u al m e ta ls  in th e  sam ples.

Single leach es w e re  c o n d u c ted  o n  a  su b se t o f  sam p les: four 
flo o d -ty p e  SPM sam p le s  co llec ted  d u rin g  th e  r iv e r fo llo w -u p  an d  
n in e  surfic ia l m arin e  se d im e n ts  co llec ted  d u rin g  th e  m id  April 
2 0 0 4  t ra n s e c t  (fo u r a n d  five for p ro d e lta ic  a n d  o ffsh o re  areas, 
re sp ec tive ly ). It w as d o n e  by  u s in g  10 m l o f  0 .5  N HC1 w ith  (i) 
0 .5  g (d .w .) o f  sieved  se d im e n t (< 6 3  pm ), o r  (ii) th e  availab le  SPM 
co llec ted  on  filters. The sam p le s  w e re  p assed  in to  a  so n ifica tio n  
b a th  d u rin g  1 0  s to  e lim in a te  agg reg a tes , p rio r to  a g ita tio n  a t 
ro o m  te m p e ra tu re  d u rin g  60 m in. T hen , th e y  w e re  c en trifu g e d  a t 
2 5 0 0  rp m  d u rin g  10 m in  a n d  9 m l o f  th e  su p e rn a ta n t  p h a se  w as 
co llec ted  for ev ap o ra tio n  to  d ry n e ss  o n  a  h o t p la te  (45  °C). The 
re s id u es  w e re  so lu b ilized  by  HNO3  a n d  d ilu te d  to  vo lu m e, p r io r  to  
ana ly sis  by  ICP-MS. D ilu tion  facto rs a llo w ed  ca lcu la tio n  o f  th e  
c o n te n ts  in  100% o f  th e  s u p e rn a ta n t  phase . The poss ib le  a lte r 
a tio n  o f  th e  c ry sta l la ttic e  w as ch eck ed  w ith  Cs, a  re s id u a l p h ase  
proxy. A re lease  o f  less th a n  0.2% on  av erag e  w as re g is te red  for 
th is  e le m en t, co n firm in g  th e  neg lig ib le  im p a c t o f  th e  sing le  leach  
p ro c e d u re  o n  a lu m in o -silic a tes . B lanks d id  n o t revea l any  
co n ta m in a tio n .

3. Results and discussion

3.1. Sed im en t and associated m eta l delivery to the coastal system

Before co n sid erin g  th e  fa te  o f  p a rticu la te  trace  m eta ls  off th e  Têt 
River, it is fu n d a m e n ta l to  analyse  th e  m ain  factors th a t  con tro l 
th e ir  in p u t to  th e  coasta l sea. Especially th e  variab ility  o f  b o th  th e  
fluxes an d  tex tu ra l co m p o sitio n  o f river SPM m ay  have a  d o m in a n t 
ro le in  th is  respect. As is typ ical o f flo o d -d o m in a ted  river system , 
m o st o f th e  to ta l se d im e n t de livery  occurs in th e  fo rm  o f  in te r
m itte n t p u lses w ith  d iffe ren t in tensities. P revious s tu d ies  sh o w ed  
th a t  th e  co n cen tra tio n s  o f SPM in th e  T êt a re  closely  linked  to  w a te r  
d ischarge  (S errâ t e t  al., 2001; Garcia Esteves e t  al., 2007). The few  
d a ta  co llected  in  o u r  s tu d y  also  confirm  th is  close re la tio n sh ip  
(Fig. 2B), ind ica tin g  th a t  riv er SPM fluxes can  b e  easily  e s tim a ted  
from  w a te r  d ischarge. R egarding g ranu lom etry , w h ich  h as a  strong  
in fluence o n  e le m en ta l ab u n d an c es  in th e  p a rticu la te  phase , o u r 
d a ta  in d ica te  th a t  g ra in -s ize  d is tr ib u tio n  in bu lk  river SPM sam ples 
is ra th e r  in v arian t irresp ec tiv e  o f  th e  se d im e n t load (a ro u n d  99% o f 
SPM is < 6 3  pm ). It is th e re fo re  n o t su rp ris in g  th a t  th e  investiga ted  
m eta l c o n te n ts  gen era lly  d isp lay  a  v e ry  lim ited  va riab ility  (Table 1 ), 
e specially  for Cs, a  su itab le  p roxy  for clays in th is  reg ion  (Roussiez 
e t  al., 2005b). W hile  su sp en d ed  se d im e n t co n cen tra tio n s  ( m g H 1) 
can  v a ry  b y  a  facto r o f 40, m e ta l co n cen tra tio n s  in th e  solid  fraction  
(p g g - 1 ) o n ly  vary  by  1.5 for Cs a n d  Ni a n d  b y  2 for Cu, Pb a n d  Zn. 
The la tte r  a re  th e  e le m en ts  for w h ich  th e re  is ev id en ce  o f signifi
can t an th ro p o g en ic  p e r tu rb a tio n  (see  below ). All th e se  m eta ls  
ex h ib it s tro n g  positive  co rre la tio n s w ith  Cs (n o t show n), excep t for 
Cu (r 2  — 0.33). The o u tlie r  b eh av io u r o f  Cu is p re su m ab ly  d u e  to  
a  d iffe ren t in tro d u c tio n  pa thw ay. A n th ro p o g en ic  Cu in w a te rsh e d s  
such  as th e  T êt b asin  m ay  be  d e riv ed  from  fungicides (Garcia 
Esteves e t  al., 2007), w h ich  are  spo rad ica lly  re leased  from  th e  
p e rio d ic ity  o f  a g ricu ltu ra l activ ities. F u rth e rm o re , th e  re te n tio n  o f 
th is  e le m en t b y  o rg an ic  a m e n d m e n ts  in v iney ard s soils (B esnard  
e t  al., 2 0 0 1 ) sh o u ld  co n trib u te  to  a  h igh ly  v ariab le  rem o b ilisa tion  
w ith  tim e. Conversely, an th ro p o g en ic  Pb an d  Zn are  ra th e r  d iffused  
th ro u g h  a tm o sp h e ric  fa llou t (R oussiez e t  al., 2 0 06) th a t  leads to  
a  m o re  u n ifo rm  sp read  o n  soils.

A ccording to  th e  v e ry  low  variab ility  o f m eta l c o n te n ts  in SPM, 
w e  conclude  th a t  th e  p a rticu la te  m eta l d ischarge  to  th e  c oasta l a rea  
largely  d e p en d s  o n  SPM fluxes. C onsequently , it is a ssu m ed  here  
th a t  o u r resu lts  on  river SPM can  b e  tak e n  as rep re se n ta tiv e  for 
riverine  sig n a tu re s in th e  T êt River in general.

3.2. Trace m eta l d istribution in response to particle deposit and  
resuspension

3.2.1. M onth ly  fo llow -up  o f  the prodeltaic area
The m o n th ly  se d im e n t sam p lin g  o f th e  T êt p ro d e lta  w as carried  

o u t a t  a  rep re se n ta tiv e  s ta tio n  (Fig. 1 ) w h e re  riv erb o rn e  partic les 
freq u en tly  se ttle  to  th e  seabed . D uring th e  p e rio d  covered  by  th is  
study, a lm o st all o f  th e  riverine  m ate ria l th a t  se d im e n ted  in th e

Table 1
Total metal contents (ppm) o f the Têt river SPM collected during the period from 
mid October 2003 to late April 2004. The corresponding annual fluxes have been 
calculated on the basis o f available data in Garcia Esteves and Ludwig (2003) and 
Serrât et al. (2001), e.g. annual solid flux (0.7 x IO5 tyr-1) and river catchment area 
(1400 km2).

Cs Cu Ni Pb Zn Ti

Mean contents (ppm) 10 85 43 48 192 4320
SD ±1 ±25 ± 6 ±10 ±31 ±219
Annual flux (t/yr) 0.6 5.1 2.6 2.9 11.5 257
Specific annual flux (kg/km2/yr) 0.4 3.6 1.8 2.0 8.2 184
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p ro d e lta ic  a rea  c o rre sp o n d s to  th e  D ecem ber 2003  post-flood  
d e p o sit (see  Section 2.3). The resid en ce  tim e  o f th e se  m ate ria ls  is 
h igh ly  variable, d e p en d in g  o n  th e  in te n sity  an d  frequency  o f b o th  
d ep o sitio n  a n d  re su sp en sio n  processes.

The tem p o ra l evo lu tion  o f m eta l co n ten ts  in  surficial sed im en ts  o f  
th e  p ro d e lta -ty p e  sta tio n  is illu stra ted  in  Fig. 3 an d  reveals tw o  m ain  
trends. A sharp  increase  o f th e  m eta l (including th e  clay proxy  Cs) 
co n ten ts  is reg iste red  on  12 D ecem ber 2003. Only Ti, a  typical heavy 
m ineral ind ica to r associated  w ith  particle  sorting  processes (Dellw ig 
e t al., 20 0 0 ) and  p rev alen t in silty  fractions (Taboada e t al., 2006), 
show s a n  opposite  tren d . This change  in th e  geochem ical com position  
im plicitly  trad u ces th e  n ew  se ttling  o f fine-grained  an d  m eta l-rich  
sed im en ts  on  th e  n earsh o re  seabed. The riverine  orig in  o f  th is deposit 
is confirm ed  by  its e lem en ta l co n ten ts  close to  th e  river SPM refer
ences (Table 1 ) and  m ay  b e  re la ted  to  th e  m ajo r flood e v en t th a t 
occu rred  o n  4  Decem ber. Subsequently, o n e  can  observe th e  p rogr
essive decrease  o f  th e  c lay-bound  m eta l c o n ten ts  (concom itan tly  th e  
increase  o f  silt-b o u n d  Ti co n ten ts) th a t co n tinues to  m id  April 2004, 
w h e n  pre-flood  geochem ical signa tu res a re  recovered . This second 
tre n d  h ighlights th e  d ecrease  o f  clay ab u n d an ce  in th e  surficial 
sed im en ts, w h ich  is in  line w ith  th e  evo lu tion  o f Cs con ten ts. It likely 
m ean s th a t, once  d eposited  to  th e  seabed, fine an d  m eta l-rich  riv
e rb o rn e  sed im en ts  a re  exposed  to  hydrodynam ics an d  progressively 
rem obilized  and  flushed fu rth e r offshore.

It is c lear h e re  th a t  th e  tem p o ra l ev o lu tio n  o f c lay -b o u n d  m eta l 
an d  particu la rly  clay  trac e r  Cs c o n te n ts  can  in d ica te  th e  m o v em en t 
o f  se d im e n ts  a t  th e  c o n tin e n t/se a  in terface . W ith o u t any  o th e r  
significant p a rtic le  se ttlin g  a t  o u r  s ta tio n  a fte r  th e  D ecem ber flood, 
th e  d e p o sitio n /re su sp e n sio n  cycle cou ld  be  co m p le te ly  fo llow ed in 
tim e. A ccording to  th e  p e rio d  b e tw e e n  th e  sh a rp  in crease  o f m eta l 
co n te n ts  a n d  th e  recovery  o f  p re-flood  levels o n  Fig. 3, it is sug 
g ested  th a t  it las ted  ab o u t 3 —4 m onths.

3.2.2. Spatial variability o f f  the Têt R iver m outh
To trace  th e  fa te  o f  se d im e n t-b o u n d  m eta ls  o u ts id e  th e  p h y s

iographic  lim its o f  th e  p rodelta , a  m eta l tra n se c t w as c o n d u c ted  off 
th e  T êt River m o u th  o n  m id  April 2 0 0 4  (Fig. 1), i.e. co n secu tive ly  to  
th e  to ta l e ro sio n  o f  th e  D ecem ber 2003  post-flood  d e p o sit (see  also 
Section  2.3). As seen  in Fig. 4, th e  m o st strik in g  re su lt is th e  seaw ard  
increasing  g ra d ie n t o f  e le m en ta l c o n te n ts  (h e re  Pb an d  Zn, tak e n  as 
exam ples). All c lay -b o u n d  m eta ls  d isp lay  th is  t re n d  (n o t show n), 
w h ich  ag rees w ith  th e ir  close re la tio n sh ip  w ith  th e  Cs d is tr ib u tio n  
(r  =  0.88, 0.98, 0 .99 an d  0.8 for Cu, Ni, Pb a n d  Zn, respectively). As 
p a rticu la te  m eta l co n cen tra tio n s  in  coasta l reg ions can  be  affected  
b y  fine se d im e n t tra n sp o rta tio n  an d  d ep o sitio n  c o n d itio n s (C arm an
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Fig. 4. Spatial evolution of Pb and Zn total contents in surface sediments collected in 
mid April 2004 off the Têt River mouth (n =  9). For comparison, contents in the flood 
deposit of December 2003 recorded in the prodelta (n =  1) are added. Also, river SPM 
references are illustrated by hatched bars along the Y axes, and are expressed as the 
standard deviation intervals around the means (n =  10). Units are ppm.

e t al., 2007), th is  spa tia l p a tte rn  likely o b scures an  im p o rta n t 
g ran u lo m etric  co n tro l th a t  can  b e  ex p la in ed  by th e  h y d ro dynam ic  
con tex t. Indeed, th e  lo w est m eta l c o n te n ts  a re  reg is te red  in  th e  
p ro d e lta  w h e re  th e  fine-g ra in ed  se d im e n ts  have b e en  e ro d ed  a t th e  
t im e  o f th e  sam p lin g  (i.e. April 2004). The h ig h es t va lues c o rre 
sp ond  to  th e  d ista l zone  an d  m atch  w ell w ith  th e  sig n a tu re s  o f  b o th  
th e  river SPM a n d  th e  post-flood  d e p o sit o f  D ecem ber 2003 , for 
w h ich  th e  resp ec tiv e  v a lues have b een  ad d ed  to  Fig. 4  for 
com parison . T herefore, th e  seaw ard  g rad ien ts  o f th e  co n ten ts  
suggest th a t  clayey p a rtic les e x p o rte d  from  th e  river a n d /o r  th e  
p rev iously  n o u rish ed  p ro d e lta  a re  advec tive ly  tra n sp o rte d  and  
progressively  d ep o site d  in d e e p e r  e n v iro n m en ts . This rem o te  
se ttlin g  is favoured  by  low  en erg e tic  cond itions, b e lo w  th e  s to rm - 
w ave base, m ak ing  th e  d ista l a rea  a  s tab le  a n d  p ro b ab ly  long  lasting  
rep o sito ry  for p a rtic les co m p ared  to  th e  p rox im al area . Because o f 
th e  low  d irec t in p u ts  o f  th e  T êt River b e tw e e n  D ecem ber 2003  and  
April 2004 , o n e  can  su p p o se  th a t  th e  p ro d e lta  w as th e  m ajor 
su p p lie r o f fine m eta l-r ich  se d im e n ts  to  th e  d is ta l a rea  d u rin g  th is  
period . This w as possib le  acco rd ing  to  th e  im p o rta n t stock o f  m ud  
o n  th e  p ro d e lta  surface  in early  D ecem ber 2 00 3  th a t  w as iden tified  
u sing  d o w n co re  g ran u lo m etric  profiles (B ourrin  e t  al., 2007).

As a lread y  found  from  o b se rv atio n s on  tem p o ra l evo lu tions o f  
m eta l c o n te n ts  (see  Section 3.2.1), also th e ir  spatia l d is trib u tio n s
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Fig. 3. Temporal variation of Ti, Ni, Cu, Zn, Pb and Cs total contents (ppm) in surficial sediments at the prodelta-type station (see Fig. 1 ). To be meaningful, Ti values are divided by 50 
while those of Cs are multiplied by 10. Samplings of 12 December 2003 and 18 April 2004 are consécutives to flood episodes but only the first event left new fine deposits on the 
investigated site.
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reflect th e  tra n sp o rt  o f partic les b y  hydrodynam ics. A sim ilar 
conclusion  has b een  advanced  by  Che e t al. (2003) w h e n  stu dy ing  th e  
sed im en t tran sfe r  from  C hangjiang E stuary  to  H angzhou  Bay, China.

3.3. B ehaviour pa tterns o f  riverborne m etals in the  coastal system

3.3.1. Residual/labile spéciation along the con tinuum  in April 2004
In th e  p a rticu la te  phase, trac e  m eta ls  ex is t in d iffe ren t chem ical 

form s, w h ich  g o vern  th e ir  b eh av io u r in te rm s  o f chem ica l in te r
action , m obility , b iological availab ility  a n d  p o ten tia l tox ic ity  
(Norvell, 1984). Follow ing th e  p a rtitio n in g  o f  th e se  e le m en ts  a long  
th e  d o w n s tre a m  tra n sp o r t  p a th w ay  cou ld  th e re fo re  ex p la in  th e ir  
dy n am ics u n d e r  chan g in g  en v iro n m en ta l co n d itio n s as w ell as th e  
p o ten tia l risks for bio ta. A se lec tion  o f  p a r ticu la te  sam p les w e re  
th e re fo re  an alysed  for e le m en t sp éc ia tio n  b e tw e e n  residual an d  
reac tive  (labile) phases.

The lan d -to -se a  ev o lu tio n  o f lab ile /to ta l fraction  ra tio s in  th e  
inv estig a ted  sam p les (see  Section  2.5) revea ls tw o  p o p u la tio n s o f 
e le m en ts  (Fig. 5). On th e  o n e  h a n d  a re  th o se  for w h ich  th e  labile 
c o n trib u tio n  is w e ak  to  n o n -e x is te n t (Ni an d  Cs, respectively). This 
in d ica tes  a  d e tr ita l o rig in  d e riv ed  from  rock w e a th e r in g  an d  a tt r i 
b u te s  m ain ly  n a tu ra l sou rces to  th e se  e lem en ts . From  a n  ecological 
v iew p o in t, th e y  can  b e  reg ard ed  as in e r t b ecau se  o f  th e ir  seq u es
tra tio n  in th e  crysta l lattice; on ly  lo n g -te rm  w e a th e r in g  processes 
cou ld  m obilize  th e m  (C alm ano e t al., 1993). On th e  o th e r  h an d  are  
th o se  e le m en ts  for w h ich  an  im p o rta n t labile  fraction  is p re se n t (i.e. 
Cu, Pb an d  Zn). They are  k n o w n  to  b e  freq u en tly  en rich ed  by 
co n ta m in a tio n  a n d  th e ir  im p o rta n t labile  co n trib u tio n s  reflect th e  
in co rp o ra tio n  o f  a n th ro p o g en ic  m eta ls  in th e  se d im e n t via in stab le  
a n d  easily  reac tive  fo rm s (Salom ons an d  Forstner, 1984; Singh e t  al.,
2005). T hese e le m en ts  m ig h t th e re fo re  b e  th e  m o st p rob lem atic  
m eta ls  for exp o sed  aq u atic  h ab ita ts , acco rd ing  to  th e ir  h ig h er 
m o b ility  po ten tia l.

It is o f  n o te  th a t  th e  lability  o f b o th  Pb an d  Zn is ra th e r  c o n s ta n t in 
th e  inv es tig a ted  physiog raph ic  areas. H ow ever, th is  is lo w er for Cu 
(ab o u t 50% d ifference) in  surficial m arin e  se d im e n ts  co m p ared  to  
th e  average lability  in river SPM. A sim ilar sp a tia l p a tte rn  w as 
o b se rv ed  b y  C arm an e t al. (2007) in surficial se d im e n ts  o f th e  
e stu a rin e /c o as ta l c o n tin u u m  off th e  Pearl River, Sou th  China. In 
particu lar, th e  seaw ard  p e rcen tag e  d ecrease  o f Cu b o u n d  to  th e  n o n 
residual fraction  w as a ttr ib u te d  to  so rp tio n —d e so rp tio n  m ech a 
n ism s o ccurring  a t  th e  m ix ing  zo n e  b e tw e e n  fresh  an d  sa lt w a te rs  
(see  also  Baeyens e t  al., 1998). M ore d e ta iled  s tu d ies  suggest th e  role 
o f  stro n g  C u-com plexing ligands such  as o rg an ic  collo ids (W aeles 
e t  al., 2 0 08) an d  d isso lved  o rg an ic  m a tte r  (G erringa, 1990; Shank 
e t  al., 2004 ; Sakellari e t  al., 2010) in  th e  rem oval o f p a rticu la te
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Fig. 5. Non-residual/total content ratios of particulate metals in the different sampling 
areas (n = 4 ,4  and 5 for river SPM, prodeltaic and offshore samples, respectively). River 
SPM are selected samples collected during the river follow-up. Marine samples are the 
surficial sediments collected during the April 2004 transect

labile  Cu. A lthough  chem ica l s tru c tu re s  o f  th e se  su b s tan ces rem ain  
u n reso lved , re sea rch ers  have e lu c id a ted  m an y  o f th e ir  sources. They 
can  o rig in a te  from  th e  c o n tin e n t via r iverine  in p u ts  (Xue an d  Sigg, 
1999; Shank e t al., 20 0 4 ) o r  d irec tly  com e from  th e  b e n th ic  e s tu a 
rin e  se d im e n ts  (Skrabal e t  al., 1997). In th e  p re se n t w ork , d e so rp tio n  
from  p artic les an d  ligand  e n tra p m e n t cou ld  th e re fo re  ex p la in  th e  
n o n  conse rv a tiv e  b eh av io u r o f  p a r ticu la te  Cu, in co m p ariso n  w ith  Pb 
a n d  Zn. N evertheless, acco rd ing  to  th e  se d im e n ta ry  c o n tex t in April 
2004 , it is u n c lea r w h e th e r  th e  d e so rp tio n  m ech an ism  occurs 
rap id ly  d u rin g  th e  m ixing o f fresh  an d  sa lt w a te rs  o r a lso  co n tin u es 
once  p a rtic les a re  d ep o sited  to  th e  p ro d e lta  (see  Section  3.3.3).

In te rm s  o f  ecological im pact, th e  b e h av io u r p a tte rn s  o f  Cu, Pb 
a n d  Zn su g g est tw o  k inds o f  th rea t. On th e  o n e  hand , it is likely th a t, 
once  in  th e  form  o f w a ter-so lu b le  com plex, Cu beco m es available 
a n d  toxic  for b o th  b e n th ic  an d  pelagic m arin e  an im als  an d  plants. 
U nfortunate ly , th e re  is no  g en era l co n sen su s defin ing  th e  d eg ree  of 
c o p p e r tox ic ity  in th is  con tex t. C onflicting resu lts  have b een  
re p o rte d  ab o u t th e  red u cin g  (e.g. M eador, 1991 ) o r  increasing  (e.g. 
F lorence e t  al., 1992) in fluence  o f com plex ing  ligands on  Cu toxicity. 
On th e  o th e r  hand , labile  Pb a n d  Zn keep  m ain ta in ed  in th e  
p a rticu la te  p h ase  a n d  sh o u ld  re p re se n t a  risk  on ly  by  sed im en t 
ingestion . The significance o f this, in  te rm s  o f  co n ta m in a n t 
d ispersa l, is fu r th e r  d iscussed  below .

3.3.2. M etal contam ination along the con tinuum  in April 2004
The d istin c tio n  b e tw e e n  n a tu ra l an d  an th ro p o g en ic  co n trib u 

tio n s  o f  p a rticu la te  m eta ls  can  be  e s tim a te d  using  e n ric h m e n t
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Fig. 6. Enrichment factors (EFs) of particulate metals in the different sampling areas 
(n =  10, 4  and 5 for river SPM, prodeltaic and offshore samples, respectively). Dashed 
line symbolizes the limit of natural variability (i.e. EF =  1.5). River SPM samples were 
collected during the river follow-up. Marine samples were collected during the April 
2004 transect Figures A and B correspond to EFs calculated by taking Cs and Sc as 
normalizers, respectively.
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factors (EFs). T hese ind ices a re  d e fin ed  as th e  o b se rv ed  m eta l/ 
n o rm alize r ra tio s in th e  sam p les d iv ided  by  th e  co rresp o n d in g  
ra tio s o f  a  re fe ren ce  m ate ria l (S u therland , 2000). T hey w ere  
calcu la ted  in th is  w o rk  using  th e  reg ional back g ro u n d  levels o f  
Roussiez e t  al. (2005b). Follow ing th e  sam e g eo sp a tia l ap p ro ach  
th a n  in  3.3.1, th e  resu lts  a re  illu stra ted  in  Fig. 6 A, u sin g  Cs as 
n o rm alize r e lem en t. Based o n  a  th re sh o ld  v a lue  o f  EF =  1.5 (see  
R oussiez e t  al., 2006), it is sh o w n  th a t  Ni is m o stly  o f  n a tu ra l origins, 
w h ils t Cu, Pb a n d  Zn a re  c h arac te rized  by  s ignificant a n th ro p o g en ic  
co n trib u tio n s . EF ind ices a re  th u s  c o n sis ten t w ith  th e  hyp o th es is  
th a t  an th ro p o g en ica lly  e n rich ed  m eta ls  d isp lay  g re a te r  labile  frac
tio n s  (Fig. 5).

In th e  cases o f Pb an d  Zn, th e re  is a  n o tab le  in crease  in th e  
e n ric h m e n t in  th e  p ro d e lta ic  a rea  w h e n  co m p ared  to  th e  riverine  
an d  d is ta l levels. In add ition , th is  p h e n o m e n o n  also con cern s Ni, 
w h ich  d isc red its  a n  an th ro p o g e n ic  origin. A p lausib le  ex p lan atio n  
for th is  cou ld  be  a  ch an g e  in  th e  m ineralog ica l co m p o sitio n  
(G o ldsm ith  e t  al., 2001) in re sp o n se  to  e ro sio n  processes. In m id 
April 2004 , as su g g ested  b y  b o th  Cs a n d  Ti c o n te n ts  (Fig. 3), surficial 
p ro d e lta ic  se d im e n ts  a re  p re d o m in an tly  co m p o sed  o f silt-size  
particles. As a  co nsequence, m etal/C s ra tio s o f  o u r  p ro d e lta ic  
sam p les a re  m o re  in fluenced  b y  th e  silt fraction, likely  g en era tin g  
sligh tly  o v e res tim a ted  EFs. The u se  o f Sc seem s to  be  m o re  co n v e
n ie n t for th e  calcu la tion  o f EFs in  th e se  c lay -d ep le ted  sed im en ts. 
Taking th is  e lem en t, no  sign ifican t e n r ic h m e n t is o b se rv ed  in th e  
p ro d e lta  w ith  re sp ec t to  th e  o th e r  c o m p a rtm e n ts  (Fig. 6 B). Note 
th a t  th e  resu ltin g  spa tia l p a tte rn  is n o w  in v e ry  good a g ree m e n t 
w ith  th e  o n e  obse rv ed  for m eta l lab ility  (Fig. 5), w h ich  re in forces 
th e  a ssu m p tio n  th a t  s in g le-s tep  leach ing  p ro ced u res re p re se n t an  
effective ap p ro ach  to  d e te rm in e  tre n d s  in  m eta llic  co n tam in a tio n s  
(C hester e t  al., 1985). T hese  o b se rv a tio n s suggest th a t, in m id  April 
2004 , d e sp ite  e rosive  co n d itio n s in th e  close inner-shelf, co n ta m i
n a tio n  by  Pb an d  Zn is h o m o g en eo u sly  d is tr ib u te d  in th e  fluvio- 
d e lta ic  co n tin u u m . In te rm s  o f  sed im en to log ica l function ing , th is  
re su lt im plies th e  p e rsis ten ce  o f c o n ta m in a te d  clays w ith in  coarse  
silts in th e  p rodelta .

In c o n tra s t to  Pb an d  Zn, Cu is m ark ed  by  th e  to ta l loss o f its 
an th ro p o g en ic  c o n trib u tio n  in th e  surficial coasta l sed im en ts, an d  
th e  EFs clearly  d ro p  b e low  th e  1.5 th resh o ld . This p h en o m e n o n  
m atch es w ith  th e  resu lts  illu stra ted  in Fig. 5 an d  is th e  resu lt o f  th e  
above d escribed  rem oval o f labile Cu. T hese tw o  d ifferen t e le m en t 
dynam ics m ay  e n ta il tw o  d ifferen t d is trib u tio n  pathw ays. W h ereas

a n th ro p o g en ic  Pb an d  Zn rem a in  restric ted  to  th e  fine particles 
w h e re  th ey  se ttle , rem obilized  an th ro p o g en ic  Cu m ay be  sp read  to  
a  w id e r  zone  th ro u g h  th e  hydrodynam ic  tran sp o rt o f  w a te r  m asses. 
This is possib le  b ecause  o f th e  effect o f s tro n g  com plex ing  ligands 
th a t  inh ib it Cu re -ad so rp tio n  o n to  p articles a n d  hen ce  favour its long- 
range d isp e rsa l in th e  m arin e  system  (Van d e n  Berg e t  al., 1987).

3.3.3. Organic m a tter  control o f  m etals in the prodelta
The im p o rtan ce  o f th e  p ro d e lta ic  se d im e n ta ry  u n it as a  t ra n s i

tio n a l p la tfo rm  for p a rtic le  an d  asso c iated  m eta l tran sfe rs  b e tw ee n  
th e  c o n tin e n t an d  th e  sea  req u ire s  fu r th e r  investiga tion , no tab ly  
regard ing  th e  p e rsis ten ce  o f  th e  c o n ta m in a n ts  w ith  tim e. Hence, 
th e  tem p o ra l evo lu tio n s o f  m eta llic  e n r ic h m e n ts  a t  th e  p ro d e lta  site  
w e re  s tu d ied  an d  sh o w  vario u s tre n d s  (Fig. 7). R egarding Cu, th e  
c o n ta m in a tio n  p eak  occurs consecu tive ly  to  th e  D ecem ber 2003 
flood e v en t a n d  h en ce  c o rre sp o n d s  to  fresh ly  d ep o sited  m ateria ls . 
This en h an c ed  level is sim ilar to  th e  average  Cu e n ric h m e n t 
reco rd ed  in  river SPM (Fig. 6 B). From  th is  EF peak, o n e  can  th e n  
o b serve  a p rogressive  a n d  s tro n g  decrease  u n til n a tu ra l level is 
reached . This m ean s th a t  d e so rp tio n  o f Cu is n o t in s tan ta n eo u s  
w h e n  e n te r in g  th e  coasta l w a te rs  a n d  p re d o m in an tly  tak es  p lace 
o ver th e  p ro d e lta  surface  a t th e  se d im e n t-w a te r  in terface . A 
co m p arab le  t re n d  is sh o w n  for Pb an d  Ni, b u t it is m u ch  less m ark ed  
an d  o n ly  co n cern s a  m in o r fraction  o f th e se  e lem en ts . U nlike Cu, Pb 
p reserv es m o st o f its an th ro p o g e n ic  co m p o n e n t in th e  sed im en ts  
an d  e n r ic h m e n t levels o f  Zn e v en  rem ain  non-vary ing . This no tab le  
b eh av io u r o f  Cu m ay  ex p la in  w h y  it d ep ic ts  a  n a tu ra l occu rren ce  in 
th e  surficial se d im e n ts  w h e n  go ing seaw ard . F u rtherm ore , as bu rial 
o f  th e  D ecem ber 200 3  flood d e p o sit by  y o u n g e r se d im e n ts  w as 
im possib le  becau se  o f b o th  h y d ro dynam ica l an d  sed im e n ta ry  
c o n d itio n s (see  Section  2.3), it is likely th a t  th e  b eh av io u r an d  fate 
o f  Cu a re  d ic ta ted  by  th e  physico -chem ical co n d itio n s en co u n te re d  
a t th e  se d im e n t/w a te r  in terface.

It is recogn ized  th a t  p a rticu la te  o rg an ic  ca rb o n  (OC) b inds 
a  v a rie ty  o f  trace  e lem en ts , n o tab ly  in  e s tu a rin e  en v iro n m en ts  
(K rupadam  e t al., 2003). This is especially  tru e  in o u r  p ro d e lta ic  
sed im en ts  for Cu, Pb a n d  Zn, as p rev iously  re p o rte d  (R oussiez e t  al.,
2006). O rganic m a tte r  o n  p a rtic les is p rev a len t in  th e  clay fraction  
(Rubio e t  al., 2000), an d  h en ce  its d is tr ib u tio n  is also  strong ly  
in fluenced  by  p a rtic le  so rtin g  processes. To clarify  th e  ro le  o f  
p a rticu la te  OC in th e  co n tro l o f  m etallic  co n ta m in a tio n  w ith in  th e  
p ro d e lta ic  area, w e  p ro p o se  to  co rrec t OC d a ta  for th e  gra in-size
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effect, th u s  m ak in g  it co m p arab le  w ith  m eta l EF indices. C onse
quently , OC “e n ric h m e n t” (i.e. OC a b u n d an c e  p e r u n it o f  clay) in th e  
p ro d e lta ic  se d im e n t is ex p ressed  as Sc-norm alized  OC co n ten ts, 
a n d  its ev o lu tio n  w ith  tim e  is ad d ed  in Fig. 7. The d iffe ren t p a tte rn s  
in d ica te  th a t  th e  e n r ic h m e n t o f Cu — a n d  to  a  lim ited  e x te n t Pb an d  
Ni — in th e  surficial se d im e n ts  is d irec tly  linked  to  th e  e n ric h m e n t 
o f  OC. This is p a rticu la rly  v isib le  in D ecem ber 2003, consecu tive ly  
to  th e  rap id  se ttlin g  o f o rg an ic -rich  riverb o rn e  m ateria ls , an d  
su p p o rte d  by  th e  h igh  co rre la tio n s b e tw e e n  OC/Sc ra tio s  a n d  m eta l 
EFs (r  =  0.99, 0 .98 a n d  0 .95 for Cu, Ni an d  Pb respectively), excep t 
Zn, for w h ich  th e  va lue  is n o t significant.

The decline  in OC e n rich m en t, o b se rv ed  a f te r  D ecem ber 200 3  in 
th e  surficial sed im en ts , is p ro b ab ly  th e  re su lt o f  early  d iag en etic  
processes, ra th e r  th a n  a p re fe ren tia l e ro sio n  o f  p a rticu la te  o rgan ic  
m atter. The oxic con d itio n s th a t  p revail a t  th e  se d im e n t/w a te r  
in te rface  in  th e  s tu d y  a rea  (Buscail e t  al„ 1995) su p p o rt th is  
hypo thesis . In th is  respec t, th e  loss o f  OC by ox id a tio n  cou ld  be 
e s tim a te d  a t  a b o u t 70% b e tw e e n  D ecem ber 2003  a n d  M arch 2004. 
This re su lt has to  b e  p u t in c o n tex t w ith  th e  61% d ecrease  o f  th e  
Cu EF calcu la ted  d u rin g  th e  sam e p erio d  ( th e  co rresp o n d in g  
p e rcen tag es  for Pb a n d  Zn a re  23 a n d  0, respectively). T hese 
d ifferences m ay  trad u c e  specific e le m en t d y n am ics in re sp o n se  to  
th e  d eg rad a tio n  o f  o rg an ic  m atter. Indeed, th e  su b seq u e n t fa te  o f 
Cu, Pb an d  Zn frac tions in itially  b o u n d  to  th e  o rgan ic  p h ase  w ill 
d e p e n d  on  e lec tro -ch em ica l affin ities w ith  available c arrie rs  in  th e  
o th e r  labile  p h ases (e.g. carbonates, Fe/M n oxides, d eg rad a tio n  
p ro d u c ts  o f p re -ex istin g  o rg an ic  m ateria ls). Thus, o u r  resu lts  
su g g est tw o  p o st-d ep o sitio n a l m ech an ism s follow ing th e  rap id  
ox id a tio n  o f p a rticu la te  OC: (i) a  re lease  o f  Cu in  th e  d isso lved  ph ase  
— likely favoured  by  th e  p re sen ce  o f o rg an ic  ligands as su g g ested  in

Section 3.3.1 — an d  (ii) a  m ig ra tio n  o f Pb a n d  Zn to w ard s m in eral 
b in d in g  sites w ith in  clays. T hese  physico -chem ical p ro cesses cou ld  
exp la in  w h y  th e  tw o  la tte r  e le m en ts  still ex h ib it significant 
a n th ro p o g e n ic  levels in coasta l se d im e n ts  in c o n tra s t w ith  Cu 
(Figs. 6  an d  7). A lthough  seq u en tia l ex trac tio n  analyses w o u ld  be 
n ecessa ry  to  e s tim a te  th e  frac tions o f Cu, Pb an d  Zn asso c iated  w ith  
p a rticu la te  o rg an ic  m a tte r  o ver th e  s tu d y  period , such  p a rtitio n  
m ech an ism s deriv ed  from  o rg an ic  p h ase  ox id a tio n  have a lread y  
b e en  desc rib ed  in o th e r  stud ies. For exam ple, lab o ra to ry  e x p eri
m en ts  p re sen te d  by  G erringa (1990) reveal a n  im p o rta n t re lease  o f  
Cu to  so lu tion , w h e rea s  Pb (an d  to  a  lesse r e x te n t Zn) rem a in s in th e  
p a rticu la te  phase , p robab ly  p rec ip ited  as a  sa lt o r oxide. Sim ilar 
t re n d s  w e re  o b se rv ed  for Cu an d  Pb in b e n th ic  f lu x -ch am b er by  
W este rlu n d  e t al. (1986). Also, in a  s tu d y  a t  St. H elena Bay (South  
Africa), M on te iro  a n d  R oychoudhury  (2005) a rg u e  th a t, in th e  long 
te rm , m eta ls  d ep o site d  in asso c ia tion  w ith  se n e sce n t p h y to 
p lan k to n  are  p a rtitio n e d  b e tw e e n  rem a in in g  p a rticu la te  o rgan ic  
m atter, te rr ig en e o u s  clays a n d  su lp h id e  com plexes a ttr ib u ta b le  to  
early  d iag en etic  processes.

3.4. Downcore profiles o f  m eta l EFs in the prodeltaic sedim ents

C onsidering th e  in stab ility  o f n e a rsh o re  d ep o sits  an d  th e ir  
ecological im p o rtance , it is in stru c tiv e  to  o b serve  th e  m a n n e r  in 
w h ich  th e  riv erb o rn e  m eta llic  co n ta m in a tio n  can  be  p reserv ed  in 
p ro d e lta ic  sed im en ts. To do  so, w e  ex am in ed  a  se d im e n t core  (see  
Fig. 1 ) th a t  w as sam p led  in early  fall 2002 , i.e. before  th e  u su a l flood 
seaso n  a n d  p robab ly  w ith  no fresh  p o st-flood  d e p o sit available on  
its top . Both g ran u lo m etric  an d  geochem ical analyses w e re  co n 
d u c ted  com paratively .
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Particle sorting  processes have a strong  in fluence o n  vertical 
e lem en t d istribu tions. To in te rro g ate  th is  p h en om enon , a  p re lim i
n a ry  app ro ach  consisted  in  p lo tting  th e  clay a b u n d an ce  w ith  d a ta  o f 
210Pb activ ity  (Fig. 8 A). The la tte r  e le m en t generally  exh ib its 
a  dow ncore  d ecrease  in u n p e rtu rb e d  en v iro n m en ts  th a t  p e rm its 
estim a tio n  o f  sed im en ta tio n  rates. Here, th e  profile reveals th e  
influence o f  rew ork ing  processes on  th e  shallow  seabed  w ith  a  clay- 
d ep le ted  an d  w ell hom ogen ized  sed im en t layer (0 —7 cm ), w h e re  
rad ionuclide  activ ities a re  constan t. This is indicative o f strong  
sed im en t reshap ing  d u e  to  h igh b o tto m  cu rren t velocities and 
sto rm -in d u ced  w ave action  (and  p e rh ap s b io turbation). Further 
dow ncore, clay ab u n d an ce  increases, w hile, concom ittantly , 210Pb 
activ ity  declines. A tran s itio n a l layer (7—10 cm ) is iden tified  and 
co rresp o n d s to  th e  m ixing o f sed im en ts  from  th e  u p p e r layer w ith  
som e o ld er dep o sits  from  th e  b o tto m  layer. A m ax im u m  sed im en 
ta tio n  ra te  based  o n  th e  CIC m odel could  be  calcu la ted  here  (i.e. 
0.28 cm  yr 1 ) b u t no  o th e r  tracers  could  be  u sed  to  evaluate  th e  
influence o f m ixing on such  values.

EFs w e re  d e te rm in e d  for th e  se d im e n t core  levels. Both Cs and  
Sc w e re  ta k e n  as no rm alize rs  an d  re su lts  d id  n o t reveal a  significant 
d ifference  (Fig. 8 B, C an d  D). It can  be  seen  th a t  Pb a n d  Zn d isp lay  
an th ro p o g e n ic  profiles a long  th e  co re  (EFs >  1.5), w h ile  Cu d ep ic ts  
a  g en era l n a tu ra l occurence. In deta il, e n ric h m e n ts  o f  th e  rem ain in g  
c o n ta m in a n ts  Pb an d  Zn reveal tw o  d is tin c t h o m o g en eo u s levels, 
w ith in  th e  re sh ap ed  an d  u n p e rtu rb e d  p a rts  o f  th e  core  respectively. 
The to p  layer is ch arac te rized  by th e  h ig h est EF values, p resu m ab ly  
reflecting  th e  m o d e rn  co n tam in a tio n , w h e rea s  th e  d e e p e r  o n e  is 
te s ta m e n t o f  p as t inputs. Also for Cu, u p co re  levels s tan d  c loser to  
th e  n a tu ra l va riab ility  tre sh o ld  a n d  e v en  o n e  sam p le  d ep ic ts  a  slight 
an th ro p o g e n ic  co n trib u tio n . T hese re su lts  a re  in v e ry  good a g ree 
m e n t w ith  th e  co n ta m in a tio n  tre n d s  o b se rv ed  in surficial p ro 
de lta ic  sed im en ts  a f te r  re la tive ly  long lasting  rep o sito ry  o f 
riv erb o rn e  particles. From  th ese  findings, o n e  can  th e re fo re  suggest 
th a t  th e  chem ica l fo rm s a n d  n a tu re  o f th e  r iv erb o rn e  c o n ta m in a n ts  
se q u e stra ted  in th e  p ro d e lta ic  se d im e n ts  a re  fixed by  chem ica l 
in te rac tio n s o ccurring  in  oxic surface se d im e n ts  (see  above) before  
burial. H ow ever, b ro a d e r s tu d ies  based  o n  h igh  frequency  sed im e n t 
core  sam p lin g  a re  n eed ed  to  confirm  th is  assu m p tio n .

4. Conclusions

Based o n  a reco m b in a tio n  o f  d iffe ren t sam p le  series, th is  w o rk  
im proved  o u r  k n o w ledge  o n  th e  de liv e ry  an d  su b seq u e n t fate  o f 
p a rticu la te  m eta ls  — especially  c o n ta m in a n ts  — in th e  T êt fluvio- 
d e lta ic  system , a  sm all M e d ite rran ean  p o in t sou rce  d riv en  by 
ep isod ic  floods.

In te rm s  o f  lan d -to -se a  fluxes, b o th  tem p o ra l a n d  spa tia l 
d is tr ib u tio n s  o f to ta l m eta l c o n te n ts  reflect th e  d o m in a n t tran sfe r  
pa th w ay s o f  partic les from  th e  river to  th e  co asta l system . An 
im p o rta n t sed im en to log ica l co n tro l occurs in th e  d irec t v ic in ity  o f  
th e  river m o u th , w h e re  d ep o sitio n  an d  re su sp en sio n  processes 
involve th e  e n tra p m e n t o f  m e ta l-r ich  particles. The p e rsis ten ce  o f 
th e se  fin e-g ra ined  se d im e n ts  in th e  sha llow  se d im e n ta ry  u n it 
(called  p ro d e lta ) tig h tly  d e p en d s  on  th e  in te n sity  an d  freq u en cy  o f 
b o th  flood ep iso d es an d  s to rm -in d u c ed  seab ed  ag ita tion . This w o rk  
show s th a t  th e  d ep o sits  re la ted  to  th e  flood e v en t o f  D ecem ber 
2003  rem a in ed  a ro u n d  3 —4 m o n th s  in  th e  p ro d e lta  a rea  before  
th e ir  co m p le te  e ro sio n  by hydrodynam ics. D uring th is  period , th e  
p ro d e lta  w as th e  m ajo r sou rce  o f p a rticu la te  m eta ls  to  th e  d ista l 
an d  stab le  se d im e n ta tio n  area, u n d e rlin in g  th e  im p o rta n t ro le  o f  
M ed ite rran ean  p ro d e lta s  for co n tro llin g  lan d -to -se a  tra n s fe r  o f  
p a rticu la te  m a tte r  a n d  asso c ia ted  chem icals.

In te rm s  o f spéc ia tio n  b e tw e e n  residual a n d  labile  (reactive) 
fractions, spa tia l investig a tio n s sh o w  th a t  Cu, Pb a n d  Zn are  
p o ten tia lly  th e  m o st m obile  m eta ls  in  th e  riv er particles, w h ich

ag rees w ith  th e ir  co n trib u tio n s  from  an th ro p o g e n ic  sources. W h en  
e n te r in g  th e  m arin e  realm , how ever, tw o  b eh av io u rs  can  be 
d is tin g u ish ed . W hile  Pb a n d  Zn ex h ib it ra th e r  a  c o n s ta n t lab ility  in 
th e  p a rticu la te  p h ase  a long  th e  co n tin u u m , Cu is m ark ed  by  low er 
fractions (u p  to  50% d ifference) in th e  m arin e  sed im en ts, w h ich  can  
b e  a ttr ib u te d  to  d e so rp tio n  p ro cesses o v er tim e. T hese tre n d s  have 
d irec t rep ercu ssio n s for th e  fa te  o f  th e  c o n tam in an ts , as sh o w n  
c learly  w h e n  co rrec tin g  for th e  g ra in -s ize  effect via e n ric h m e n t 
factors: Pb a n d  Zn h o m o g en eo u sly  c o n ta m in a te  th e  coasta l sed i
m en ts, w h e rea s  Cu is ch arac te rized  by  th e  to ta l loss o f  its a n th ro 
pogen ic  co m p o n en t. T em poral in v estig a tio n s a t  th e  p ro d e lta  site  
rev ea led  th a t  d e so rp tio n  o f  Cu from  riv erb o rn e  p a rtic les is n o t 
in s tan ta n eo u s  w h e n  e n te r in g  th e  coasta l system  a n d  p re d o m i
n an tly  occurs a fte r  th e  se ttlin g  o f flood m ateria ls .

T hese co n tra s tin g  m eta l d y nam ics m ay  d eriv e  from  d ifferen t 
p o st-d ep o sitio n a l beh av io u rs  w ith  re sp ec t to  th e  ox id a tio n  o f  th e  
o rgan ic  phase, an  im p o rta n t m eta l ca rrie r  in th e  p ro d e lta ic  sed i
m en ts. T ogether w ith  th e  d eclin e  in o rg an ic  c a rb o n  e n rich m en t, Pb 
an d  Zn a p p e a r  to  m ig ra te  to  m in era l b in d in g  s ites w ith in  clays, 
w h ile  Cu is re leased  to  th e  d isso lved  p h ase  p ro b ab ly  u n d e r  th e  
in fluence o f  o rg an ic  ligands. This leads to  tw o  m ain  d is tr ib u tio n  
pathw ays, w h ich  d e te rm in e  th e  fate a n d  h en ce  th e  ecological 
im p ac t o f  th e se  co n tam in an ts . W h ereas  riverb o rn e  a n th ro p o g en ic  
Pb a n d  Zn rem a in  in assoc iation  w ith  fine p a rtic les an d  m ay  ra th e r  
affect b e n th ic  o rg an ism s a t th e  s ites o f d ep o sition , o n e  can  sup p o se  
th a t  m obilized  an th ro p o g e n ic  Cu im p ac ts  a  w id e r zone  becau se  o f 
its d isp e rsa l in th e  d isso lved  phase.

Finally, th e  q u es tio n  o f th e  r iv erb o rn e  c o n ta m in a n t p e rsis ten ce  
in th e  se d im e n ta ry  arch ives o f  th e  p ro d e lta  w as a d d re ssed  using  
e n r ic h m e n t factors in d o w n co re  profiles. D ow ncore  co n tam in a tio n  
tre n d s  follow  th o se  sh o w n  in th e  surficial sed im en ts , since o n ly  Pb 
an d  Zn p re se n t sign ifican t an th ro p o g e n ic  p e rtu rb a tio n s  a long  th e  
in v estiga ted  core. It seem s th a t  th e  chem ica l fo rm s a n d  n a tu re  o f  
lan d -d eriv ed  m eta ls  in  th e  T êt p ro d e lta  is likely co n tro lled  by  th e  
p a rtitio n  m ech an ism s a t th e  oxic se d im e n t/w a te r  in te rface  before  
burial.
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