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ABSTRACT 

Suspended particulate matter (SPM) collected at regular stations from the Mandovi and Zuari 

estuaries indicate that the peaks of high SPM coincide with peaks of high rainfall and low 

salinity and also with peaks of moderate/low rainfall coupled with high salinity during the 

monsoon. The estuarine turbidity maximum (ETM) is a characteristic feature, it occurs in the 

channel accompanying spring tide during the monsoon and pre-monsoon, and shifts to the bay 

on neap tide during post-monsoon. ETM remains at the same position in the Mandovi River, 

both during the monsoon and pre-monsoon, whereas in Zuari it stretched upstream during 

monsoon and migrates seaward of the channel during pre-monsoon. The ETM coincides with 

the freshwater-seawater interface during the monsoon and is formed by the interaction 

between tidal currents and river flows. The ETM during pre-monsoon is associated with high 

salinities and is generated by tidal and wind-induced currents. The turbidity maximum on neap 

tide during post-monsoon may be due to the erosion and resuspension of sediments from the 

emergent tidal flats and transport of these turbid waters into the bay. Funneling effect of the 

narrowing bay in the Zuari estuary and associated physical processes effectively enhance the 

magnitude of the currents and transports sediments to the channel. SPM retention percentage 

indicates that the estuarine channel is prone to siltation.  
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1. Introduction 

Knowledge on the suspended sediment dynamics in the estuarine system has received considerable 

attention in recent years in response to the fact that the estuaries receive agricultural, industrial and 

domestic waste runoff from their watersheds; they are impacted by nutrients and pollutants, and 

siltation in the channels leads to navigational problems (Oslen et al., 1982; Regnier and Wollast, 1993; 

Mckee et al., 2000; Kistner and Pettigrew, 2001; Patchineelam and Kjerfve, 2004; Hossain et al., 2004). 

Dynamic estuarine processes control the manner in which suspended sediments are distributed and 

transported. Understanding the suspended sediment movement on a seasonal scale is important for 

monitoring water quality, fate of pollutants, and for the success of dredging operations. Investigations 

revealed that the distinctive feature in estuaries is the occurrence of estuarine turbidity maximum 

(ETM), where the concentrations of suspended particulate matter (SPM) are higher than the SPM 

concentrations both seaward and landward (Schubel and Kennedy, 1984; Nichols and Biggs, 1985; 

Dyer, 1988). ETM is important because of its influence on primary productivity, pollutant flushing, fish 

migration and dredging (Mitchell et al., 1998). ETM may occur in any part of the estuary (Schoellhamer, 

2001), but is usually present near the saltwater-freshwater  interface, which in turn is determined by the 

strength of estuarine circulation (Postma, 1967; Festa and Hansen, 1978), or away from the saltwater-

freshwater boundary as a result of tidal processes, which resuspend sediment from the bed (Allen et 

al., 1980; Gelfebaum, 1983; Uncles and Stephens, 1989; Le Bris and Glemarec, 1996; Mitchell et al., 

1998, 2003). Freshwater discharge and tidal forcing produce gravitational circulation and salinity 

stratification within estuaries and can be directly related to the distribution of SPM concentrations and 

location of the ETM (Geyer, 1993). Seasonal migration of turbidity maximum towards 

downstream/upstream positions of the estuary was reported (Wellershaus, 1981; Uncles et al., 1994; 

Mitchell et al., 1998, 2003). A cycle of deposition, bed erosion and resuspension can also contribute to 

the ETM formation (Uncles et al., 1994; Wolanski et al., 1995). Comparison between estuaries reveals 

large differences in SPM concentrations due to differences in freshwater discharge, tidal characteristics 

and sediment sources. Moreover, no two estuaries are alike in terms of the parameters responsible for 

their sediment characteristics (Althausen Jr and Kjerfve, 1992). Studies related to the suspended 

sediment concentrations on seasonal timescales are somewhat neglected for Indian estuaries. The 

objectives of this study are: (1) To compare the SPM variability and position of turbidity maximum on a 

seasonal scale in two adjacent estuaries of the rivers of nearly the same length, sharing similar terrain 

and rainfall conditions. (2) To identify the processes that influence sediment transport in the Mandovi- 

Zuari estuarine system.  
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2. Background 

Fig. 1 here 

The Mandovi and Zuari Rivers are tropical, minor rivers of Goa in the central west coast of India (Fig. 

1). They originate in the Western Ghats (mountain ranges) and flow through a narrow coastal plain. The 

length of the Mandovi and Zuari are ∼50 km each and the average depth is 5 m. The estuarine portion 

of the rivers has two parts, a channel and a bay through which the channel is connected to the Arabian 

Sea. The size and morphology of the bays are, however, different (Fig. 1). The Aguada Bay, off 

Mandovi River, is small and semi-circular in shape, with an area of ∼4.36 sq km, a width of 3.33 km at 

the mouth and 1 km at the joining point of the channel and an average depth of 5 m. The Mormugao 

Bay, off Zuari River, is relatively large with an area of ∼46.7 sq. km; it has a length of 10 km and is 

funnel-shaped with a width of 5 km at the mouth and narrows down to 1 km at the joining point of the 

channel. A narrow canal, called the Cumbarjua canal, connects these two estuaries. Several tributaries 

join the Mandovi and Zuari rivers. The estuaries of the rivers are meso-tidal, and the tidal ranges are 

∼2.3 and 1.5 m during the spring and neap tides, respectively (Shetye et al., 2007; Manoj and 

Unnikrishnan, 2009). The tides are of mixed semi-diurnal type (Sundar and Shetye, 2005) and vertical 

mixing of the water column is mainly due to tidal activity.  Both flood and ebb currents are stronger in 

the Zuari than in the Mandovi estuary (Manoj and Unnikrishnan, 2009). Simulation data show that the 

magnitude of tidal currents in the downstream regions of the estuaries during the spring and neap tides 

are ∼0.8 ms-1 and 0.4 ms-1, while the measured values are 1.0 ms-1 and 0.65 ms-1, respectively (De 

Souza, 2000).   

3. Materials and methods 

Two types of data were collected in the Mandovi and Zuari estuaries: (1) Salinity data and surface 

waters were collected every day at one station in the mid-channel of the estuaries during monsoon 

(June-September) 2007 for Mandovi, and during monsoon 2008 for Zuari estuary. This station is 

referred here as the “regular” station (Fig. 1). (2) Salinity data, surface water, and bottom sediments 

were also collected fortnightly at five stations along the main channel of the Mandovi estuary (hereafter 

referred to as “transect” stations) during June–September 2007, using a mechanized boat. Further, 

from October 2007 to May 2008, two stations were added toward the river-end of the estuary. Similarly, 

salinity data and surface water were collected during spring and neap tides of every month between 

June and September 2008 at 7 transect stations in the Zuari estuary and from October 2008 to May 

2009 two stations were added toward the river-end of the estuary. Data collection was repeated during 
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January-May 2009 for Mandovi and October 2009-May 2010 for Zuari at the same stations. In case of 

Mandovi, sampling stations are confined to the main estuarine channel, while in Zuari sampling stations 

cover both the channel and bay parts (see Fig. 1). Five liters of surface water collected at each station 

were filtered through 0.4-μm Millipore filter paper. Three filter papers were used for each station, and 

the suspended particulate matter (SPM) retained on filter papers was dried and weighed. SPM is 

expressed as milligram per liter.  

4. Results 

4.1 Variations of SPM at the regular stations of Mandovi and Zuari estuaries 

Fig. 2A and Fig. 2B here 

Fig. 2A and 2B depict the variations of SPM and surface water salinity at the regular stations (RS; Fig. 

1) of the Mandovi and Zuari estuaries and rainfall measured by rain gauge at two stations in their 

drainage basin during monsoon 2007 and monsoon 2008, respectively. The concentrations of SPM 

during the monsoon vary significantly and range from ∼3 mg/l to 158 mg/l in Mandovi, and ∼2 mg/l to 90 

mg/l in the Zuari estuary. Peaks of high SPM concentrations occur more frequently in the Zuari than in 

the Mandovi estuary. Active spells of high rainfall vary from 50 mm/day to 225 mm/day in the Mandovi 

River basin, and from 70 mm/day to 200 mm/day in the Zuari River basin. Although the peaks of high 

SPM correspond with that of high rainfall in both the estuaries (‘a’ in Fig. 2A-B), the correlation between 

rainfall and SPM is weak (‘r’ varies from 0.2 to 0.4 by using data from different rain gauge stations). 

During the initial phase of the monsoon, surface waters maintain high salinity for a longer time in the 

Mandovi (31-35‰; until 17th June 2007) than in the Zuari estuary (29-33‰; until 6th June 2008). 

Thereafter, the salinity values fall sharply in both the estuaries with increase in rainfall (‘a’ in Fig. 2A-B). 

Excursions of high saline water into the estuary during weak spells of rainfall within the monsoon are 

characteristic of both estuaries. However, the frequency of these incursions is greater in the Mandovi 

estuary (Fig. 2A). Peaks of high SPM coinciding with high salinity and low rainfall (see ‘b’ in Fig. 2A-B) 

at the beginning of the monsoon and peaks of high SPM corresponding with low rainfall and moderate / 

low salinity (see ‘c’ in Fig. 2A-B) are common in both the profiles. The peaks of moderate SPM in Zuari 

also correspond well with peaks of high tide, and low SPM with troughs of low tide (Fig. 2B).   

4.2 Variations of SPM at the transect stations of Mandovi and Zuari estuaries  

Fig. 3 here 
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SPM and salinity data were collected at each station fortnightly in the Mandovi and during spring and 

neap tides in Zuari estuaries. Since the intensity of monsoon and trade winds exhibit significant 

seasonal changes in tropical regions, seasonal variations in SPM concentrations were thought to 

represent the most important variations that occurred in the estuary. Seasonal variations of mean SPM 

and salinity (average for four months) were calculated at each station of the Mandovi (Fig. 3A) and 

Zuari estuaries (Fig. 3B-C). The concentrations of mean SPM in the main channel of Mandovi estuary 

are low at the river-end stations and increase gradually seaward and are highest at sea-end stations of 

the estuary, both during the monsoon and pre-monsoon. The mean salinity, however, varies from 0 to 

8‰ at 5 stations covering a distance of 19 km during the monsoon, and 10 to 34‰ at 7 stations 

covering a distance of 35 km during the pre-monsoon. The concentrations of SPM are consistently low 

(<7 mg/l) at all stations, despite salinity variation from 2.5 to 32‰ at 7 stations during the post-

monsoon.  

Fig. 3B and 3C illustrate the seasonal concentrations of mean SPM and salinity along transect stations 

of the Zuari estuary during the spring and neap tides, respectively. In Zuari, stations 0-3 represent the 

bay part and stations 4-9 represent the channel part of the estuary (see Fig. 1). On spring tide SPM is 

high and nearly equal (av. 19 mg/l) at all stations in the channel, but decreases gradually seaward from 

17 mg/l to 8 mg/l in bay stations during the monsoon. On the other hand, the mean salinity varies from 

0 to 8‰ in channel stations and increases seaward from 10 to 31‰ in bay stations. During the post-

monsoon, the mean SPM is much lower (3-10 mg/l) with relatively high values (8-10 mg/l) at stations 2-

5, close to the junction of the bay and estuary channel. The mean salinity increases steeply from 1 to 

31‰ from river-end to sea-end stations in the channel, and marginally from 32 to 35‰ in bay part of the 

estuary. During the pre-monsoon, the mean SPM concentrations again increase gradually from river-

end (9 mg/l) to sea-end stations (19 mg/l) of the channel with the highest values (30 mg/l) at station 3, 

close to the junction of bay and channel, and then decreases seaward gradually in the bay. The mean 

salinity variations are nearly the same as those during post-monsoon, except that the slope of the 

salinity curve is gentler in pre-monsoon than post-monsoon (Fig. 3B). The mean SPM and salinity 

variations during neap tide (Fig. 3C) are as follows: SPM concentrations are high (12 mg/l) at the river-

end stations and decrease marginally towards sea-end stations of the channel and the bay during the 

monsoon. The mean salinity varies from 0 to 25‰ from river-end station of the main channel to the bay-

end station of the estuary. The mean SPM concentrations in channel stations are much lower during 

the post- and pre-monsoons than in monsoon, but highest SPM (19-22 mg/l; av. 20 mg/l) occurs at 

stations 1 and 2 of the bay (Fig. 3C). Salinity variations during the neap tide are the same as those 

during the spring tide.  
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5. Discussion 

5.1 Controls on SPM concentrations at the Regular Station (RS) 

SPM concentrations in estuaries, in general, are controlled by several factors, including river discharge, 

salinity and turbidity in the water column. Rainfall during the SW monsoon shows high variability, both 

on seasonal and sub-seasonal time scales (Shetye et al., 2007). Moreover, active periods of heavy 

rainfall within the monsoon period are interrupted by drier ‘break’ periods, during which saline waters 

intrude into the estuaries. The SPM, salinity and rainfall data collected at the regular stations of 

Mandovi and Zuari estuaries are for monsoon 2007 and 2008, respectively. Therefore, the variations in 

peak SPM concentrations in the Mandovi (158 mg/l) and Zuari (90 mg/l) rivers (Fig. 2A-B) at the RS are 

controlled by the duration and intensity of heavy spells of high rainfall in 2007 and 2008 and by the 

influence of intruded saline waters. Peaks of high SPM coinciding with high rainfall and low salinity in 

both profiles (’a’ in Fig. 2A-B) indicate that the SPM brought by rivers to the estuary during heavy 

monsoon rains is a controlling factor. Peaks of high SPM coinciding with high salinity and low / medium 

rainfall (‘b’ in Fig. 2A-B), and weak correlation of SPM with rainfall (r= 0.2 to 0.4), however, indicate that 

the SPM is also affected by other factors, such as turbidity caused either by processes at the interface 

of saltwater with freshwater, or resuspension of bottom sediments. The coincidence of high SPM and 

high salinity at the beginning of the monsoon suggests that resuspension, at times, controlled the SPM 

concentrations. The RS in the Mandovi is 6.3 km away from the mouth of the estuary and is located 

within the main channel and is somewhat protected from physico-chemical processes occurring in the 

bay. While in Zuari the RS is 10 km away from the mouth of the estuary and is located at the end of the 

main channel and beginning of the conical- or funnel-shaped bay and is directly affected by the 

processes in the bay. Greater number of the peaks of moderate SPM in the Zuari than in Mandovi 

estuary and, peaks of high SPM corresponding to that of high tide and vice versa (see Fig. 2B) suggest 

that the RS in the Zuari is affected by enhanced tidal currents in the bay (see below), which keep 

pushing the resuspended sediments from the bay to the estuary channel, leading to the events of 

moderate SPM. Moreover, enhanced tidal currents favour strong vertical mixing in the water column 

that may be responsible for relatively lesser number of excursions of high saline waters during weak 

spells of rainfall in the Zuari (Fig. 2B), compared to that in Mandovi (Fig. 2A). More number of peaks of 

high saline waters in Mandovi estuary also cause rapid settling of SPM. The SPM at the RS in both 

Mandovi and Zuari estuaries is influenced by river discharge, resuspension of bottom sediments and 

salinity excursions.  
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5.2 Controls on SPM distribution and ETM formation at transect stations 

5.2.1 During the monsoon 

Fig. 4 here 

The estuaries of the Mandovi and Zuari Rivers receive maximum sediment discharge because of heavy 

rainfall (av. 2500 mm/yr) that occurs only during the monsoon. Shetye et al. (2007) and Vijit et al. 

(2009) reported the total runoff in these rivers is an order of magnitude larger than the estuarine volume 

during the monsoon. Increase in SPM concentrations from river-end to sea-end stations of the estuary 

and highest concentrations at the sea-end station of the main channel, both in Mandovi (Fig. 3A) and 

(during spring tide) Zuari estuaries (Fig. 3B), during the monsoon indicate high SPM concentrations are 

due to estuarine turbidity maximum (ETM). As salinity in the channel ranges from 0‰ to 8‰, this ETM 

may be considered as ‘traditional ETM’ occurring at the freshwater - seawater interface, reported by 

several others from different estuaries (Schubel, 1968; Festa and Hansen, 1978; Allen et al., 1980; 

Uncles et al., 1994; Grabemann et al., 1997; Chen et al., 2005; McManus, 2005). Mixing between the 

freshwater and seawater provokes turbulence, which is generated by currents arising from river flow, 

tides, or both (Allen et al., 1980). The tidal range during the spring tide is 2.3 m. Strong, westerly to 

southwesterly winds with a speed of 4-7 ms-1 occurring during the monsoon (Shetye et al., 2007) tend 

to strengthen the currents towards the estuary head. De Souza (2000) reported tidal currents of 1 ms-1 

during the spring tide.  In other words, the intense river flow during the monsoon is counteracted by the 

strong tidal and wind-induced currents transported from the bay. In such conditions, high SPM would 

accumulate either at the head of salt intrusion, or in the upper estuary depending on the strength of the 

estuarine circulation relative to that of tidal transport. Although the zone of ETM with an average SPM 

of 19 mg/l occurs at sea-end stations of the main channel in both estuaries (Fig. 3A-B), it is found to 

stretch to ∼21 km during the spring tide of the Zuari and ∼10 km in the Mandovi estuary. This elongated 

zone of ETM in Zuari indicates greater volume of water with intensified currents were probably pumped 

into the converging main channel, causing turbulence and keeping particles in suspension and 

extending ETM upstream. In other words, the greater size and funnel-shaped bay off Zuari and, the 

small size and circular bay off Mandovi and associated physical processes are responsible for the 

extended and narrow zones of ETM, respectively.  Althausen Jr. and Kjerfve (1992) also reported 

elongated turbidity maximum zone (TMZ) in a partially mixed estuary, Charleston harbor, USA and 

suggested that elongated TMZ does not necessarily indicate active formation of the TMZ but rather the 

upstream advection of the previous low tide TMZ. Elongated ETM in Zuari further suggests that the 
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strength of tidal and wind-induced currents is greater than the currents arising from river flows and, 

suspended sediment in the ETM is a mixture of dominant marine or resuspended sediment transported 

from the bay, and river SPM. Distinct TMZ could not be seen in the Zuari estuary during the neap tide, 

but high concentrations of SPM are found upstream of the main channel which are observed to 

decrease seaward (Fig. 3C). The average SPM retention percentage at each station for different 

seasons (average for 4 spring and neap tides of 4 months) was calculated using a modified formula of 

Adame et al. (2010).  

 SPM retention % = (SPM spring- SPM neap)/SPM springX100. 

 The plot in Fig. 4 shows higher SPM (34 to 50%) was retained in the estuary channel than in the bay 

(16 to 38%) of Zuari after the monsoon and was available to accumulate in the respective regions 

during the post-monsoon. The increase in retention percentage of SPM from mouth to the constriction 

of the bay (Fig. 4A) suggests suspended matter may also have been drawn from offshore into the bay.   

5.2.2 During the post-monsoon 

During the post-monsoon river discharge is negligible (Shetye et al., 2007) and saltwater intrudes 

progressively into the estuarine channel (Fig. 3). The low SPM concentrations in both the estuaries may 

be due to the absence of estuarine circulation and saltwater intrusion, which suppress turbulence and 

effectively remove fine suspended sediments from the channel. Relatively high SPM at stations close to 

the constriction of the funnel-shaped bay in Zuari (Fig. 3B) may suggest the influence of (spring) tidal 

currents in resuspending sediments. Turbidity maximum, however, occurs at stations 1-3 in the bay part 

of Zuari estuary on neap tide. Repeated observations during the post-monsoon 2009-10 confirm the 

consistency of turbidity maximum in two consequent years. The exact mechanism of its formation is 

unknown. As northeasterly (seaward directed) winds with a speed of 1.8 to 2.6 ms-1 prevail during the 

post-monsoon (Shetye et al., 2007), it may partly be due to wind-activity generated waves which 

resuspend fine sediment from the marginal tidal flats and transport seaward during neap tide. The 

water depths at stations 1-3 are shallower than those of adjacent stations on either side. Moreover, 

both flood and ebb tides are strong in Zuari estuary (Manoj and Unnikrishnan, 2009). The combined 

affect of wind-generated and ebb currents at neap tide and their interaction with shallow bottom may 

have also eroded and resuspended sediments from the shallow bathymetry, leading to the formation of 

ETM locally. The SPM retention percentage (Fig. 4) shows negative high values in the bay, most 

probably due to higher SPM during the neap than in spring tide. As the SPM is least at the sea-end 

station (0) of the bay, the resuspended sediment may be settling largely within the bay.  
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5.2.3 During the pre-monsoon 

Fig. 5 here 

During the pre-monsoon the river discharge is negligible in both rivers and saline waters intrude ~45 km 

upstream (Shetye et al., 2007). The NW and SW winds blow at speeds of 3.2 to 3.7 ms-1 and the winds 

are dominated by sea breezes (Neetu et al., 2006). The distribution of SPM in the main channel of the 

Mandovi River during the pre-monsoon replicates that of monsoon (Fig. 3A), despite negligible river 

discharge in the former and abundant river discharge in the latter season. Here the SPM concentrations 

increase from river-end to sea-end stations of the estuary channel and ETM remains at the same 

position, both during monsoon and pre-monsoon. While in Zuari ETM occurs in the channel on spring 

tide, stretched upstream during monsoon, but migrates seaward of the channel and close to the 

constriction of the bay during pre-monsoon (Fig. 3B). This seasonal migration of ETM is in contrast with 

the medium and high tidal range estuaries, wherein turbidity maximum migrates landward in response 

to the decrease of freshwater flow (Grabemann and Krause, 1989; Wolanski et al., 1995; 1996). In the 

absence of estuarine circulation during the pre-monsoon, tidal and wind-induced currents may be 

responsible for ETM formation in Mandovi and Zuari estuaries. Moderate correlation of SPM 

concentrations with wind speed in channel stations of Mandovi (r= 0.53; Fig. 5A) and Zuari (r= 0.58; 

Fig. 5B) rivers suggests that the wind-induced waves/currents could be a factor (Kessarkar et al., 2009, 

2010). Strong correlation of SPM concentrations with wind speed at bay stations in Zuari (r=0.77; Fig. 

5B) also argues in favour of the influence of wind in ETM formation. Several investigators (Weir and 

McManus, 1987; Schoellhamer, 1995; Wolanski et al., 1995; McManus, 2005; Verney, et al., 2007; 

Talke and Stacey, 2008; Uncles and Stephens, 2010) suggested that wind is an important mechanism 

in generating turbidity maximum. The concentrations of SPM in the zone of ETM are higher in the Zuari 

(av. 22 mg/l) than in the Mandovi (av. 16 mg/l). As the size and geometry of the bays off Mandovi and 

Zuari Rivers are different (see Fig. 1), the energy and effectiveness of the physical processes operating 

in these bays in resuspending and transporting sediments would be different.  For example, the 

funneling effect in the bay of Zuari may have greater impact on the erosion and resuspension of 

material. As winds are directed towards the narrower parts of the bay, the magnitude of the effect of 

winds is expected to be higher in the funnel-shaped Zuari bay than in the circular-shaped Mandovi bay. 

Stronger winds not only generate waves but also reinforce the currents and carry SPM closer to the 

head (Talke and Stacey, 2008). Moreover, the funneling effect of the water in the narrowing bays 

increases the tidal range, with the maximum height close to the constriction of the conical-end and stem 

part of the funnel. The sharp increase in SPM concentrations from station 0 (at the mouth) to station 3 
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(at the constriction; see Fig. 3) on spring tide and, strong correlation (r=0.9) of SPM concentrations with 

tide height in bay stations (Fig. 5D) suggest the greater influence of tide in resuspending sediments in 

funnel-shaped bays leading to high SPM and ETM close to the constriction. The influence of the 

funneling effect and tidal currents in resuspending sediments, ETM formation and sediment transport 

were reported in macrotidal estuaries (Postma, 1967; Nichols and Poor, 1967; Allen and Castaing, 

1973; Collins, 1983; Wells, 1995; Wolanski et al., 1995; Sanford et al., 2001; Uncles et al., 2002; Scully 

and Friedrichs, 2007; Manning et al., 2010). Moderate correlation of SPM concentrations with tide 

height in channel stations of both rivers (Fig. 5C-D) also supports the above argument.  

     The plot of SPM concentrations vs. salinity at all stations in the main channel of both estuaries 

during the pre-monsoon (Fig. 5E-F) shows high SPM is a seaward deposit and SPM concentrations 

decrease with decrease in salinity towards the river-end stations. Moreover, moderate correlation exists 

between the SPM and salinity (Fig. 5E-F). As river discharge is negligible in both rivers during pre-

monsoon, the SPM-laden waters from the bays are eventually pumped into the channel by waves and 

tidal currents and concentrations of SPM decrease gradually upstream. In other words, the source 

sediments for SPM are either marine or resuspended sediment from the bay. The maximum SPM 

concentration during February–May is up to 35 mg/l (Figs. 3a, b). As high SPM during this period is 

largely due to resuspension of bottom sediment, particle sizes in resuspended sediments must be 

larger and could have settled faster. Therefore, the impact of sediment by horizontal diffusive transport 

can only be seen in stations that are closer to the deposit, in spite of saline water incursion 45 km from 

their mouth (Shetye et al., 2007). The SPM retention percentage during the pre-monsoon (Fig. 4) 

shows that the channel becomes the major depositional centre (40-80% of SPM) compared to the bay 

part.  

 

6. Conclusion 
The estuarine turbidity maximum (ETM) is a characteristic feature of both Mandovi and Zuari. ETM 

occurs seaward of the channel in Mandovi River and remains at the same position, despite abundant 

freshwater discharge during monsoon and negligible discharge during pre-monsoon. While in Zuari 

ETM is stretched upstream of the channel during monsoon, and migrates seaward of the channel and 

close to the bay during pre-monsoon. ETM shifts to the bay of Zuari on neap tide during post-monsoon. 

The SPM retention percentage is higher in the channel than in the bay of Zuari during monsoon. It 

appears that the size and geometry of the bays off the rivers and strength of tidal and wind-induced 

currents played a major role in erosion, resuspension and transportation of sediments and 
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concentrations of SPM in the turbidity maximum. The SPM-laden waters from the bay are eventually 

pushed into the channel and the channel becomes the major depositional centre.   

 

Acknowledgements  
We thank Dr. S. R. Shetye, Director National Institute of Oceanography, Goa for his keen interest in 

estuarine studies and for providing the facilities for carrying out this work. Discussions with Dr. A. S. 

Unnikrishnan were helpful during revision of this paper. Dr. Dileep Kumar and Dr. B. Chakraborty 

provided funds for the Project Assistants from the Institutional Project ‘SIP 1308’, Ministry of Earth 

Sciences, New Delhi Project ‘GAP 2002’ and for laboratory work from the Department of Science and 

Technology, New Delhi Project ‘GAP 2196’. This is NIO contribution no.  

 

References 

Adame, M.F., Neil, D., Wright, S.F., Lovelock, C.E., 2010. Sedimentation within and among mangrove 
forests along a gradient of geomorphological settings. Estuarine, Coastal and Shelf Science 86, 
21-30. 

Allen, G.P., Castaing, P., 1973. Suspended sediment transport from the Gironde estuary (France) into 
the adjacent continental shelf. Marine Geology 14, 47-53. 

Allen, G.P., Salomon, J.C., Bassoulet, P., du Penhoat, Y., de Grandor, C., 1980. Effects of tides on 
mixing and suspended sediment transport in macrotidal estuaries. Sedimentary Geology 26, 69-
90. 

Althausen Jr., J.D., Kjerfve, B., 1992. Distribution of suspended sediment in a partially mixed estuary, 
Charleston Harbor, South Carolina, USA. Estuarine, Coastal and Shelf Science 35, 517-531. 

Chen, S.-L., Zhang, G.-A., Yang, S.-L.,.Shi, J.Z., 2005. Temporal variations of fine suspended sediment 
concentrations in the Changjiang River estuary and adjacent coastal waters, China. Journal of 
Hydrology 331, 132–145. 

Collins, M.B., 1983. Supply, distribution and transport of suspended sediment in a macrotidal 
environment: Bristol Channel, UK. Canadian Journal of Fisheries and Aquatic Sciences 40 
(Suppl. 1), 44–59. 

De Souza, S.N., 2000. Consultancy services for disposal of treated sewage effluents in the estuary of 
River Mandovi at Campal, Panaji. Rep. No. TR-8658, NIO/SP-21/2000 Public Works 
Department, Government of Goa, National Institute of Oceanography, India    

Dyer, K.R., 1988. Fine sediment particle transport in estuaries. In: Dronkers, J., van Leussen, W. 
(Eds.), Physical processes in estuaries. Springer-Verlag, Berlin, pp.295-309. 



 

12 

 

Festa, J.F., Hansen, D.V., 1978. Turbidity maximum in partially mixed estuaries: a two dimensional 
numerical model. Estuarine, Coastal and Shelf Science 7, 347-360.  

Gelfebaum, G., 1983. Suspended sediment response to semidiurnal and fortnightly variations in a 
mesotidal estuary, Columbia River, USA. Marine Geology 52, 39-57.  

Geyer, W.R. 1993. The importance of suppression of turbulence by stratification on the estuarine 
turbidity maximum. Estuaries 16, 113–125. 

Grabemann, I., Krause, G., 1989. Transport processes of suspended matter derived from time series in 
a tidal estuary. Journal of Geophysical Research 94 (c10), 14373-14379.  

Grabemann, I., Uncles, R.J., Krause, G., Stephens, J.A., 1997. Behaviour of turbidity maxima in the 
Tamar (U.K.) and Weser (F.R.G.) estuaries. Estuarine. Coastal and Shelf Science 45, 235–246. 

Hossain, S., Eyre, B.D., McKee, L.J., 2004. Impacts of dredging on dry season suspended sediment 
concentration in the Brisbane River estuary, Queensland, Australia. Estuarine, Coastal and 
Shelf Science 61, 539-545. 

Kessarkar, P.M., Rao, V.P., Shynu, R., Ahmad, I.M., Mehra, P., Michael, G.S., Sundar, D., 2009. Wind-
driven estuarine turbidity maxima in Mandovi estuary, central west coast of India. Journal of 
Earth System Science 118, 369-377. 

Kessarkar, P.M., Rao, V.P., Shynu, R., Mehra, P., Blossom, E.V., 2010. The nature and distribution of 
particulate matter in the Mandovi estuary, central west coast of India. Estuaries and Coasts 33, 
30-44.    

Kistner, D.A., Pettigrew, N.R., 2001. A variable turbidity maximum in the Kennebec estuary, Maine. 
Estuaries 24, 680-687. 

Le Bris, Glemarec, M., 1996. Marine and brackish ecosystems of south Brittany (Lorient and Vilaine 
Bays) with particular reference to the effect of the turbidity maxima. Estuarine, Coastal Marine 
Sciences 42, 737-753. 

Manning, A.J., Langston, W.J., Jonas, P.J.C. 2010. A review of sediment dynamics in the Severn 
Estuary: Influence of flocculation, Marine Pollution Bulletin 61, 37–51 

Manoj, N.T., Unnikrishnan, A.S., 2009. Tidal circulation and salinity distribution in the Mandovi and 
Zuari estuaries: case study. Journal of Waterway, Port, Coastal and Ocean Engineering 135, 
278- 287.  

McKee, L.J., Eyre, B., Hossain, S., 2000. Transport and retention of nitrogen and phosphorus in the 
sub-tropical Richmond River estuary, Australia- a budget approach. Biogeochemistry 50, 241-
278.  

McManus, J., 2005. Salinity and suspended matter variations in the Tay estuary. Continental Shelf 
Research 25, 729-747. 



 

13 

 

Mitchell, S.B., West, J.R. Arundale, A.M.W., Guymer, I., Couperthwaite, J.S. 1998. Dynamics of the 
turbidity maxima in the upper Humber estuary system, U.K. Marine Pollution Bulletin, 37, 190-
205.  

Mitchell, S.B., Lawler, D.M., West, J.R., Couperthwaite, J.S., 2003. Use of continuous turbidity sensor 
in the prediction of fine sediment transport in the turbidity maximum of the Trent Estuary, UK. 
Estuarine, Coastal and Shelf Science 58, 645-652.  

Neetu, S., Shetye, S.R., Chandramohan, P., 2006. Impact of the sea breeze on wind seas off Goa, 
west coast of India. Journal Earth System Science 115, 220-234.  

Nichols, M.M., Biggs, R.B., 1985. Estuaries In: Davis, Jr.,R.A. (Ed.) Coastal sedimentary environments, 
second edition,  Springer-Verlag, pp. 77-186. 

Nichols, M.M.., Poor, G., 1967. Sediment transport in a coastal plain estuary. Journal of Waterways  
Harbors. Proceedings of American Society of Civil Engineering 93, 83-95.  

Oslen, C.R., Cutshall, N.H., Larsen, I.L., 1982. Pollutant-particle association and dynamics in coastal 
marine environment: a review. Marine Chemistry 11, 501-533. 

Patchineelam, S.M., Kjerfve, B., 2004. Suspended sediment variability on seasonal and tidal time 
scales in the Winyah Bay estuary, South Carolina, USA. Estuarine, Coastal and Shelf Science 
59, 307-318. 

Postma, H., 1967. Sediemnt transport and sedimentation in estuarine environment. AAAS publication 
83, Estuaries, 158-190. 

Regnier, P. Wollast, R., 1993. Distribution of trace metals in suspended matter of the Scheldt estuary. 
Marine Chemistry 43, 3-19. 

Sanford, L.P., Suttles, S.E., Halka, J.P., 2001. Reconsidering the Physics of the Chesapeake Bay 
estuarine turbidity maximum. Estuaries 24, 855-669.  

Schoelhamer, D.H., 2001. Influence of salinity, bottom topography and tides on locations of estuarine 
turbidity maximum in northern San Francisco Bay. In: W.H. Mc Anally, and Mehta A.H. (Eds.), 
Coastal and estuarine fine sediment transport processes, Elsevier Science B.V., pp. 343–357. 

Schoelhamer, D.H., 1995. Sdiment resuspension mechanisms in old Thampa Bay, Florida. Estuarine, 
Coastal and Shelf Science 40, 603-620.    

Schubel, J.R., 1968. Turbidity maxima of the northern Chesapeake Bay. Science 161, 1013–1015. 

Schubel, J.R., Kennedy, V.S., 1984. The estuary as a filter: an introduction. In:  V.S. Kennedy (Ed.), 
The Estuary as a Filter, Academic, New York, pp. 1–14. 

Scully, M.E., Friedrichs, C.T., 2007. Sediment pumping by tidal asymmetry in a partially mixed estuary. 
Journal of Geophysical Research 112: CO7028. doi:10: 1029/2006 JC003784. 

Shetye, S.R., Kumar, M.D., Shankar, D., 2007. The Mandovi and Zuari Estuaries. Goa: National 
Institute of Oceanography. 145 p. 



 

14 

 

Sundar, D., Shetye, S.R., 2005. Tides in the Mandovi and Zuari estuaries, Goa, west coast of India. 
Journal Earth System Science 114, 493–503.  

Talke, A.S., Stacey, M.T., 2008. Suspended sediment fluxes at an intertidal flat: the shifting influence of 
wave, wind, tidal and freshwater forcing. Continental Shelf Research 28, 710-725. 

Uncles, R.J., Barton, M.L., and Stephens, J.A., 1994. Seasonal variability of fine-sediment 
concentrations in the turbidity maximum region of the Tamar estuary. Continental Shelf 
Research 7, 1315-1318. 

Uncles, R.J., Stephens, J.A., 1989. Distribution of suspended at high water in a macrotidal estuary. 
Journal of Geophysical Research 94, 14395-14405. 

Uncles, R.J., Stephens, J.A., 2010. Turbidity and sediment transport in a muddy sub-estuary. 
Estuarine, Coastal and Shelf Science 87, 213-224.  

Uncles, R.J., Stephens, J.A., Smith, R.E., 2002. The dependence of estuarine turbidity on tidal intrusion 
length, tidal range and residence time. Continental Shelf Research 22, 1835–1856. 

Verney, R., Deloffre, J., Brun-Cortan, J.C., Lafite, R., 2007. The effect of wave-induced turbulence on 
intertidal mudflats: impact of boat traffic and wind. Continental Shelf Research 27, 594-612. 

Vijit, V., Sundar, D., Shetye, S.R., 2009. Time-dependence of salinity in monsoonal estuaries. 
Estuarine, Coastal and Shelf Science 85, 601-608.   

Weir, D.J., McManus, J., 1987. The role of wind in generating turbidity maxima in the Tay estuary. 
Continental Shelf Research 7, 1315-1318. 

Wellershaus, S., 1981. Turbidity maximum and mud shoaling in the Weser Estuary. Arch. Hydrobiology 
92, 161-198.  

Wells, J.T., 1995. Tide-dominated estuaries and tidal rivers. In: Perillo, G.M.E. (Ed.), Geomorphology 
and Sedimentology of Estuaries. Elsevier Science, Oxford, pp.179–205. 

Wolanski, E., King, B., Galloway, D., 1995. Dynamics of the turbidity maximum in the Flay River 
Estuary. Papua New Guinea. Estuarine, Coastal and Shelf Science 40, 321-337. 

Wolanski, E.,Nguyen Ngoc Huan, Le Trong Dao, Nguyen Huu Nhan, Nguyen Ngoc Thuy, 1996. Fine-
sediment dynamics in the Mekong River estuary, Vietnam. Estuarine, Coastal and Shelf 
Science 43, 565-582.  



 

15 

 

Figure captions 

Fig. 1. Location of samples in the Mandovi and Zuari River estuaries, central west coast of 

India. RS- regular station; M and S in the insert figure are rain guage stations, M- 

Madgaon and S- Sangeam.    

Fig. 2. Variations in suspended particulate matter (SPM), salinity and rainfall at the regular 

station (RS) of the Mandovi (A) and Zuari (B) estuaries. Bands marked are peaks of 

high SPM coinciding with heavy rainfall and low salinity as  ‘a’, with moderate/low 

rainfall and high salinity as ‘b’, and with low rainfall and moderate salinity as ‘c’.  

Fig. 3. Seasonal mean SPM concentrations and salinity (average of four months) from river-

end (R) to sea-end stations (S) of the estuarine channel in Mandovi River (A), in 

channel and bay stations of Zuari River on spring (B) and neap tides (C). Dark grey 

histograms represent bay stations and light grey histograms represent channel stations 

in Zuari River.  

Fig. 4. SPM retention percentage at each station of Zuari estuary after each season. This is 

calculated based on the modified formula of Adame et al. (2010). Dark grey histograms 

represent bay stations and light grey histograms represent channel stations.  

Fig. 5. Scatter plots of Wind speed vs. SPM (A-B), tide height vs SPM (C-D) and salinity vs. 

SPM (E-F) in Mandovi and Zuari estuaries during the pre-monsoon. A, C and E 

represent plots for Mandovi and B, D and F represent plots for Zuari estuaries.  



 

16 

 

 



 

17 

 

 



 

18 

 

 



 

19 

 

 



 

20 

 

 



 

21 

 

 


