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A b strac t: The seasonal distribution o f  surface sediments and hydrodynam ic conditions prevailed 
during their deposition have been studied w ithin the Zuari estuary. Surface sedim ents collected 
from 18 stations ail along the length o f  the Zuari estuary, during three different seasons viz. 
m onsoon, post-m onsoon and pre-m onsoon, w ere analyzed for sand. silt, clay and organic carbon. 
The study revealed that upper h a lf  o f  the estuary is mostly dom inated by sand while the lower 
h a lf  is enriched with the clay and silt com ponents in all the three seasons, with m inor variations. 
Organic carbon is also noticed to be higher in the lower half o f  the estuary with a general decreasing 
trend tow ards the mouth. Further, finer sedim ent distribution and h igher concentration o f  organic 
carbon is specifically noted during  pre-m onsoon season com pared to o ther two seasons at most 
o f  the stations. Significant positive correlation between organic carbon and clay (0.7603 -  Avg. 
o f  three seasons) supports the association  o f  organic carbon with finer sediments. However, 
sand show s inverse relationship with organic carbon. Based on sediment characteristics, an attempt 
has been made to understand the hydrodynam ic conditions prevailed in the Zuari estuary in 
three different seasons.

IN T R O D U C T IO N STU D Y  AREA

Estuaries, im portant environm ents o f  coastal zone, 
are favo rab le  dom ains for d eposition  o f  sed im en ts 
derived from both the terrestrial and also from m arine 
sources. Sedim ent distribution in estuaries is m ainly 
controlled by the influence o f  tidal and river currents in 
addition to the source. How ever, o ther factors such as 
geo-m orphology and circulation pattern also can m odify 
the distribution. Dispersal o f  sedim ents in the-estuary' 
is controlled further by the changes in properties o f  river 
w ater in the estuarine environm ent, w hich result in the 
accum ulation  o f  fine-gra ined  sed im en t w ith a  h igh  
organic m atter content. A nthropogenic activ ities in the 
recen t years have resu lted  in e lev a ted  re lease  and 
concentration o f organic carbon in sedim ents. Sources 
o f  organic carbon include organic m atter from  land 
runoff; shoreline erosion  and p rim ary  p roductiv ity , 
product o f  these eventually settle to the bottom  and are 
in c o rp o ra te d  in to  the sed im en ts . M e asu rem en t o f  
different sedim ent param eters viz. sand, silt, clay and 
organic carbon is im portant since they can strong ly  
reflec t the environm ental condition o f  deposition . So 
in the present study an attem pt was made to understand 
the distribution, association o f  sedim ent com ponents 
a ll a lo n g  th e  e s tu a ry  in d if fe r e n t  s e a s o n s  an d  
h y d ro d y n a m ic  c o n d i t io n s  p r e v a i le d  d u r in g  th e  
deposition o f  sedim ent.

The river M andovi and Zuari are m ajor rivers o f  
G o a  (F ig . I ) .  B o th  M a n d o v i an d  Z u a ri a re  
in terconnected  through C um bhariua canal and both 
form an im portant estuarine com plex on the West Coast 
o fln d ia . The present w ork focuses on the Zuari estuary. 
The river Zuari is tide dom inated coastal plain estuary 
w ith  a t id a l  ra n g e  o f  ab o u t 2 m and  it is 
geom orphologicallv classified as drow ned river valley 
estuary (M urtv et al., 1976). The Zuari R iver is fed by 
m onsoon precipitation and receives discharge from the 
catchment area o f  550 sq km. The river receives large 
supply o f  w a te r  and  se d im e n ts  from  its tr ib u ta ry  
know n as K u sh aw ati. T he a v e rag e  ra in fa ll o f  G oa 
is abou t 3 0 0 0  mm p e r year. T he re g io n  p re fe ra b ly  
e x p e r ie n c e s  th re e  d e f in e d  se a so n s  i.e . m on so o n  
(Ju n e  to  S e p te m b e r) , p o st-m o n so o n  (O c to b e r  to 
J a n u a ry )  an d  p re -m o n s o o n  (F e b ru a ry  to  M a y ). 
T h e re  a re  m an y  la rg e  as w ell as sm a ll-sc a le  m in es 
in th e  c a tc h m e n t a re a  o f  Z u a ri e s tu a ry . M in in g  
a c tiv itie s  in th e  c a tch m en t a rea  an d  tr a n sp o r ta tio n  
o f  o re  from  je t t ie s  in the  u p p e r  e s tu a rin e  reg io n  to  
M arm ugao  H arb o u r, lo ca ted  on th e  so u th e rn  ban k  
n e a r  th e  m o u th , th ro u g h  b a rg e s  a re  th e  m a jo r  
a c tiv itie s  ca rr ie d  o u t in the  Z uari es tuary . The riv e r  
has w ide m outh  and the  w idth  rem a in s  a lm ost sam e 
in the  lo w er e s tu a rin e  reg io n .
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estuarine region. The decreasing trend is seen from 
station 1 up to the station 10 with minor variations in 
betw een. Decreasing trend noted in the upper estuary 
continues up to the station 13 in the lower estuarine 
region. Further downstream it shows gradual increasing 
trend up to  station 18 with slightly lesser value at station 
17. Sim ilar to monsoon and post-monsoon, during pre­
m onsoon  season also  h igher (Avg. 76 .80 % ) sand 
con ten t was recorded in the upper estuarine region 
com pared to low er (Avg. 41.59 %) part o f  the estuary. 
Sand show s increasing trend from station 2 io the 
station  9 w ith som e fluctuations in betw een. Further 
it decreases up to station 11. H igher values have been 
reco rded  at sta tions 12, 15 and 18 with low er values 
in betw een.

Silt

Com paratively lower values o f  silt are recorded in 
the upper estuarine region i.e. up to the station 10 during 
monsoon season. Within the upper estuary, however, 
higher value is recorded at station 5. In the lower estuary 
silt shows higher values at stations 11. 13, 14 and 17 
with lower values at other stations. Higher silt values 
com pensate low er sand values in the lower estuary. 
D u rin g  p o st-m o n so o n , a lso  low er silt v a lues are  
recorded in the upper estuarine region with an increasing 
trend from station 4 to 10. Increasing trend continues 
up to  station 13 in the lower estuarine region. Further 
dow nstream  it show s decreasing  trend with m inor 
variations up to the mouth. During pre-monsoon also 
silt content is observed to be lower in the upper estuarine 
region. In the upper estuary, silt increases from station 
1 to 2. which decreases further up to station 5 and further 
it increases tip io sta tion  11 with m inor variations. In 
the  low'er estuary  it show s d ecreasing  trend  from  
station 11 up to the station 15 and then again increases 
at sta tion  16, w hich further decreases g radually  at 
sta tion  1 S.

C lay

D uring the monsoon season, low clay content is 
recorded in the upper estuarine region. The trend o f  
percentage o f  clay increases gradually from station 4 to 
10 with m inor fluctuations in between. In the lower 
estuary clay is recorded to be higher at most o f  the 
stations with peak values at sta tions 11, 14 and 17. 
During post monsoon lower values o f clay content is 
recorded in the upper estuarine region and higher values 
are noted in the lower part o f  the estuary with m inor 
variations. During pre-monsoon, lower values o f  clay 
are noticed in the upper estuarine region. Clay shows 
decreasing trend from station 2 up to the station 9 with 
m inor fluctuations. From station 9 the value increases 
up to the station 11 in the lower estuary . H igher values 
are also seen at stations 14 and 17 with lower clay values 
in between.

Total O rg an ic  C arbon  (TO C )

During all the three seasons viz. monsoon, post­
m o n so o n  and  p re -m o n so o n  TO C  m a in ta in s  
c o m p ara tiv e ly  h igher co n cen tra tio n  in the low er 
estuarine region than the upper estuarine region at most 
o f  the stations even though few peaks were observed at 
some stations in the upper part o f  the estuary. Higher 
TOC values have been noted at stations 11, 13. 14, 12, 
10 during m onsoon. During post-m onsoon and pre­
m onsoon, slightly higher values have been recorded at 
stations 2 and 3 in the upper estuary.

T he p ro c e sse s  th a t in flu e n ce  the  g ra in  size  
variations o f  sediments are primarily supply or source 
o f  m a te r ia l  and  t r a n sp o r ta t io n , d e p o s itio n  and 
redistribution o f  sediments within an estuary. In addition 
geom orphology o f  the estuary', water movements owing 
to the tidal cycle also contributes to the distribution o f  
sediment components. Significant variations in sediment 
com ponents have been observed all along the Zuari 
estuary with seasons. In general, sand is dominating in 
upper estuary in all the three seasons. Depending on 
the com petency o f  flow, finer material gets entrained in 
the water, thus leaving behind the coarser sediments as 
lag deposits (M uraleedharan N air et al., 2002). This 
must have resulted in the enrichment o f  coarser sandy 
material in the upper reaches. Upper estuarine region is 
narrow  and except during  highest high tide, w ater 
generally  flow's tow ards downstream . Higher sand 
content noted at some stations in the low'er estuary 
e s p e c ia l ly  at th e  m ou th  co u ld  be due to  the  
hydrodynamic condition prevailed at this location as 
well as geom orphology o f  the region. Zuari maintains 
from mouth up to station 11 almost same width, allowing 
the tidal surge to enter with considerable energy. Further, 
water and sediments gets transported to the Zuari estuary' 
from  M andovi th rough  C um bharjua  canal du ring  
m onsoon and also during ebb tide (Nayak, 1993). It is 
also im portant to note here that the Cumbharjua canal, 
which connects Mandovi and Zuari estuaries, jo ins at 
station 12. which is responsible for bringing additional 
m aterial, contributing  largely to the distribution o f 
sediments. At the mouth i.e. station 18 higher values 
have been recorded  in all the th ree seasons. The 
sediment com ponent becom es more complex near the 
estuarine mouth since the sediment in this zone is under 
the influence o f  intense tidal activities. The h igher 
energy levels permit deposition o f  coarser sediments as 
well as transportation o f  a much wider range o f  finer 
sediments (Bryant, 1982). Comparatively higher values 
o f  clay and silt content are noticed in the lower estuarine 
regions in all three seasons. Low er sand values are 
system atically compensated by silt and clay values in 
the lower estuary. Higher concentration o f  silt and clay 
in the lower estuary may be due to settling o f  these 
particles in low energy conditions. The flocculation 
process during estuarine mixing helps in faster settling 
o f  fine colloidal aggregates in this region. Near the
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% ) follow ed by post-m onsoon (0.94 % ) and m onsoon 
(0 .59  % ), w hich is the least. From  this it can be inferred 
that the adsorption o f  organic com pounds onto clay 
m inerals was prom oted under saline conditions (Nair 
e t a l., 1993) d u rin g  p re-m onsoon  season . O rganic 
coatings on clay m inerals affected the settling rates o f  
inorganic particles and thus contributed  to the increase 
in both clay-size particles and organic m atter during this 
period. C orrelation o f  organic carbon w ith sand, silt, 
c lay  and  a lso  m u d  ( s i l t  + c la y ) sh o w ed  p o s itiv e  
correlation with silt, clay and mud and negative with 
sand in all three seasons (Fig. 3a to 3c) A significant 
correlation  is noted  betw een TOC and mud as well as 
clay in all the three seasons strongly supports their 
a s so c ia tio n  an d  se ttin g  in a s im ila r  d e p o s itio n a l 
environm ent.

Zuari estuary can be classified as a tide-dom inated 
co asta l p la in  estuary , w h ich  ex h ib its  hom ogenous 
vertically  but has lateral variations in salinity (Quasim 
and Sen Gupta, 1980). The average current speed was 
observed to be stronger during the flood tide in the pre­
m onsoon and post-m onsoon m onths w hereas during the 
m onsoon m onths the current becom e stronger during 
ebb tides as the river runoff accelerates the flow (Varma 
et a l., 1975). T he curren t ve locity  in Zuari estuary, 
during the flood tide is m axim um  and the currents are 
directed upstream  and largely tow ards the left sides o f  
the rivers (Q uasim  and Sen G upta, 1980). Further they 
also observed that the speed o f  the current varies at 
different places within the estuary with the state o f  tides. 
The authors have also stated that in the Zuari estuary 
sa lt-w edge fo rm ation  can be s tud ied  in re la tion  to 
distance. The salt-w edge extends up to a distance o f  
about 12 km upstream  and the w ater colum n rem ains 
c le a r ly  d e m a rc a te d  in to  d is t in c t  s a lin ity  lay e rs . 
Bathym etry o f  inlet o f  the sea and w aves over the shoals 
was studied within the M andovi estuary by M urty et al. 
(1976), how ever such studies are not available for Zuari 
estuary.

Various approaches to understand the bathym etry 
and hydrodynam ic conditions o f  M andovi and Zuari 
estuaries using the distribution o f  various param eters 
like salinity and its gradients (Shetye and Murty, 1987), 
r iv e r  ru n o ff  an d  tid a l p ro p ag a tio n  (She tye, 1999; 
U nnikrishnan et al., 1997) w ere tried. In this paper, 
how ever, an attem pt has been made to understand the 
hydrodynam ics using sed im ent com ponents nam ely  
san d , s ilt, c lay  and w ith the help  te rn ary  d iagram  
p ro p o sed  by P ejrup  (1988). The d iagram  has four 
sections labeled 1 to IV. Section I indicates very calm 
hydrodynam ic conditions and section 11 to  IV indicate 
increasingly violent hydrodynam ic conditions. D uring 
m onsoon (Fig. 4a), stations 6, 8, 9, 10, 12, 13 and 14 
fall under Section II; stations 4, 5, 7, 11 and 15 fall 
under Section III and stations 16, 17 and 18 which are 
near the mouth fall under Section IV. D uring m onsoon 
a ll the  s ta tio n s  fall under S ections II, 111 and  IV, 
indicating strong hydrodynam ic conditions prevailed 
during  th is season. Stations 4, 5 and 7 o f  the upper 
estuary, which fall within Section III, indicate relatively 
violent hydrodynamic conditions available at this region. 
D ue to th is probab ly  m ore percentage o f  sand was 
retained in the upper estuarine region rem oving finer 
sed im en ts . In tense  tidal ac tiv ity  near the m outh is 
re p re se n te d  by, S ection  IV, w hich  is very  v io len t 
hydrodynam ic condition responsible for the presence 
o f  co arse r size partic les a t th is location. In general 
es tu a ry  m ain ta in s  re la tiv e ly  s tro n g  hydrodynam ic  
conditions during m onsoon. D uring post-m onsoon (Fig. 
4b), sta tions 14, 15, 16, 17 and 18 fall under Section I 
indicating very calm hydrodynam ic conditions which 
fac ilita ted  deposition  o f  finer sedim ents along w ith 
organ ic m atter except at station  18 w herein h igher 
sedim ent size was recorded. Further, stations 3, 4 , 6, 
10, 11 ,12  and 13 fall under Section II, which indicates 
relatively less violent condition at these stations during 
this season responsible for deposition o ffiner sediments 
at these locations compared to  m onsoon season. Stations



From the present study following conclusions are 
drawn.

• U pper h a lf o f  the estuary is dom inated by sand
w hereas low er h a lf  is enriched  with clay  and  silt
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