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7.1  Introduction

In this chapter a description of the general distribution patterns of suspended sediments and a discussion of the main mechanisms involved in the transport of fine sediments in the Tagus estuary will be presented from the obtained results. Semi-diurnal and fortnightly time-scales are considered.

A turbidity maximum, defined here as an area with suspended sediment concentrations higher than   0.2 kg/m3 ( = 200 mg/l ) is absent during neap tides (tidal amplitude < 1.3 m), but appears and grows both in extent and turbidity as the tidal amplitude increases. The turbidity maximum is fully developed during spring tides, occupying most of the upper estuary during the entire tidal cycle.

Maximum concentrations are always found in the inner shallow bay region of the estuary, values reaching 0.5 kg/m3 during spring tides and 0.14 kg/m3 during neap tides. Over the tidal flats, maximum values at spring tide attain up to 1.2 kg/m3 while being eroded by the upcoming flood. At neap tides, no significant erosion of the tidal flats occurs and sediments are deposited on the flats during high water, with concentrations in suspended sediments remaining lower than in the deeper areas.


The vertical distribution of suspended matter is always stratified, with higher bottom concentrations. A measure of stratification in suspended sediments is the ratio of bottom to surface concentration, the value of which varies between 2 at spring tides, and 1.5 at neap tides. These values are representative for the entire estuary.


The semi-diurnal fluctuation of the suspended sediment concentration is nearly negligible during neap tides, but attains magnitudes during spring tides comparable to the fortnightly fluctuation. Compared to the yearly input of suspended sediments by the Tagus river during normal discharge conditions, the amount of material involved in the fortnightly cycle is about double this value, in a semi-diurnal cycle during spring tides it is equivalent to one year’s input, while during a semi-diurnal cycle at neap tides it amounts to about 10 % of this value. The principal source of the fine sediments in suspension present in the Tagus estuary is thus the estuary itself. 


The fluctuation in suspended matter concentration is interpreted as a fortnightly erosion-deposition cycle, in particular of the tidal flats, caused by a cyclic variation in the strength of bottom currents. Superimposed on this fortnightly cycle is a semi-diurnal cycle.

7.2  Distribution of fine suspended sediments in the Tagus estuary

As mentioned before, the area where highest concentrations are found is the shallow inner bay region. Upstream Alverca and downstream the section Poço do Bispo – Alcochete
, concentrations decrease rapidly. For this section, the reader is referred to the figures in ‘Figures’, where the variation in suspended sediment distribution during a tidal cycle (both for a spring and a neap tide situation) is depicted.

During a spring tide, the turbidity maximum, confined by the arbitrary iso-line of 0.2 kg/m3, grows to its maximum extent at low tide slack and the region with highest concentrations (about 0.4 kg/m3) is centred along the right bank near Poço do Bispo. Concentrations start to decrease until the flood proceeds to the interior of the estuary, resuspending the freshly deposited sediments and pushing concentration isolines upstream. The influence of the bottom topography can clearly be seen as the turbidity maximum is divided into two parts by the larger currents along the main inner channel. Two hours to one hour before high tide, the upcoming flood currents attain their maximum strength in most of the estuary, and start to erode the tidal flats, and maximum concentrations (up to more than 1 kg/m3) occur now over these flats. The eroded sediments are however, rapidly convected upstream, and at high water slack, the turbidity maximum is confined to the uppermost part of the estuary, from Alverca to about 15 km southward. One hour later it disappears completely. The following ebb currents (2 hours after high tide) start to resuspend the deposited sediments and the turbidity maximum grows in turbidity and extends downstream.


During a neap tide, maximum concentrations (0.10 to 0.14 kg/m3) are found
in the central part of the upper estuary. The region of concentrations higher than 0.1 kg/m3, less than half the size of the turbidity maximum at spring tides, disappears during the second and third hour following low tide, and during the first and second hour following high tide. Difference between high and low tide is merely reflected in the position of maximum concentrations (about 0.14 kg/m3), the low tide maximum occurring about 5 km downstream from the high tide maximum. 

Upstream Alverca, suspended sediment concentration varies in phase with the tide, i.e. high concentrations at high tide, and low concentrations at low tide, meaning that sediments are advected from and back to the estuary. During neap tides, this fluctuation disappears.

The distribution in the Mar de Palha represents a strong longitudinal gradient at spring tides, of which the magnitude depends on the tidal phase. At high tide values vary between about 0.04 kg/m3 in Cacilhas at the entrance of the inlet channel, to about 0.09 kg/m3 at Santa Apolónia. At low tide, as the turbidity maximum moved downstream, maximum values are attained, being  0.14 kg/m3 at Cacilhas and 0.25 kg/m3 at Santa Apolónia. Variations in the inlet channel follow the same pattern, at low tide concentrations are about 0.14 kg/m3 at Cacilhas to 0.06 kg/m3 at the mouth, at high tide these differences disappear, the whole inlet channel being longitudinally homogeneous with concentrations of about 0.4 kg/m3. At neap tide, the gradient both in the Mar de Palha and in the inlet channel is much smoother, from 0.06 kg/m3 at Santa Apolónia to 0.04 kg/m3 at the mouth at low tide, and , from 0.04 kg/m3 at Santa Apolónia to 0.02 kg/m3 at the mouth at high tide.

Lateral variations are much smaller than longitudinal variations. At spring tide, concentrations are generally higher near the tidal flats. Maximal concentrations occur along the right banks during ebb and along the left banks during flood. At neap tide highest concentrations occur along the deepest, central part. 

7.3   Fine sediment dynamics in the Tagus estuary
Time series of suspended sediment concentrations, erosion and deposition rates at the sites depicted in the figure below, will be discussed somewhat more in detail, in order to isolate and estimate the relative importance of the various mechanisms of fine sediment transport in the Tagus estuary.

[image: image1.wmf]0.00E+00

2.00E+08

4.00E+08

6.00E+08

8.00E+08

1.00E+09

 



















































































































    Vila Franca





















     de Xira

































             








      























   Alverca












    
























































Povóa

               Ponta da







             







 de Sta Iria



    Erva











   






      Sacavém






                                                                      









  Moscavide



  Moscavide












       Cabo Ruivo




















   Poço do Bispo




















  Sta. Apolónia




      Alcochete















LISBOA











      






   Samouco

      Cascais   Estoril        




      Cais de Sodré









    S. Julião                           Belém








  Montijo





        


     S. Julião


















       Trafaria  Cacilhas















      



      Barreiro








       Costa da















 Caparica




     Seixal



































































































Figure 17.  Map of the grid used (inter-tidal are in grey), with locations of the time series described in this section.

7.3.1 Upper estuary

The movement of fine suspended matter in the upper estuary is entirely conditioned by the erosion of the tidal flats. These act as a source for sediments during high tidal amplitudes, exporting a large fraction of the eroded sediments to the turbidity maximum, and as a sink for sediments at low tidal amplitudes.


Description of the sedimentary behaviour of the different zones considered, refers to the figures below, and is based on the response of the sediments to the bottom flow field. 

· Tidal flats

Erosion of the tidal flats is massive during high tidal amplitudes, reaching maximum values of 2 kg of fine sediments eroded per square meter during the 2-hour periods of erosion. It is during this period that maximum suspended sediment concentrations are encountered. Erosion occurs principally under action of the flood currents, which, at spring tide, are about twice as strong as the following ebb currents. As can be seen from the figures below, a peak of erosion is always followed by a deposition peak, the latter lasting only about 1 hour at slack water during spring tides. Since deposition cannot balance erosion at high tidal amplitudes, a large fraction of the eroded sediments will be entrained (mostly) upstream and will enter the turbidity maximum. 

At neap tides, the situation is reversed. Maximum bottom currents over the flats generally remain below 0.1 m/s and consequently, bottom shear stresses stay below the critical shear stress for erosion. Fine sediments, imported from the deeper parts of the estuary when the tidal flats are flooded, will be deposited on them. 

Since the tidal flats constitute the major fraction of cohesive sediments available in the estuary, the fortnightly and semi-diurnal erosion – deposition cycle of them will be the principal mechanism contolling the suspended sediment fluctuation and distribution in the estuary. 
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       Figure 18.  Tidal flats : Suspended sediment concentrations, erosion and deposition over a tidal cycle 

· Vicinity of the tidal flats

The site discussed here is situated near Cabo Ruivo, at the southern tip of the tidal flat south of the Mouchão de Povóa. Local depth is 3 m. Although situated below the refence water level, it exhibits a similar fortnightly fluctuation as the one over the tidal flats : erosion dominates at high tidal amplitudes, deposition at low tidal amplitudes. Concentration peaks appear shortly before high and low tide, when levels sharply decrease due to deposition. At spring tide, the higher peak before ebb tide is due to the combined effect of local erosion and advection from the flats upstream. The peak before high tide is solely due to erosion. At neap tides, advection of fine sediments to this area follows a regular pattern, with peak values of equal magnitude prior to current slacks, when deposition about halves concentration. Little erosion still occurs by the higher flood currents, resulting in the higher concentration peak just before high tide, but deposition by far dominates.
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Figure 19. Cala das Barcas - Cala do Norte confluence :

 Suspended sediment concentrations, erosion and deposition over a tidal cycle

· Estuary head
As mentioned before, upstream the turbidity maximum and within the limit of saline intrusion, suspended sediment concentration fluctuates in phase with the tidal phase. High concentrations appear when sediments are imported by the incoming tide, concentration levels decrease when the sediments are advected back downstream during ebb. Except for slack water deposits, no cohesive sediments are available on the bed (see also section 2.3). Concentration differences between high and low tide are reflected in the magnitudes of the deposition peaks (and hence of the equally sized erosion peaks), since settling velocity (hence deposition) depends on the concentration. These differences are large during high tidal amplitudes, and negligible during low tidal amplitudes. 
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Figure 20. Estuary head: Suspended sediment concentrations, erosion and deposition over a tidal cycle
7.3.2 Middle and lower estuary

· Mar de Palha and inlet channel

Fluctuations in suspended sediment concentration exhibits the same pattern as the one upstream the turbidity maximum, now however 180º out of phase with the tide, since sediments are imported from the region upstream. The fluctuation is entirely due to advection, exhibiting a slower rise and a faster fall, corresponding to the longer ebb than flood period. Maximum concentrations occur at low tide and minimum values at high tide, slightly disturbed by the phenomena of slack water deposition and the following resuspension. At neap tide the fluctuation is minimal. Concentration levels decrease rapidly downstream.
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Figure 21. Mar de Palha and central inlet channel :

 Suspended sediment concentrations, erosion and deposition over a tidal cycle

· Mouth

At the mouth, defined as the section S. Julião – Bugio – Trafaria, the fluctuation in sediment concentration is conditioned by the advection of fine sediments, both upstream from the inlet channel as downstream from the deposition area, located at the submarine hill (top about 12 m deep) at the end of the inlet channel (about 25 m deep in this area). At spring tide, suspended sediment concentrations are of about the same magnitude at both sides of the mouth, hence both flood and ebb currents advect sediments to the mouth and the fluctuation is minimal. Superposed on this semi-diurnal cycle is the gradual rising of concentration levels, due to the residual transport from within the inner estuary. At neap tide, concentrations downstream are much lower and the only significant advection of sediments is from upstream. The fluctuation is thus similar to the one described for the middle estuary at spring tide.

At the submarine hill, off Cape S. Julião, peak concentrations during spring tides appear at low tide, due to erosion, as maximum bottom currents are present at low tide. At neap tides currents are too low for erosion to occur, and maximum concentrations, advected from the estuary, appear at low tide, followed by an intensification of deposition and consequently a rapid fall of concentrations. This region thus exhibits the same characteristics as the tidal flats, erosion during high tidal amplitudes, deposition during low tidal amplitudes. Fine sediments are thus temporarily deposited here during lower tidal amplitudes, and washed away by the following spring tides.   
[image: image14.emf]0
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Figure 22.  Estuary mouth: Suspended sediment concentrations, erosion and deposition over a tidal cycle

7.4  Global budgets 
The importance of the fortnightly erosion-sedimentation cycle in the Tagus estuary on the estuarine sediment budget can clearly be seen from figure 23. Total mass of suspended matter varies between         1.5 ( 105 tons during neap tides and 9.5 ( 105 tons during spring tides. 
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Figure 23. Fortnightly fluctuation in total mass in suspension.
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Superimposed on this spring-neap tide cycle is a semi-diurnal cycle, with a magnitude of about 0.4 ( 105 tons nearly negligible during neap tides, but attaining magnitudes comparable to those of the fortnightly cycle during high tidal amplitudes (up to 4.0 ( 105 tons), see figure 24. 

Figure 24. Comparison between total mass in suspension during neap (left) and during spring tides (right).



     The darker green represents the magnitude of the semi-diurnal superimposed fluctuation.

Considering the suspended matter discharge by the Tagus river under normal conditions, of about 3.5(105 tons per year (Vale and Sundby, 1987), the amount being eroded and redeposited over a fortnightly cycle corresponds to more than a full two years’ river input of suspended matter, and to a yearly riverine input over a semi-diurnal cycle during high tidal amplitudes

Higher overall concentrations occur systematically around high tide (figure 25), in contrast to the conclusions made by Vale and Sundby (1987) and Castanheiro (1985). There is, however, a certain logic in that higher total levels of suspended matter occur around high tide. Bottom shear is a quadratic function of bottom velocities, the stronger flood currents will thus erode a larger fraction than ebb currents, implying higher overall concentrations just before high water slack. Secondly, in the surveys, measurements were restrained to the deeper channels ( > 5 m), due to the ship size, thereby excluding the tidal flat areas, which are the sites where highest concentrations occur at high tide. In the deeper areas however (e.g where the measurements were performed), sediments are imported from the tidal flats by the ebb currents, and these sites will reach maximum values at low water.
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Figure 24.  Semi-diurnal fluctuation of total mass in suspension. For a comparison at the same scales, the

      reader is referred to the first page of ‘Figures’. 

7.5  Concluding Remarks
As the calculations above have shown, the Tagus estuary is characterised by considerable fortnightly and spring tide semi-diurnal fluctuations in turbidity, caused by the cyclic variation in strength of bottom currents, which determine the erosion - deposition cycle of the low energy zones. These low energy zones, where deposition typically dominates, are situated in the upper estuary, consisting of the large intertidal flats and adjacent shallow (say depth less than 3 m) areas, and at the submarine hill located at the downstream end of the inlet channel. In the upper estuary, a large fraction of the fine sediments eroded in these areas are advected towards the inner estuary, intensifying the turbidity maximum, to be gradually redeposited onto these areas during the subsequent lower tidal amplitudes. Up - and downstream the turbidity maximum, suspended sediment concentrations depend on the advective potential (determined mainly by the current strength, the settling velocity of the particles and flocs, and the distance from the higher concentration zone) and will hence fluctuate in phase (downstream area) or in anti-phase (upstream area) with the tide. At the end of the inlet channel, the sediments from the inner estuary, deposited during low tidal amplitudes, will be gradually washed away to be exported permanently from the estuary during high tidal amplitudes.      
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� The locations refered to can be found on the map in the next section.
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