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An attempt is made to gain some insight into the complex processes of the estuarine and
bay circulation and sediment transport and deposition responsible for the formation and
maintenance of the Aguada bar - a navigational hazard near the mouth of the Mandovi estuary.
A schematic pattern of water circulation in the bay and the estuary entrance is arrived at
through studies on the float trajectories and the sediment distribution in and around the bar.
It is suggested that the higher wave  activity and the large volume’ of sed,@ent  laden river dis-
charge during the south-west monsoon result in truncation of the bar followed by a general
shallowing of the surrounding region. The flow pattern for the fair weather season suggests a
gradual building up of the bar through 2 circular cells of water movement in the bay near the
mouth of the estuary. The interaction of refracted and diffracted waves with the flood  and ebb
currents, over the shoals, is also discussed.

T HE Aguada Bay ahd the Mandovi  estuary
sustain a heavy barge traffic carrying iron
and manganese ores to the adjacent port of

Mormugao apart from the mechanised  fishing boats
operating from a base at Panaji and the coastal
passenger ships sailing between Panaji and Bombay.
However, this waterway has to be closed down during
the southwest monsoon months as navigation is
rendered hazardous by the shoals/bars (popularly
known as Aguada and Reis Magos bars) near the
entrance of Mandovi estuary. These shoals are
known to have been present  here over  several
centuries. Manuel Godinho de Eredias’s. map1  of
1610 shows these as a single patch of shoal near the
entrance of  Mandovi estuary. Ballard 2  writes
“Noronha crossed the bar at high tide with three

light galleys sounding and buoying the channel as
he went, until he arrived at the deep waters of the
lower roadstead under fort Panjim”.

Looking at the present conditions prevailing in
the Bay and in the light of the above, it would appear
that, so far as these shoals and the navigational chan-
nel are concerned, not much has changed over a few
centuries. That the shoals/bars have neither grown
significantly in size nor have they disappeared com-
pletely suggest that a kind of balance exists between
the supply and deplet ion of sediment which
maintain the shoals/bars controlled by the inter-
action of tides, waves, river runoff, etc., which
determine the circulation pattern in the bay and
in the mouth of the estuary: Further, it is only
during monsoon that this region poses navigational
problems while during the fair weather season the
navigational channel remains relatively deep and
well marked. It is, therefore, of interest to under-

stand the mechanism of sediment transport in this
region for solving the economically important prob-
lems of navigation posed mainly by the Aguada bar.

M e t h o d s
In the present study an attempt has been made

to understand the nature of circulation in the bay and

in the estuary entrance which determines the move-
ment pattern of sediment i-n and around the bar.
Surface circulation during premonsoon months was
studied by releasing surface drifters during different
tidal stages which were tracked and their positions
determined by sextants. Navigational difficulties
ruled out the possibility of conducting  any such
experiment during monsoon. Bottom samples were
collected for size analysis to understand the distri-
bution pattern of sediments. Movement of sand
grains in and around the bar was-also studied using
dyed tracer sands.

Regional Setting
The Aguada Bay (parts of which are known as

Caranzalem Bay and Sinquerim Bay) in which the
Aguada bar is located, is formed by 2 promontories
of Cabo Raj and Aguada headland (Figs. 1 and 2)
composed of Precambrian sandstones and ferru-
ginous quartzites which have been intensively late-
ritized. An interesting feature of rocks of the head-
lands is  the extensive development of tafoni
accompanied by the occurrence of alveolar or
honeycomb structure on the crust of the rocks.
These weathering features develop as a result of
prolonged exposure to sea sprays. The bay side
beaches (terminology after King”) of Mira  Mar and
Caranzalem are situated on the left bank of the
Mandovi, while on the right bank the beaches are
either poorly developed or totally absent.

The navigational channel in the Mandovi estuary
is located close to the left bank and is flanked by
two shoals -the Aguada bar and the Reis Magos
bar. Of these, the Aguada bar is more prominently
developed and projects seaward from Gaspar Dias
(Mira Mar; Fig. 1). At the time of sediment
sampling the maximum width of the exposed parts
of the bar was 20 m at the proximal end and lo-12  m
at  the dis tal  end.  These exposed parts  showed
well developed asymmetric ripples on areas of coarse
sediments and poorly developed ones where fine
sediments prevailed,  as  a t  the  seaward  end .  A
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from north to south up to the rock outcrop. Beach
sediments near the proximal end of the bar are
coarser and poorly sorted. An interesting feature
is the decrease in mean grain size (4 values increase)
and the corresponding decrease in sorting (standard
deviation values) of the sediments from north to
south on the Caranzalem beach (southern side ot
the rock outcrop). However, the sediments at the
lower foreshore, al though in f ine sand grade,
indicate moderately well to moderately sorted nature.
The general decrease in mean grain size and improve-
ment in sorti@  of the sediments are not in
conformity with the prevailing littoral drift from
south to north on the southern side of the rock out-
crop. This apparent anomaly in the sand size dis-
tribution and the littoral drift could be understood
in the light of the energy regimes of the 2 beaches
of Mira Mar and Caranzalem. As has been men-
tioned earlier, Caranzalem beach is a low energy
environ where breaker heights are much lower, the
beach slope more gentle and the sand fractions fiuer
as compared to those of Mira Mar which is, com-
paratively, a high energy regime. Hence, the fine
sand fractions carried towards Mira Mar by the
northerly littoral drift canuot settle there due to
high wave activity and are likely to be carried further
seaward while a part of it is returned to the Caran-
zalem side by the gyral circulation. The occurrence
of fine sand size material on the northern side of the
rock outcrop which, in fact, forms the southeru  end
of the Mira Mar beach, may be due to: (i)  the
sheltering effect of the rock outcrop itself, which
creates a calm zone, and (ii) a part of the fine size
material in its northerly drift might bypass the rock
outcrop and get deposited on the northern side.
The coarse grained,  moderately to poorly sorted
sediments of the Mira Mar beach reflect the resul-
tant of the interplay of the complex oceanographic
and fluvial  processes  that  are  operat ive in  the
immediate offshore region. The mean grain size
values of the sediments of the bar vary between
O-48  (coarse sand) and 2.50  4 (fine sand). The values,
though spread out over a wide range, indicate a
well defiued pattern. Medium sand class and mode-
rately sorted sediments are confined to the north-
eastern part of the bar. On the distal end of it
(south-western part), the sediments are in fine sand
grade ,and are well sorted. Thus, on the bar, the
mean grain size decreases (4 values increase) and
sorting improves in the seaward direction. Fur-
ther  on the f lanks of  the bar  a  dist inct  change
in mean grain size is recorded. These sediments
are in coarse sand grade and are moderately to
poorly sorted. The mean grain size values of the
sediments carpeting the shallow region on the
southern side of the bar decrease, being in fine sand
grade and moderately well sorted class.

The distribution of mean grain size and standard
deviation values of the sediments reflect the different
sedimentary processes operating in the area of study.
The decrease in mean grain size and improvement
in sorting from NE to SW direction on the bar pro-
bably result from differential transport.  coarser

and moderately sorted sediments at the proximal
end indicate, partly, the wave attack, which will

winnow away the fine size material, leaving behind
the coarse size sediment. This is supported by the
C-M pattern (Fig. 8) obtained, wherein the sediments
from the bar are mostly under traction. Flow
pattern due to ebb and flood, just after the slack
periods, also plays a dominant role in sorting the
sediments.  Concentration of coarse grain size
material on the southern flank of the bar may be
due to the churn@  actiou  of the waves during the
ebbflow  which in turn dislodges the fine material
and furthers the transport of grains. It may be
mentioned that these samples were collected at the
low-water time when the bar was exposed and hence
the discussions  pertain to the net result of the ebb
that had preceded. A part of the tine size material
present in the shallow region to the southern side
of the bar may have been derived through this process
(Nos. 13, 14, Fig. 8), thereby decreasing the mean
grain size and improving sorting.
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Tracer Studies
Dyed sand [Rhodamine-B (red)] was injected to

ascertain the sediment mo\,ement  pattern over the
bar. Samples collected, after drying, were sub-
sampled into convenient units an1 counted for,
f luorescent grains under  UV lignt.  The tracer
pattern over the bar showed that after 1 hr no signi-
ficant transport took place. Appreciable displace-
ment in a net onshore direction (marked X in
Fig. 2) accompanied by burial of these .dyed  sands
to dep hs of 20 to 30 cm was observed after 24 hr.

Fine sediments found at the seaward tip of the
bar is probably the fine material resuspended from
the proximal end of the bar and transported under
the action of the anticlockwise drift towards the
distal end: The sand movement thus shows  general
correspondence to the float trajectories. Sediment
movement pattern obtained in the present investi-
gation is unlikely to be valid during the monsoon
when conditions undergo drastic changes.

Source of Material
Sediments in the Aguada Bay and those consti-

tuting the bar may have been derived from three
possible sources:

( i )  Erost’ola  of hmdkzds:  T h e  C a b o  R a j  a n d
Aguada headlands, under the influence of concen-
tration of Wave energy, generate large amounts of
coarse sediments.  The products of  erosion are
transported into relatively sheltered parts of the bay
and are deposited. That no material accumulates at
the bases of these headlands is obvious from the fact
that no beaches are found at these bases. The
angularity and the brown iron oxide coated nature
of the quartz grains which constitute the bulk of
the sediment of the bar point to their derivation
from the heavily lateritized rocks of the headlands.

(ii) O$shore  sources:  It is recognized of late that
under the influence of Holocene rise of sea leve113J4
shoaling has resulted in most estuaries because of
the t ransport  of  offshore sediments  under  the
influence of a transgressing sea. Pilkey and Field15
provide evidence of the transport of the continental
sheIf  sediments  onto the  adjacent  beaches  and
Bumpus16  has shown, with the use of bottom drifters,
a net landward  transport of water from the conti-
nental shelf. Evidence of a similar transport of
offshore bottom water into the estuaries of Mandovi
and Zuari has been aclducedl’. That the western
continental shelf has a sequence of sediments arising
as a consequence of trangressive sea has been pointed
o u t  b y  Nairis. It  is ,  therefore,  reasonable to
assume that substantial quantities of sediment may
have been contributed to this estuary under condi-
tions of rising sea level.

(iii) I&and  sources: The study of heavy minerals
from the beaches of Mira Mar and Caranzalemlg
yields evidence of contribution of sediments from
inland sources.  Kidwai  repor ts  the  presence of
kyanite, sillimanite and certain varieties of amphi-
boles which could only have been derived from
source rocks which occur inland. It is thus obvious
that multiple sources are responsible for the Origina-
tion of these sediments. The relative proportions of
these various types of sediments are difficult to

16

evaluate and i t  is ,  therefore,  not  possible to
at tr ibute the sediments  of  the bar  to any single
source.

Morphological Classijkation  of Shoals
Accumulation forms such as spits, bars, shoals

and barrier  beaches are generally the result  of
constructive wave. action4pZ0. In the terminology
of ZenkovichzO  these accumulation forms pass
through a developmental cycle related to changes
,in conditions on the adjacent sector of the coast
which feeds them and to the profile of equilibrium
of the sea bed. Furthermore, most accumulation
forms are mobile when there is no net balance be-
tween the supply and the erosion of the sediment.
It would, therefore, be reasonable to say that the
Aguada bar is a quasi-stable accumulation form
which undergoes cyclic changes between the monsoon
and the fair weather seasons but remains essentiaIIy
stable from one year to the next.

Effects of Waves and Tides
The Aguada bay is  open to swells  from the

prevailing southwest, west and northwest directions.
The bay-side beaches (Mira Mar and Caranzalem)
are generally in alignment with the wave crests
approaching from the above directions. Shallow
water waves transporting sediments, in part from
headlands erosion and in part from offshore sources,
would tend to deposit their loads near the point of
change in alignment of the beach as well as near
the constriction in the mouth of the estuary. As
mentioned earlier, the Holocene rise in sea level
has brought about rapid shoaling in estuaries and
the most effective agent of sediment transport, under
these circumstances, is the waves. That the waves
are responsible for the formation of these bars gains
additional support when one takes into account the
formation of the bar at Reis  Magos  (Fig. 1). Each
bar corresponds to one or two Nave directions the
Aguda bar being mainly a result of west or north-
westerly waves and the Reis Magor bar of the south-
westerly waves. The net result of the waves coming
from these 2 directions would be to block the mouth
of the estuary which, however, does not happen as
the flood and ebb velocities maintain the channel
between the 2 shoals.

An additional process contributing to the forma-
tion of the bar may be the deposition caused by the
abrupt reduction in th.e  velocity (competency of the
flow) of the ebbing waters oi  the estuary as they
enter the bay (Fig. 1, constriction near the head of
the bay). This process is likely to operate better
during the monsoon when higher discharges and
attendent sediment loads prevail. However, counter-
act ing this  process  during the monsoon,  is  the
intensification ot  wave activity (steep short period
waves become prominent) which results in a net
removal of material from the beac!?es  (Fig. 4, July}
and also from the bar.  Beac!r stabil i ty studies
carried out at  Calangute*l,  for example, show
extensive loss of beach material during the monsoon
and build up during the fair weather season. An
indirect indication that these conditions prevail in
the Aguada Bay is the fact that during the monsoon
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peri& the bar is never exposed at lowest tides
because of the deepening of the water over the
bar through the removal of material by waves.

Circulation and Associated Sediment Transport
During high tide, the flow around the dguada

bar forms a separate loop with the flood water and
the wave surge rounding the shoal and joining the
navigational channel at the base (proximal end) ot
the bar (Fig. 6). This may be the reason for the
formation of a runnel like feature at the base of the
bar where the isobaths curve inwards. It would
also mean that during this stage there would be a
net  sediment transport  to the channel  from the
southern side of the bar. During the low tides,
however, when the bar is either exposed or partially
exposed at the base, the sediments would not be
able to cross over the base to the channel and hence
give rise to partial accumulation on the southern
side.

The northern edge of the bar (along the channel)
is always subjected to tractional forces of a linear
flow (either upstream with the flood or downstream
with the ebb). No accumulation is therefore possible
here. This is evidenced by the fact that  the gradient
is very steep on this side and only coarser sediments
prevail. However, the flow of sediment across the
bar towards the channel  due to the circulat ion
pattel-n  c’escribed above and the contirmous  churning
of the sediments over the bar caused by the diamond
shaped wave crests surging over the bar make good
the loss of material on th.e  channel side of the bar.
The deep ebb-flood channel thus maintains an equi-
librium through this balance of removal and
supply of sediments.

During the monsoon this part icular pattern ot
water movement and sediment transport would not
prevail  as the wave act ivi ty over the bar then
increases significantly. It would then be expected
that increased wave disturbed sediment would
truncate the bar considerably and there would be
a net loss ot  sediment from the bar to the channel,
the latter shallowing up progressively. To this we
may now add considerable amount of sediment load
carried by the monsoonal discharge of the Mandovi
river. The sudden widening of the estuary near
the bar would then slacken the ebb and tend to
deposit a part of the suspended sediment here. This
process is altogether absent during the fair weather
season as the river then carries negligible amount
of suspended sediment. During the latter period
then, through the cycles of ebb and flood there
is a progressive loss of material (fine sediment) from
the edges of the bar as from its surface and from

the navigational channel. Thus, as the monsoon
recedes, the Aguada bar gradually regains i ts
original shape and size of the fair weather months.
This cycle is maintained in essence from year to
year .  One thus concludes that  monsoon is  the
period when removal of material is the prevailing
feature and that the compensating supply comes
during the fair weather season when long period
and low spells  Push the sediments back into the
estuary.  Moreover,  the gyral  circulations in the
Caranzalem and Sinquerim bays are of importance
in keeping the bar nourished.
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