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a b s t r a c t

Guanabara Bay was characterized through benthic foraminiferal assemblages and its correlations with
changes resulted from physical processes in semidiurnal and seasonal time scales. Biological and
physical sampling were made in 26 oceanographic stations distributed in the bay and four anchored
stations sampled during the semidiurnal tidal cycle and in the neap and spring tidal phases; the
experiments were performed in July (2000) and February (2001). The top 1–2cm of undisturbed
sediments were taken, stained and preserved in alcohol solution for biological analysis. Physical
properties were sampled with a CTD/Current temperature depth (Falmouth model 2AD) and vertical
profiles of salinity, temperature, intensity and current velocity were measured in the water column
in the anchored stations. The distribution of foraminifera presented a similar biodiversity pattern,
both in winter and summer seasons. The low diversity and high dominance of a few opportunistic-
tolerant species demonstrate that GB is highly impacted. During winter and summer, the bay entrance
presented high bottom salinities (35,0 to 35,5UPS), higher currents in spring tide (0,85 to –0,81 ms−1,
during ebbing and flooding, respectively), being classified as a partially mixed (type 2a) system, with
S=0,99 and S=0,86, an indication that the tidal diffusion was the main process responsible for the
inward salt transport. Foraminiferal species that can be correlated to this more dynamic and saltier
environment are Cassidulina subglobosa, Discorbis williamsoni, Pseudononion atlanticum. The water mass
close to the Governador Island is a chocked part of the system where velocities are lower (0,2 to -
0,2 ms−1, maximum speeds of flooding and ebbing, respectively) indicating weak tidal influence. The
residual circulation, driven by the river discharge and density stratification, indicates lower velocities
(-0,04 to 0,03 m s−1). East of the Governador Island, the environmental conditions during the spring
tide of the summer favors the transport of anthropogenic substances towards the coast. Stations located
in the inner parts of the bay presented similar characteristics, related to low water renovation state,
revealing high anthropic impact in the region. Foraminiferal species linked to these low renewable
water environments and dynamics are Ammonia tepida, Buliminella elegantissima, Bolivina striatula,
Bulimmina elongata, Fursenkoina pontoni.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Guanabara Bay (GB) is located in the State of Rio de Janeiro
between 22◦ 70′

−23◦ 05′S, and 43◦ 05′
−43◦ 30′W (Fig. 1). The

Bay has an area of 384 km2 and a perimeter of 131 km and is
considered one of the largest coastal Bay of Brazil (Kjerfve et al.,
1997).

This environment of transition between Mainland and the sea,
originated by drowning in a Pleistocene marine-river basin is

∗ Corresponding author.
E-mail addresses: patriciaeichler@gmail.com (P.P.B. Eichler),

miranda@io.usp.br (L.B. de Miranda).

surrounded by massifs and coastal escarpment of the Serra do
Mar (Serra dos Órgãos) isolated hills, or grouped in small clusters.

The surroundings of GB are densely urbanized with a popu-
lation of around 7.3 million people adding organic and inorganic
pollutants into the bay waters. Simultaneously, the Bay receives
a great deal of industrial and municipal waste, mostly without
prior treatment. The dumping of domestic sewage of the city of
Rio de Janeiro takes place mainly in the waters of the River S. J.
de Meriti located to the West of Governador Island.

There are 45 rivers, which flow into GB and act as runoff
drainage channels Kjerfve et al. (1997). These rivers include the
Iguaçu and Estrela Rivers (the Northwest region of the Bay),
close to the REDUC (Refinaria Duque de Caixias), the Guapimirim
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Fig. 1. Location of the study region.

Environmental Preservation Area (APA), and the Guaraí, Macacu
and Guaxindiba Rivers.

The deepest locations of the Bay are found in the navigation
channel, representing approximately 18% of the total area, ac-
cording to Kjerfve et al. (1997). The average depth of GB is of 7.6
m and 3 m in the bottom of the Bay, 8.3 m in the region between
Governor’s Island and Gragoatá and 16.9 m in the external portion
of the Bay (Amador, 1997, 2012, 2013).

The circulation and distribution of the salinity of the water
masses of the Bay are determined primarily by movements of
the tides, the wind and the river discharges. The highest salinities
occur at the entrance to the Bay, and less saline waters occur near
the mouths of rivers and mangroves in the northern portion of
the Bay, reaching values of salinity less than 8. In the middle and
southern portion of the Bay salinity fluctuates between 30 and
34.

The climate type is tropical, hot and humid, with local varia-
tions, due to differences in elevation, vegetation and the prox-
imity of the ocean; average temperatures vary between 22 ◦C
and 26 ◦C (Amador, 1997), and the average annual temperature is
22 ◦C, with average daily high in summer (30◦ to 32◦). The rains
range from 1200 to 1800 mm annually. In the four months of so-
called high summer (December to March) the hot days are always
followed by rapid flurries of heavy rain.

The first survey of the benthic fauna of the GB was directed by
Oliveira (1950), and the same author related the pollution on the
benthos (Oliveira, 1958). The accentuated production of organic
sludge is related to eutrophication of the Bay, due to organic
pollution produced by sewage and garbage, since approximately
75% of the population who live in the metropolitan area of Rio de
Janeiro used to launch its domestic effluents directly into the Bay

without any pre-treatment (Amador, 1997). Nowadays, an aver-
age of 50.4% (SD = 17.9%) of the urban households are connected
with sewage treatment system in the municipalities within the
basin (Fistarol et al., 2015). Issues such as the use of coastal
waters as places of issuance of domestic sewage, industrial waste,
oils and improper landfill leaks are responsible by the current
critical state of GB ecosystem. The anthropogenic influence is
responsible for the degradation of the mangroves, the low quality
of the water, and by undue increase in eutrophication of this
environment, causing damage to the fauna and marine flora. Such
damages, often irreversible, act strongly in the ecological chain
of the region, destroying the ecological balance. Along with the
breakdown of the ecological chain, the population suffers from
decrease of water quality and the quantity and quality of fish
and seafood available. The GB has a diverse ecosystem com-
plex including the Atlantic forest, wetlands, grassland wetlands,
mangroves, swamps, lagoons, dunes, Islands, sandbanks, rivers,
estuaries and rocky shores, all inter-related. By far, some were
destroyed with the human occupation of the mangroves, which
contribute to increased siltation in the Bay (Araújo and e Maciel,
1979).

In an attempt to assess the ecological features of the GB, the
present study summarizes the physical properties of water fea-
tures revealing the active circulation pattern and the influence in
the establishment of species of foraminifera. Benthic foraminifera
have traditionally been used in stratigraphy as paleoecology indi-
cators. However, since the 1950’s, the application has expanded
in order to investigate various current environmental factors, rel-
evant to sanitary engineering issues such as dumping of domestic
and industrial effluents.
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Fig. 2. Location of oceanographic stations: fixed (F1, F2, F3, F4) and sediment
collection (1 to 25).

2. Objectives

For general assessment of ecological characteristics of water
bodies of this transitional environment, we present in this paper
a set of observational data of hydrographic properties and circu-
lation and their influence in the establishment of different species
of foraminifera, with the following objectives:
□ Characterize the GB through associations of B. foraminifera
and correlate them to changes generated by physical processes
in time scales of tide (semidiurnal and biweekly) and seasons
(winter and summer),
□ Compare the community structures of foraminifera found in
summer and in winter through distribution maps,
□ Observe the response of foraminifera associations related to
physical gradients established in function of salinity, temperature
and currents,
□ Determine the degree of anthropic stress occurring in the re-
gion, assessing the ecological health of the environment, through
the circulation pattern, and the renewal rate and influence in the
distribution of foraminifera.

3. Material and methods

The experiments were carried out from the 6th to the 17th
of July 2000 (winter) and from the 1st to 15th of February
2001 (summer); the experiments were made in neap and spring
tides in the winter and in the summer times. Sediment sam-
plings were carried out for the analyses of species of foraminifera
and hydrographic (salinity and temperature), and current (speed
and direction of currents) data were recorded. The geographic
location of the stations (Fig. 2) was obtained with GPS.

The punctual collection of biological samples began at the
entrance of the bay, followed by the collection in the middle parts

and finally at the bottom of the bay. Such sampling methodology
aims to highlight the differences in the region’s oceanographic
parameters and to evaluate the gradient established by tidal
penetration.

Thermohaline properties

As the bay is forced by semi-diurnal tide, the collection of the
hydrographic (salinity and temperature) and current (intensity
and direction of currents) data consisted of 4 fixed stations (F1,
F2, F3 and F4) (Fig. 2) with hourly measurements, during the
semidiurnal cycle of tide (13 h), in the water column at 1 m
intervals, from the surface to about 1 m from the bottom. These
stations were sampled in four consecutive days near the neap
tides in the winter and spring tides and neap tides in the summer.

To obtain these parameters, a CTD (Conductivity Temperature
Depth) was used, with direction and current intensity sensors.
The values of the atmospheric pressure density, (S, T), were
calculated as a function of temperature (T) and salinity (S), in
units of the international System of Units (SI), and their values
are presented in Sigma-T units [Sigma-t = (S, T)-103].

To measure salinity in shallow areas of the bay, with a large
amount of sediment in suspension, a portable optical refractome-
ter of the ATAGO brand was used and the temperature was
measured with an Ingold brand thermal electrode coupled to the
portable analyzer of Eydan, Model pH91.

The velocity vectors generated by the current meter measure-
ments were decomposed, taking into account the local magnetic
declination, in components according to the orthogonal Cartesian
plane reference Oxy. The OY axis was longitudinally oriented to
the main channel (with positive direction to the North) and the
OX axis was positively oriented from East to West. The corre-
sponding velocity components were denoted by V (longitudinal)
and U (transverse), respectively. Due to the intense maritime
traffic, these stations were shifted to the eastern part of the nav-
igation channel. For the decomposition of fixed station speeds F2
and F4 located to the east of the Governador and Paquetá (Fig. 2)
islands. A clockwise rotation of the OY axis of 45◦ and 25◦, re-
spectively was performed to obtain the predominant longitudinal
movement (v) in this region.

Biological parameters

Biological material was collected for foraminifera analysis at
fixed and punctual collection stations distributed in the bay.
Salinity and temperature hydrographic data were measured at
the time of sampling both on the surface and bottom.

The foraminifera analysis consisted of 22 punctual surface
sediment samples distributed along the GB and 4 samples at the
fixed hydrographic stations, totaling 26 samples. The material for
analysis was collected with Petersen-type background catcher in
winter and summer, at the same points.

From the collected sediment, only the upper layer (first cen-
timeters) was removed and placed in bottles with Bengal Rose
solution (1g/1000 ml of alcohol) for microfauna analysis. The
function of the solution is to stain the protoplasm of organisms
that are alive at the time of collection and to prevent bacterial
attack.

For each sample, a 50 cm3 aliquot of sediment was taken,
separated into 0.500 and 0.062 mm sieves, washed to remove
silt and clay, and oven dried at 60 * C. The fractions were then
floated in carbon tetrachloride (CCl4). The foraminiferal tests
being lighter than CCl4 floated to the surface and the heaviest
fractions deposited at the bottom. The foraminiferal tests were
then separated from CCl4 by decantation on filter paper.
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After separation, the samples were sliced and screened, and
the foraminifera species were transferred with a brush to spe-
cial black-bottomed slides (Fig. 2) for later identification. Species
were determined using Zeiss Stemi SV11 binocular microscope.

The identification of foraminifera was based mainly on Cush-
man (1950), Loeblich and Tappan (1964, 1988), and Boltovskoy
et al. (1980). Also consulted were works by Zaninetti et al. (1977),
Brönnimann (1979), and specific taxonomic works for the iden-
tification of certain species of Elphidium sp. (Buzas et al., 1985),
and foraminifera of the family Trochamminidae (Brönnimann and
Zaninetti, 1984; Brönnimann and Whittaker, 1988).

From the identification of foraminifera species found in the
bay region, the individuals were summed and the absolute fre-
quency of individuals per sampled season was obtained. From
the absolute frequency, the relative frequency of the species was
calculated. Based on these data, contour maps were generated
that facilitate the observation, discussion and interpretation of
the data. The contour maps were made in the Surfer program
from the digitization of nautical chart No. 1501. (http://www.gps
nauticalcharts.com/main/br_1501_1-baia-de-guanabara-nautical-
chart.html). Such methodology should be adopted with caution,
as the program calculates the closest values and interpolates the
results. These data should always be interpreted based on the
absolute frequency table

4. Results and discussion

Hydrographic properties, salt circulation and transport

4.1. Winter experiment, neap tide

4.1.1. F1 station (GB entrance)
Time series of vertical profiles of temperature, salinity and

density at station F1, located at the entrance of GB (Fig. 2), in-
dicate almost isothermal water bodies (21 ◦C) with small vertical
salinity stratification (between 34.8 and 35.8). These conditions
caused a weakly stable mass stratification, with Sigma-t varying
from surface to bottom from 24.2 to 25.2.

The hourly variation of the longitudinal component (v) of
velocity presented a quasi-symmetry between the flood and ebb
events, with extremes of −0.70 m s−1 and 0.90 m s−1, respec-
tively; flood extremes occur in subsurface layers and ebb ex-
tremes occur in the superficial layer; the vertical profiles pre-
sented uni and bidirectional movements, predominating unidi-
rectional movements. The transverse movements were of low
intensity, always with east direction, reaching the maximum
intensity of 0.25 m s−1.

The vertical residual velocity profile presents unidirectional
movements (forced by the tidal effect), typical of well mixed
estuaries where the baroclinic effect is practically negligible. The
resulting velocity, mainly generated by river discharge, was of the
order of −0.05 m s−1.

The image of the Stratification and Circulation parameters on
the Stratification–Circulation diagram classify the region around
this Type 2a (partially mixed and weak stratification) station and
the transition to Type 1 (well mixed). ). It indicates that 99% of
the salt transport to the interior of the bay was generated by
the turbulent diffusion process and the advective process was
practically negligible with a contribution of only 1%.

The components of longitudinal salt advective transport, per
unit of transverse width, indicator of import–export of properties,
show that main component was generated by river discharge,
and its intensity was estimated at −50.19 kg m−1s−1. It is an
advective component that transported salt out of the bay during
this tidal cycle. The other components presented marginal values.

4.1.2. Station F2 (South of Governador Island)
Temperature varied from 20.0 ◦C to 24.0 ◦C and the salinity,

with vertical stratification higher than in season F1, between 31.0
and 35.0. The minimum temperature occurrence was observed at
the beginning of the measurements, was associated to the max-
imum of salinity, indicating that these were waters with marine
influence. Sigma-t vertical profiles indicated a stable vertical mass
stratification, increasing from 21 to 25 between the surface and
the bottom.

The temporal variation of the salinity was more pronounced at
the surface (29.0 to 32.5) and near the bottom between 34.5 to
36.5, indicating a greater influence of continental drainage waters
on the surface and the predominance of waters originating from
the shelf near the bottom.

As mentioned in the Methodology, at this fixed station (F2),
the decomposition of velocities was done with an hourly rotation
of the axes of the OXY reference, in the longitudinal direction to
the coastline of the Governador Island. This region has a tapering
shape and to the West it presents a sharp narrowing generating
a suffocated geometry hindering the circulation of water. The
longitudinal component showed influences of the tidal hourly
modulation, with low intensity and practically symmetrical ebb
and flood extremes (0.20 m s−1) on the surface. As expected,
the transverse velocity component (u) was low in intensity and
always lower in modulus at 0.06 m s−1.

The vertical profile of the resulting velocity showed unidirec-
tional movements with small intensity; its extreme value was
close to 0.017 m s−1. The residual velocity is practically zero
(0.005 m s−1), indicating that the influence of the fluvial dis-
charge in this channel is negligible, with the gravitational circula-
tion dominating the advective effect of the circulation generated
by the tide.

The stratification and circulation parameters were calculated
and used to classify this region adjacent to Governador Island.
As shown in the Stratification–Circulation diagram, the image of
these parameters indicates that the region is classified as Type
2b (partially mixed and with high vertical stratification). Based
on the value of the parameter S = 0.96, it follows that 96% of
the salt transport was generated by the turbulent tidal diffusion
process and the advective process accounted for only 4%.

Among the components of the advective transport of salt in
the longitudinal direction, per unit of transverse distance, the
main one was the advective nature generated by the fluvial dis-
charge with intensity of 0.81 kg m−1s−1, with east direction and
its intensity is about of two orders of magnitude smaller than the
one observed in station F1 because it is a suffocated region. Other
components such as transport generated by Stokes drift, tidal
diffusion, baroclinic effect and turbulent diffusion have intensities
smaller than 0.02 kg m−1s−1, with only marginal importance.

4.1.3. Station F3 (east of the Governor’s I.)
Fixed station F3 is located between the Governador and Niteroi

islands (Fig. 2). During the tide cycle analyzed, the temperature
varied from 21.0 ◦C to 24.0 ◦C and the salinity, with small verti-
cal stratification, between 33.0 and 35.0. The density indicated
a stable vertical stratification of the mass field, with Sigma-t
increasing from 23.0 on the surface to 25.0 near the bottom.

The longitudinal component (v) was strongly influenced by
the hourly modulation of the tide, with ebb and flood extremes
equal to −0.20 m s−1 and 0.30 m s−1, respectively, occurring in
surface layers. The transverse velocity component (u) is low in
magnitude less than 0.08 m s−1, with positive values (East) in the
tidal phase, and negative (West) in the ebb tide. Higher values
of this component occurred in intermediate layers, between the
tidal flats.

The temporal variation of the salinity time profiles on the
surface and near the bottom was very small; 33.0 to 34.0 and
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35.0 to 36.0, respectively. In this station, which is aligned with
the station located at the entrance of the GB, one can notice the
influence of high salinity waters of the region of the adjacent
continental shelf.

During the tide cycle, the time series of component (v) velocity
profiles presented a slight asymmetry between ebb and flood
events. In the ebb (v < 0) the current intensity is higher in the
subsurface layer, reaching about −0.20 m s−1. However, flood
extremes occur closer to the surface, with a maximum intensity
of 0.30 m s−1. The vertical profiles presented uni and bidirectional
movements

The resulting salinity profile shows a weak halocline and the
difference between bottom and surface salinity is less than two
units, characterizing the condition of partially mixed and weak
vertical stratification.

The vertical profile of the resulting velocity showed well de-
fined unidirectional movements, forced by the diffusive effect
of the tide and fluvial discharge, and the dynamic effect of the
baroclinic component of the pressure gradient force is negligible.
The maximum effluent intensities are close to −0.06 m s−1. The
residual velocity, which can be approximated to the velocity
generated by the fluvial discharge, was close to −0.017 m s−1.

The stratification and circulation parameters were calculated
and used to quantitatively classify this region with the
Stratification–Circulation diagram. The analysis of this diagram
indicates that the region was classified as Type 2a (partially
mixed and weak vertical stratification), with the key parameter S
= 0.98 indicating that 98% of the salt transport into the bay was
generated by the process of turbulent diffusion, complemented
with only 2% generated by the baroclinic effect.

The components of advective transport of salt in the longitu-
dinal direction, per unit of transverse distance, indicators, in a
first approximation, of characteristics of import–export proper-
ties, presented the following results: these components are an
order of magnitude smaller than those observed in the season
F1. The main one, of advective nature, was generated by the
fluvial discharge and indicated a transport of salt out of the bay
with intensity of −7,7 kg m−1 s−1. As in the previous fixed sta-
tions (F1 and F2) the other parcels of the components presented
only marginal representativeness, and the resulting transport was
dominated by the exportation effect of the river discharge.

4.1.4. Station F4 (East of Paquetá Island)
The fixed station F4 is located between the Island of Paquetá

and the mainland (Fig. 2). During this tide cycle, the temperature
varied from 20.0 ◦C to 24.0 ◦C and the salinity, with small ver-
tical stratification, was between 32.0 and 36.0. As in other fixed
stations, the density indicated stable vertical stratification of the
mass field; Sigma-t increased from 21.5, on the surface, to 24.5
near the bottom.

As mentioned in the methodology, the decomposition of ve-
locities at this station was done with the hourly rotation of
the Oy axis to minimize the intensity of the transverse velocity
component (u) which was always lower in modulus at 0.04 m
s−1.

The longitudinal component (v) was influenced by the tidal
hourly modulation, with flood extremes and ebb of 0.24 m s−1

and −0.12 m s−1, respectively. The flood end occurred in the
form of a subsurface core at the intermediate depth of the water
column, lagging about an hour in relation to the high tide. In turn,
the highest value of the effluent velocity also occurred with delay
in relation to the effluent heating.

The temporal variation of the salinity time profiles at this
station was approximately one unit, both on the surface and near
the bottom. At this station, although located in the northern part
of the bay, waters with relatively high salinity were observed,

indicating influence of the continental shelf. The low values of
the salinity of the superficial layer indicate the influence of the
waters of continental origin.

The time series of component profiles v of the velocity of the
current showed, during the tide cycle, an asymmetry between the
ebb and flood events. In the ebb (u < 0) the current intensity was
lower, reaching about −0.20 m s−1. However, the extremes of
flood occur mainly in the superficial layer, reaching values greater
than 0.30 m s−1. The vertical profiles present uni and bidirectional
movements.

The resulting profile of the salinity presented a weak vertical
gradient and the difference between bottom salinity (35.5) and
surface (32.0), characterizing a partially mixed site with low
vertical stratification.

The vertical profile of the residual velocity showed bidirec-
tional movements, that is, characteristic gravitational circulation
forced by the fluvial discharge, by the dynamic effect of the
baroclinic component of the pressure gradient force and the
diffusive effect of the tide. The maximum intensities of ebb oc-
curred at the surface with −0.02 m s−1, and the subsurface
maximum of flood had the intensity +0.08 m s−1. As the re-
sulting velocity was oriented to the north with an intensity of
+0.02 m s−1, it was not possible to use this residual value as
representative of the circulation component generated by the
fluvial discharge, and to classify the region based on the diagram
Stratification–Circulation. However, based on the vertical profile
of salinity, applying the criterion of Pritchard (1955) can classify
the surroundings of this station as partially mixed.

Among the components of advective transport of salt in the
longitudinal direction, per unit of transverse distance, the prin-
cipal indicated a transport into the bay and its intensity is very
close to 5.6 kg m−1s−1. The other components presented only
marginal representativeness, the resulting transport was dom-
inated almost entirely by the importing effect of the residual
velocity.

The synthesis of the main results from winter are presented
in Table 1.

4.2. Summer experiments, neap tide

4.2.1. F1 station (entrance of GB)
In summer during the tidal cycle, the temperature ranged from

19.0 ◦C to 27.0 ◦C and the salinity, with small vertical stratifica-
tion, was between 33.0 and 35.5. The density, expressed in terms
of Sigma-t, showed stable vertical stratification, increasing from
20.5 to 25.5 between the surface and the bottom.

As in estuarine channels, the longitudinal component (v)
showed strong influence of the tidal hourly modulation, with
flood and ebb ends equal to 0.35 m s−1 and −0.65 m s−1. The
extremes of flood occur in subsurface layers and those of ebb in
the surface layer. The temporal variation of the salinity at this
station is more pronounced at the surface (32.7 to 34.6) than
near the bottom (35.2 to 35.6) and the halocline is present in the
surface layer. The predominance of the high salinity waters of the
continental shelf region is observed at this season and the low
values of the superficial layer indicate the influence of the fluvial
discharge.

The transverse velocity component (u) is less intense <0.10 m
s−1 in modulus, usually showing positive values (eastwards).
Higher values of this component occurred only in the superficial
layer, one hour before the flood tide.

The time series of component (v) of the velocity of the current
presented, during the tide cycle, a marked asymmetry between
the events of ebb and flood. In the ebb (u < 0) the current intensity
is higher in the surface layer, reaching about −0.65 m s−1. How-
ever, flood extremes occur mainly in the subsurface layer, with
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Table 1
Results obtained during the winter experiment.
Neap tide

F1
(GB’s entrance)

F2
(South of Governador Island)

F3
(East of Governador Island)

F4
(Paquetá’s Island)

Stratification and vertical
residual circulation

• Weak vertical stratification
• Unidirectional flow

• Weak vertical stratification
• Unidirectional flow

• Weak vertical stratification
• Unidirectional flow

• Weak vertical stratification
• Gravitational circulation

Temperature (◦C) [21,5; 20,9] [24,0; 20,0] [24,0; 21,0] [24,0; 20,0]
Salinity [34,8; 35,8] [31 ,0; 35,0] [33,0; 35,0] [32,0; 36,0]
σt (kg m−3) [24,2; 25,2] [21,0; 25,0] [23,0; 25,0] [21,5; 24,5}
Vtrans (m s−1) < |0, 25| < |0, 06| < |0, 08| < |0, 04|
Vlong (m s−1) [−0,70; 0,90] [0,20; −0,20] [−0,20; 0,30] [−0,12; 0,24]
Advective salt Transport and
dominant component (kg
m−1s−1)

−49,26
• Fluvial discharge −50,19

0,78
• Fluvial discharge
0,81

−7,67
• Fluvial discharge
−7,70

5,69
• Residual velocity
5,63

Classification • Type 2a
•ν = 0,99

• Type 2b
•ν = 0,95

• Type 2a
•ν = 0,98

• Type: partially mixed

a maximum intensity of 0.35 m s−1. The vertical profiles present
uni and bidirectional movements. The corresponding vertical pro-
files of salinity presented haloclines with a low vertical gradient
and the difference between background and surface salinity is
very close to two units, characterizing that it is a partially mixed
place and with low vertical stratification.

The vertical profile of the residual velocity presents gravi-
tational circulation with well-defined bidirectional movements
(forced by the combined effect of the baroclinic component of
the pressure gradient force, fluvial discharge and tidal diffusion),
typical of partially mixed estuaries. The maximum flood and ebb
intensities are close to 0.06 m s−1 and −0.18 m s−1, with result-
ing velocity generated by the fluvial discharge of −0.02 m s−1,
respectively. The mean salinities associated with the extremes of
the residual velocities are equal to 35 and 33.5 for the flood and
ebb conditions, respectively.

The stratification and circulation parameters were calculated
and used to quantitatively classify the GB entry region with the
Stratification–Circulation diagram. The image of these parameters
is located in the half-plane of the diagram that classifies the
region as Type 2a, that is partially mixed and with weak vertical
stratification. The parameter S = 0.86 indicates that 86% of the
advective transport of salt into the GB was generated by the
turbulent diffusion process and the advective process accounted
for 14%.

The main components of the longitudinal advective transport
of salt, per transverse distance unit, were the following: the
advective nature that transports salt out of the bay, generated
by the fluvial discharge, had an intensity of −12.2 kg m−1s. A
second component of advective nature is the transport of salt
generated by the Stokes drift, which results from the propagation
of the tidal wave flow into the bay. The results of this experiment
showed that this component is not intense, as expected. The
components of a dispersive nature that promote the import of salt
into the bay also have a low intensity, the most intense of which
are generated by the diffusion of the tide and the gravitational
circulation. However, the resulting transport was dominated by
the exportation effect of the river discharge.

4.2.2. Station F2 (South of the Governador Island)
During the tide cycle the temperature varied from 24.0 ◦C

to 28.0 ◦C and the salinity, with small vertical stratification,
between 31.1 and 34.3. The minimum temperature, whose oc-
currence was observed in the background at the beginning of
the measurements, was associated to the maximum of salinity,
indicating that these were waters with marine influence. The
density showed vertical stratification of stable mass, increasing
from 19.6 to 23.0, between the surface and the bottom, in the first
hours of the experiment. At 16 h the hydrographic characteristics
suffered a major alteration due to the intensification of the wind

and, as a consequence, of the vertical mixing processes, and the
water column was almost homogeneous until the end of the
experiment.

The longitudinal velocity component (v) showed influences
of the tidal hourly modulation, with flood extremes and ebb of
0.18 m s−1 and −0.10 m s−1. The extremes of flood occur in
subsurface layers and those of ebb in the surface layer.

As expected, the component (u) oriented nearly perpendicular
to the coastline of the Governador Island is not very intense
(<0.08 m s−1, in module) and presented almost always positive
values in the layers near the bottom. Higher values of this com-
ponent occurred only in the superficial layer, one hour before the
flood tide.

The hourly temporal variation of salinity at this station is
more pronounced near the bottom (31.5 to 34.5) and on the
surface, this property varied in the narrow range from 30.7 to
32.0, indicating a greater influence of waters from the continental
drainage. It was observed in this station that the predominance
of the waters originating from the continental shelf are only near
the bottom and at the beginning of the experiment, as mentioned
above.

The time profiles of the longitudinal velocity component show
intensities much lower than those observed at the station located
at the entrance of the GB, ranging from −0.16 m s−1 to +0.20
ms−1.

The resulting salinity profile shows the halocline from the
surface, with a slight vertical gradient, and the difference be-
tween bottom and surface salinity is less than two units, which
is characterized by a partially mixed location with low vertical
stratification.

The vertical profile of the residual velocity presents two-
dimensional movements with small intensity. Their flood and ebb
values are close to −0.04 m s−1 and 0.03 m s−1, respectively. The
resulting velocity is practically zero (0.003 m s−1), indicating that
the influence of the river discharge in this region is negligible,
due to the strangulation to the west, the advective effect of the
circulation generated by the tide being predominant over the
gravitational circulation. The mean salinities associated with the
extremes of the residual velocities are equal to 32.8 and 31.7 for
the flood and ebb conditions, respectively.

In the Stratification–Circulation Diagram, it is observed that
this region is classified as Type 2a, that is, partially mixed and
with weak vertical stratification. The parameter S = 0.93 indi-
cates that 93% of the salt transport was generated by the turbu-
lent diffusion process under the influence of tidal currents, and
the advective process was responsible for only 7%.

The components of advective transport of salt in the longitu-
dinal direction per unit of transverse distance are of an order of
magnitude smaller than those observed at the GB (F1) entrance
station. The main component of advective nature indicates the
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transport of salt with an intensity of 0.96 kg m−1s−1. The diffusive
effect of the tide, whose component should be dispersive in
nature, is oriented towards the west, and is most likely opposite
due to the tapered geometric shape of the region. The component
generated by the gravitational circulation (combined effect of the
baroclinic component, fluvial discharge and tidal diffusion) is the
second largest in intensity.

4.2.3. Station F3 (east of the Governador Island)
During this tide cycle, the temperature varied from 21.5 ◦C

to 27.0 ◦C and the salinity, with small vertical stratification,
between 31 and 34.5, with well defined halocline in the super-
ficial layer. The bottom layer presents with small stratification
of salinity (33.5 to 34.5) and is associated with temperatures
between 21.5 ◦C and 23.5 ◦C. The density indicates stable vertical
stratification of the mass field; this property increases from 19 on
the surface to 24 near the bottom in Sigma-t units.

The decomposition of velocities in this station was done with
the axis of ordinates (Oy) oriented towards the north. The lon-
gitudinal component (v) is strongly influenced by the hourly
modulation of the tide, with flood and ebb extremes equal to
0.10 m s−1 and −0.30 m s−1, respectively, these extremes oc-
curred in subsurface layers. The transverse component (u) is not
very intense (in module <0, 10 m s−1), with positive values (east),
in the tidal phase, and negative values (west) in the ebb tide.
Higher values of this component occurred in intermediate layers,
between one and two hours before the flow of ebb and flood,
respectively.

The temporal variation of the salinity time profiles is more
pronounced at the surface (30.0 to 32.0) than near the bottom
(34.0 to 35.0) and the halocline is present in the surface layer.
In this station, which is aligned with the GB entrance station,
the influence of the high salinity waters of the continental shelf
region is noted, and the low values of the surface layer indicate
the influence of the low salinity waters of the interior of the bay.

During the tidal cycle, the time series of the longitudinal
velocity component (v) presents an asymmetry between the ebb
and flood events, not as marked as that observed at the station at
the GB entrance. In the ebb (v < 0) the current intensity is higher
in the subsurface layer, reaching about −0.35 m s−1. However,
the extremes of flood occur mainly in the surface layer, with
maximum intensity of 0.20 m s−1. The vertical profiles present
uni and bidirectional movements.

The resulting salinity profile shows a low gradient surface
halocline, where the property varies between 30.5 and 33.5.
The difference between bottom and surface salinity is approxi-
mately four units, which is a partially mixed site with low vertical
stratification.

The vertical velocity profile indicates unidirectional move-
ments oriented to the south with the maximum value, close to
−0.065 m s−1, occurring in a subsurface layer near the surface.
The mean velocity in space and time also has a south direction
and its intensity is equal to −0.03 m s−1. This circulation indicates
that this region was forced predominantly by the tidal currents
and the gravitational effect of the baroclinic component of the
pressure gradient force was very small.

The stratification and circulation parameters were calculated
and used to classify this region quantitatively with the
stratification–circulation diagram. As observed, this region is clas-
sified as Type 2a, that is, partially mixed and with weak vertical
stratification. The parameter S = 0.94 indicates that 94% of the
salt transport was generated by the turbulent diffusion process,
under the influence of tidal currents, and the advective process
accounted for only 6%.

The components of advective transport of salt in the longitu-
dinal direction, per unit of transverse distance, indicate that their

intensity are comparable to the corresponding results obtained
at the entrance of GB. The main component, of advective nature,
indicates transport salt out of the GB and its intensity equal to
15.0 kg m−1s−1. A second component of advective nature is the
transport of salt generated by the Stokes drift, but its intensity is
very small, about 0.8 kg m−1s−1. The diffusive effect of the tidal
cyclic agitation which should be positive (of a dispersive nature)
is in opposite direction, and its influence on the total transport of
salt is counterbalanced by the diffusive component generated by
the gravitational circulation.

4.2.4. Station F4 (east of Paquetá Island)
During the tide cycle, the temperature ranged from 23.0 ◦C

to 29.0 ◦C and the salinity, with small vertical stratification, was
between 25.0 and 33.0 halocline. The bottom layer presents with
small stratification of salinity (31.0 to 33.0) and is associated with
temperatures between 23.0 ◦C and 25.0 ◦C. The density indicated
stable vertical stratification of the mass field, increasing from 16
on the surface to 22 near the bottom in Sigma-t units.

The decomposition of velocities in this station was done with
the rotation of the axis of the ordinates (Oy) clockwise of an angle
of 25◦. The transverse velocity component (u) is not very intense
(in module <0.18 m s−1). The longitudinal component (v) showed
influence of the tidal hourly modulation, with flood and ebb ends
equal to 0.20 m s−1 and −0.40 m s−1, respectively. The flood
end occurred in the form of a subsurface core at the intermediate
depth of the water column, lagging about an hour in relation to
the high tide. In turn, the highest value of the effluent velocity
also occurred with delay in relation to effluent heating.

The temporal variation of the salinity time profiles at this
station is relatively accentuated at both the surface (25.5 to 30.5)
and near the bottom (30.8 to 33.6) and the halocline occurred in
the surface layer. At this station, although located in the northern
part of the bay, the influence of the high salinity waters of the
continental shelf region was observed, and the low values of the
superficial layer indicate the influence of the low salinity waters
originating from the fluvial discharge inside the bay.

The time series profile of component (v) of velocity presented,
during the tide cycle, an asymmetry between ebb and flood
events. In the ebb (v < 0) the current intensity is higher in the
subsurface layer, reaching about −0.40 m s−1. However, the ex-
tremes of flood occur mainly in the surface layer, with maximum
intensity of 0.20 m s−1. The vertical hourly profiles are uni and
bi-directional.

The resulting salinity profile shows a halocline in the low
gradient surface layer and the difference between bottom salinity
(32.8) and surface (27.9) is very close to 5 units, which is char-
acterized by a partially mixed site and with moderate vertical
stratification.

The vertical profile of the residual velocity showed well de-
fined bidirectional movements, that is, characteristic gravitational
circulation forced by the fluvial discharge, by the dynamic effect
of the baroclinic component of the pressure gradient force and
the diffusive effect of the tide. The maximum intensities of ebb
occurred at the surface, with −0.14 m s−1, and the subsurface
maximum of flood had the intensity +0.05 m s−1. The resulting
velocity, oriented to the north, is close to 0.02 m s−1. The mean
salinities associated with the extremes of the residual velocities
vary between 28.0 and 31.5.

The stratification and circulation parameters were calculated
and used to classify this region quantitatively with the
stratification–circulation diagram. As shown in the diagram, this
region was classified as Type 2b, i.e. partially mixed and with rela-
tively high vertical stratification. The parameter S= 0.78 indicates
that 78% of the salt transport into the GB was generated by the
turbulent diffusion process, under the influence of tidal currents,
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and the advective process of baroclinic nature was responsible for
22%.

Among the components of the longitudinal advective trans-
port of salt, per unit of transverse distance, the main component
was the advective one, with a transport of salt to the interior of
the bay very close to 4,0 kg m−1s−1. A second component of ad-
vective nature is the transport of salt generated by the Stokes drift
and corresponds, with intensity about −0.7 kg m−1s−1. The tidal
diffusion effect, which should be positive (of a dispersive nature)
is in the opposite direction (−0.5 kg m−1s−1) and the transport
generated by the gravitational circulation has an intensity close
to 0.3 kg m−1s−1. Main findings for summer (neap tide) are in
Table 2.

4.3. Summer experiment, spring tide

4.3.1. F1 station (entrance of GB)
Due to a heavy storm in the late afternoon, the work was

suspended at 5:00 p.m., and measurements in the full tide cycle
were not completed. We have partial information on the vari-
ation of the physical properties in this phase of the tide: the
temperature varied from 21.5 ◦C to 25.5 ◦C and the salinity, with
small vertical stratification, between 33, 0 and 35.5. The den-
sity showed a stable vertical stratification increasing from 21.8
to 24.8, in Sigma-t units, between the surface and the bottom.
The longitudinal (v) velocity component had flood and ebb ends
equal to +1.1 m s−1 and −0.9 m s−1, with maximum intensities
occurring at the surface. Considering that, the observations were
suspended due to the strong winds, these higher speeds besides
the tide component, which in the phase of spring tide generates
more intense currents, must also have the component forced by
the local wind.

The salinity time profiles show the occurrence of halocline
in the surface layer, whose vertical gradient decreases gradually
during the flood tide due to the inflow of water from the con-
tinental shelf. At the beginning of the experiment the salinity
varied between 32.5 and 35.5 at the surface and at the bottom,
respectively. At the time that our work was interrupted, the
waters of the shelf prevailed in the water column with relatively
high salinity (between 34.7 and 35.5).

4.3.2. Station F2 (South of the Governador Island)
Similarly due to the heavy storm in the late afternoon, the

work was stopped, without great damage to the data series of
a complete cycle of tide.

During this tidal cycle the temperature was slightly higher
than in the quadrature, and ranged from 26.5 ◦C at the bottom
to 29.0 ◦C at the surface. On the other hand, due to the greater
influence of the spring tide on the vertical mixture and the fluvial
discharge, the salinity, with small vertical stratification, varied
between 29.0 and 33.0 of the surface at the bottom, respectively.
The temporal variation of temperature and salinity near the bot-
tom is very small, from 26.5 ◦C to 27.0 ◦C and 32.0 to 33.0,
respectively. The density, in units of Sigma-t (t), indicated a stable
vertical mass stratification, increasing from 18.0 to 21.0.

The transversal component, oriented almost perpendicular to
the coastline of the Governador Island, presented a subsurface
core with intensity of 0.20 m s−1 and a core in the surface layer
with intensity of −0.20 m s−1; the first one was delayed about
2.5 h in relation to the flow of the ebb, and the second occurred
in the seabed.

As in the previous experiments, the longitudinal component
influenced the hourly modulation of the tide, with extremes of
flood and ebb of +0.20 and −0.30 m s−1, respectively, whose in-
tensity is much smaller than in the season located at the entrance
of GB. These extremes occurred mainly in the surface layer.

The salinity time profiles present conditions of intensification
and relaxation of the salinity vertical magnitude in the halocline
located in the superficial layer. In the surface layer the salinity
varied from 28.7 to 31.4 and in the bottom, from 32.0 to 33.1.

The corresponding time profiles of the longitudinal velocity
component indicate the modulation of the tide by the occurrence
of flood (u > 0) and ebb (u < 0) movements. The intensity of
this component varied between −0.38 and 0.24 m s−1, which are
much less intense than those observed in the F1 station.

As in previous seasons, the resulting salinity profile has a halo-
cline in the low gradient surface layer and the difference between
bottom salinity (32.7) and surface (30.1) is very close to 2.5 units,
it is a partially mixed site with weak vertical stratification.

The vertical profile of the residual velocity presents bidirec-
tional movements with small intensity. Its values of flood and
ebb are close to 0,03 m s−1. The resulting velocity is very small
(0.017 m s−1), indicating that the influence of the fluvial dis-
charge in this channel is very small, predominating the gravita-
tional circulation, the advective effect of the circulation generated
by the tide, and as we have seen above, due to the bottleneck of
the western channel, the small influence of the river discharge is
expected.

The stratification and circulation parameters were calculated
and used to classify this region quantitatively with the
Stratification–Circulation Diagram.

As noted, this region was classified as Type 2a (transition to
Type 1 - well mixed). The parameter S = 0.99 indicates that 99%
of the salt transport was generated by the turbulent diffusion
process, under the influence of tidal currents, and the advective
process accounted for only 1%.

Among the components of advective transport of salt the main
component was the advective component, with intensity of 3.5 kg
m−1s−1, generated by the fluvial discharge. A second compo-
nent of advective nature was the transport of salt generated
by the Stokes drift, but its intensity was very small (−0.3 kg
m−1s−1) and its direction is opposite to that predicted theoreti-
cally. The diffusive effect of cyclical tidal shaking is negative, with
a small intensity (−0.1 kg m−1s−1). The component generated
by the gravitational circulation is practically in balance with the
transport of the tide diffusion.

4.3.3. Station F3 (East of Governador Island)
The temperature varied from 25.0 ◦C to 29.0 ◦C and the salin-

ity, with small vertical stratification, between 30 and 34, with
well defined halocline in the superficial layer. The bottom layer is
practically homohaline (34) and isothermal (25 ◦C). The density,
in units of Sigma-t (t), indicates stable vertical stratification of the
mass field; this property increased from 18 on the surface to 23
near the bottom.

The longitudinal component (v) has a strong influence on the
hourly modulation of the tide, with extremes of flood and ebb of
+0,30 m s−1 and −0,50 m s−1, respectively, more intense than in
the quadrature. The transverse component (u) is about 50% less
than the longitudinal one, ranging from −0.30 m s−1 to 0.15 m
s−1, with positive values (east), in the tide phase, and negative
(westbound) at low tide. Higher values of this component oc-
curred in intermediate layers, between one and two hours after
the flows of ebb and flood, respectively.

The vertical time profiles of salinity exhibit characteristics ob-
served previously, halocline and in the background layers greater
marine influence. The time profiles of the longitudinal veloc-
ity component clearly show the hourly modulation of the tide,
with intensities varying from 0.40 to −0.60 m s−1, between
the extremes of flood and ebb respectively. The asymmetry of
these extremes indicates the influence of the velocity component
generated by the fluvial discharge.



P.P.B. Eichler, A.C. Amorim, R.d.S. Costa et al. / Regional Studies in Marine Science 35 (2020) 101141 9

Table 2
Results obtained during the summer experiment (neap tide).
Neap tide

F1
(GB’s entrance)

F2
(South of Governador Island)

F3
(East of Governador Island)

F4
(Paquetá’s Island)

Stratification and circulation • Weak vertical stratification
• Gravitational circulation

• Weak vertical stratification
• Gravitational circulation

• Weak vertical stratification
• Unidirectional flow

• Weak vertical stratification
• Gravitational circulation

Temperature (◦C) [27,0; 19,0] [24,0; 28,0] [27,5; 21,5] [29,0; 23,0]
Salinity [33,0; 35,5] [31,1; 34,3] [31,0; 34,5] [25,0; 33,0]
σt (kg m−3) [20,5; 25,5] [19,0; 23,0] [18,5; 24,0] [15,0; 22,0}
v (m s−1) [−0,65; 0,35] [−0,10; 0,18] [−0,30; 0,10] [−0,40; 0,20]
u (m s−1) [−0,30; 0,15] < |8| [−0,12; 0,12] [−0,18; 0,14]
Advective salt Transport and
dominant component (kg
m−1s−1)

−11,40
• Fluvial discharge
−12,20

1,15
• Fluvial discharge
0,96

−16,00
• Fluvial discharge
−15,00

3,00
• Residual velocity
4,00

Classification • Type 2a
•ν = 0,86

• Type 2b
•ν = 0,93

• Type 2a
•ν = 0,94

• Type 2b
•ν = 0,78

The mean time of the vertical salinity profiles reveals a vertical
stratification slightly higher than that observed south of the Gov-
ernador Island, increasing from 29.7 at the surface to 34.2 at the
bottom. In turn, the residual profile of the longitudinal velocity
component exhibits unidirectional movement out of the bay, with
mean intensity of −0.06 m s−1.

The stratification and circulation parameters were calculated
and used to quantitatively classify this region (east of the Gov-
ernador Island) with the Stratification–Circulation Diagram (Fig.
13a). As shown in this diagram, this region was classified as Type
2b, partially mixed with relatively high vertical stratification. The
parameter S = 0.94 indicates that 94% of the salt transport was
generated by the turbulent diffusion process under the influence
of tidal currents, and the advective process was responsible for
only 6%.

The main component of advective nature, generated by the
fluvial discharge, indicated transport of salt out of the channel
with an intensity equal to 27.0 kg m−1s−1 is practically double
the corresponding transport observed in the quadrature (Table 2).
A second component of advective nature was the transport of
salt generated by the Stokes drift, but its intensity is very small,
about 0.8 kg m−1s−1 and its direction is opposite to that pre-
dicted theoretically. The diffusive effect of cyclic tidal dispersion
was practically negligible and that generated by the gravitational
circulation was close to 1.0 kg m−1s−1.

4.3.4. Station F4 (Paquetá Island)
During this tide cycle the temperature ranged from 25.0 ◦C to

28 ◦C and the salinity, with small vertical stratification, was be-
tween 28 and 33, presenting a weak surface halocline. The bottom
layer presents with small stratification of salinity in the range of
32.5 to 33.5 and is associated with temperatures between 25 ◦C
and 26 ◦C. The density, in units of Sigma-t (t), indicates stable
vertical stratification of the mass field, this property increases
from 17 on the surface to 22 near the bottom. This hydrographic
structure is similar to that observed in the neap tide.

The longitudinal component (v) is influenced by the hourly
modulation of the tide, with flood and ebb extremes equal to
+0.40 m s−1 and −0.30 m s−1, respectively, and the flood inten-
sities are somewhat larger in neap tide. The highest value of ebb
velocity (−0.3 m s−1) also occurred in the superficial layer with
delay in relation to the ebb tidal maximum.

The transverse velocity component (E-W) is not very intense
(in module <0.15 m s−1) and, as in neap tide, the highest values
of this component occurred in intermediate waters in the west
direction.

The temporal variation of the salinity time profiles at this
station is quite pronounced both at the surface (26.3 to 33.1)
and near the bottom (32.0 to 33.9) and the halocline underneath
the stratification in the ebb and tidal attenuation was always

present in the surface layer. In this station, which is located in
the northern part of the bay, as observed previously, it was ob-
served the influence of the high salinity waters of the continental
shelf region and the values of the superficial layer indicating the
influence of the waters of low salinity originating from the fluvial
discharge inside the bay.

In the ebb (u < 0) the current intensity is higher in the subsur-
face layer, reaching about −0.40 m s−1. However, the extremes
of flood occur mainly in the superficial layer, with maximum
intensity of 0.50 m s−1. The vertical profiles present uni and
bidirectional movements according to the hourly modulation of
the tide. In this figure, a small asymmetry is observed between
the intensities of the movements of ebb and flood.

The resulting salinity profile shows a halocline in the surface
layer with a weak vertical gradient and the difference between
the bottom salinity (33.1) and the surface (28.8) is very close to
4 units, characterized by being a partially mixed site and weak
vertical stratification.

The vertical profile of the residual velocity presents a com-
plexity not observed in the residual profiles analyzed previously.
In the surface and bottom layer the movements are oriented
out of the bay, with maximum intensities close to −0.06 m s−1

and −0.028 m s−1, respectively. However, in the middle layer
the resulting motion is towards the interior of the bay and its
intensity is 0.02 m s−1.

The stratification and circulation parameters were calculated
and used to quantitatively classify this region. This region was
classified as Type 2b, that is, partially mixed and relatively high
vertical stratification. The parameter S = 0.76 indicates that 76%
of the salt transport was generated by the turbulent diffusion
process, under the influence of tidal currents, and the advective
process accounted for 24%.

In relation to the advective transport of salt, the main compo-
nent is the advective nature, generated by the fluvial discharge,
with salt transport out of the bay, with intensity very close to
−1.5 kg m−1s−1. In the neap tide experiment, this component
was in the opposite direction and with greater intensity. A second
component of nature that should have negative direction is the
transport of salt generated by the Stokes drift; however, in this
experiment, although with intensity in a modulus comparable to
that observed in the neap tide, its direction went to the interior
of the bay (0.7 kg m−1s−1). As in the neap tide experiment,
the component generated by the diffusive effect of the tide that
should be positive (of a dispersive nature) is in the opposite
direction (−0.4 kg m−1s−1). The other components have only
marginal intensity.

The synthesis of hydrodynamic results obtained in summer,
under spring tide conditions, for the 4 fixed stations is presented
in Table 3.
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Table 3
Results obtained during the summer experiment (spring time).
Spring tide

F1
(GB’s entrance)

F2
(South of Governador Island)

F3
(East of Governador Island)

F4
(Paquetá Island)

Stratification and circulation • Weak vertical stratification
• Gravitational circulation

• Weak vertical stratification
• unidirectional flow

• Weak vertical stratification
• bidirectional flow

Temperature (◦C) [26,5; 20,5] [29,5; 26,0] [29,0; 24,0] [29,0; 24,5]
Salinity [32,5; 35,5] [28,5; 33,0] [29,0; 34,0] [26,5; 33,5]
σt (kg m−3) [20,5; 24,5] [17,5; 21,5] [17,0; 23,0] [16,0; 22,0]
V (m s−1) [−0,90; 1,10] [0,20; −0, 40] [−0,60; 0,30] [−0,40; 0,40]
U (m s−1) [−0,35; 0,45] [−0,20; 0,20] [−0,30; 0,15] [−0,15; 0,20]
Advective salt Transport and
dominant component (kg
m−1s−1)

3,40
• Fluvial discharge
3,50

−26,0
• Fluvial discharge
−27,0

−1,3
• Fluvial discharge
−1,45

Classification • Type 2a
•ν = 0,99

• Type 2b
•ν = 0,94

• Type 2b
•ν = 0,76

4.4. Biological processes

The number of individuals collected in winter was higher than
the number of individuals collected in the summer. In the 26 sta-
tions sampled in the winter, 148406 individuals were found dis-
tributed among 54 species of foraminifera; 37 of order Rotalina,
13 of the Textulariina and 3 of the Miliolina. In the summer,
116241 individuals were found distributed among 57 species, 41
of which were of the order Rotalina, 11 of the Textulariina, only
3 of the Miliolina and one planktonic representative. The main
genera found in winter and summer were Ammonia, Bolivina, Bu-
limmina, Buliminella, Cassidulina, Elphidium and Quinqueloculina.
The absolute frequency of the two sampling times (winter and
summer), including live and dead are listed in Tables 4 and 5,
and refer to the number of individuals per 50 cm3 of the collected
sediment.

In winter (Table 4), the highest total absolute frequencies were
found at stations 5, 6, 7, F2, 10, 11, 12, located in the central
portion of the bay and station 18 located in the northern portion.
In summer (Table 5) shows station 8 as the most abundant
containing 42368 individuals, followed by stations 5, 6, F2, 7, 8,
F4, 16 and 21. The most frequent species found in these regions
belong to the orders Rotalina (Ammonia tepida, Bolivina striatula,
Buliminella elegantissima). It is interesting to note the high num-
ber of individuals of B. elegantissima, F. pontoni, B. elongata and B.
striatula in two seasons of the year. In the winter, Quinqueloculina
seminulum was very representative, having high frequency in the
north of the bay.

The hyaline calcareous A. tepida was dominant in practically
all the stations, indicating its cosmopolitan characteristic (Fig. 3).
However, it is noted that the greatest relative abundances of this
species occur in the north and northeast of the bay, near the
Guapimirim APA. In these places, the great influence of fresh
water from the rivers located in this region, characterizes the
region with the highest bottom and surface temperatures and the
lowest salinities.

The species Cassidulina subglobosa presents greater relative
abundance in the stations located at the entrance of the bay
(Fig. 4). This species, characteristic of marine environments, ev-
idences the penetration of cold and saline waters towards the
interior of the bay. In Fig. 5, Discorbis williamsoni also marine
tolerant, presents mainly individuals at the entrance of the bay,
however with a lower incidence of penetration when compared
to C. subglobosa. Both species had lower penetration during the
summer, but C. subglobosa was more abundant.

The test of D. williamsoni appears that they are heavier and
therefore its transport is less efficient.

In Fig. 6, Pseudononion atlanticum presents smaller abundance
when compared to C. subglobosa and D. williamsoni at the en-
trance of the bay. Nevertheless, P. atlanticum, characteristic of

marine environments, also indicates the penetration of the cur-
rents to subenvironments, also suggesting the transport of the
tests towards the innermost portions of the bay.

The species Bulimmina elongata and B. striatula (Figs. 7 and 8)
characterize low oxygenated environments with high concentra-
tions of organic matter. B. elongata shows the highest abundances
in shallow depths, whereas B. striatula appears in the deeper
regions.

B. elongata is probably more tolerant to lower salinities since
in winter its relative abundance is expressive in the northeast
part of the bay (high continental contribution). This species was
not found in the REDUC region, nor in the navigation channel.
B. striatula appears throughout the bay, except at seasons 19 to
22 (winter) and 17, 20–22 (summer), seem to tolerate bottom
salinities below 33.

In Fig. 9, B. elegantissima, also a typical species of low oxy-
genated environments with high organic matter concentration,
presents individuals in practically all stations with greater abun-
dance in stations 7 and 10, southwest of the bay, south of Gover-
nador Island (winter). In summer, the distribution of this species
seems to indicate greater occurrence within the bay.

The distribution maps of the relative frequencies of B. elongata,
B. marginata, B. striatula and B. elegantissima present similar zona-
tion, indicating low dominance of these species in the region close
to REDUC. Fursenkoina pontoni, an opportunistic species known in
environments contaminated by domestic sewage, also occurs in
the western part of the bay, south of Governador Island (Fig. 10).

Q. seminulum, a characteristic species of environments with
high organic matter concentration, presented individuals in prac-
tically the entire northern part of the bay during the winter,
mainly in stations 16 to 22 (Fig. 11). In summer, the relative
frequency of this species was very low and was limited to the
regions to the south of Governador Island and the entrance of the
bay, suggesting that the change in the abiotic factors is limiting
to the development of this species.

5. Discussion

It was observed that GB presents complex hydrodynamic con-
ditions due to its geo morphometry. Flood movements through
the bar, generated by the barotropic and baroclinic components
of the pressure gradient force, bifurcate around, Governador,
Paquetá, and Fundão Islands. The opposing ebb movements are
dominated by the barotropic forcings and fluvial discharge, and
converge from the small channels to the entrance of the bay.

The bay entrance presents the highest values of salinity, both
on the surface and the bottom. These values are decreasing due
to the continental contribution represented by the Iguaçu and
Estrela Rivers in the northwestern part, and the Guapimirim,
Guaraí, Macacu and Guaxindiba Rivers, in the northeast region.
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Fig. 3. Distribution of the relative frequency of Ammonia tepida.

Fig. 4. Distribution of the relative frequency of Cassidulina subglobosa.

In summer, lower salinity is observed, due to the increase in
precipitation characteristic of this time of year.

The continental contribution of the northwest region is much
more significant than the northeast region. This is due to the
thickness of the water column, which is very shallow in the region
of the Estrela and Iguaçu rivers, making a large contribution
to these rivers. However, Rebelo and Silva (1987) observed the
lowest values of salinity in the region of the Guaxindiba River.
This region, in spite of the greater number of rivers, is deeper
in comparison to the northwest region, with advection between
fresh and salt water, raising the values of salinity.

On average salinity, profiles show that fixed stations (F2 and
F4), receive greater influence of the continental contribution, a
fact that can be observed through the moderate stratification
occurring in these regions. Fixed station (F2) is probably under
the influence of the rivers of the northwest margin of the region
(Iguaçu and Estrela rivers), and fixed station (F4) is influenced by
the rivers of the northeast region of the bay (rivers Guapimirim,
Guaraí, Macacu and Guaxindiba).

In winter and summer, surface and bottom temperatures have
lower values near the entrance to the bay and higher values
in the northwest and northeast of the bay. This fact is mainly
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Fig. 5. Distribution of the relative frequency of D. williamsoni..

Fig. 6. Distribution of the relative frequency of Pseudonion atlanticum.

related to the penetration of cooler saline water from the adja-
cent continental shelf and to the great influence of the existing
continental contribution. In the NE region of the bay, there is a
great continental contribution, evidenced mainly by the values of
superficial salinity obtained in the summer.

In winter the temperature oscillated between 21 ◦C and 24 ◦C
and in the summer, it was observed that the amplitude of vari-
ation increased, with intervals between 19 ◦C and 29 ◦C. Fixed
stations (F2, F3 and F4) showed the greatest differences between
surface and bottom salinities, and fixed station (F4) proved to be
the warmest place, especially at the surface.

The northwest region presented the highest surface tempera-
tures, due to the influence of the local continental contribution,
and the higher heating of the water column, which is very shal-
low. In this case, the greater quantity of fresh water that flows at
shallow depths, results in the elevation of the temperature. The
rivers that flow there are the Iguaçu and Estrela Rivers, besides
the influence of the Rio São João do Meriti.

For salinity, in winter as in summer, the lowest values were
observed in the NE and N regions of the bay, whereas the highest
values were at the entrance of the bay. In winter, the surface and
bottom salinity varied between 31 and 34. In summer, with the
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Fig. 7. Distribution of the relative frequency of Bulimina elongata..

Fig. 8. Distribution of the relative frequency of Bolivina striatula.

increase of fresh water intake from rainfall and river discharge,
lower values of this variable were observed, mainly in the bottom
salinity of the NW region, near the Estrela and Iguaçu Rivers and
in the NE region, near the Guapimirim and Guaxindiba Rivers.
Salinity values for summer ranged from 5 to 32 on the surface
and 10 and 34 on the bottom. From the entrance of the bay, the
high salinity values, from the bottom up to the middle, shows
dense saline water penetrates through the bottom, corroborating
the temperature data.

The Sao Joao Meriti River influences the north of the bay, be-
cause to the west of Governador Island, where the natural passage

of the water should flow, communication is practically closed
due to the silting and embankments of the region. Therefore,
the water flow tends to flow northward, making the renewal of
the waters of the northwest region (rivers Estrela and Iguaçu)
inefficient.

The small differences between the values of salinity and tem-
perature obtained in GB indicate the penetration of the tide as
the main factor controlling the region’s environment, followed
by the continental contribution. This large coastal bay presents
a drainage basin with 45 rivers and tidal channels that are re-
sponsible for the average discharge of 100 m3s−1 of fresh water
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Fig. 9. Distribution of the relative frequency of B. elegantissima.

Fig. 10. Distribution of the relative frequency of Fursenkoina pontoni.

annually in the system (Kjerfve et al., 1997). However, in the
rainiest period of the year (summer), the GB is also influenced
by the increase of natural and artificial freshwater discharge.

The species of B. foraminifera, highly controlled by abiotic
factors related to the environment, present micro distribution
geographically and are established in different environments.
Therefore, after evaluating the variation of salinity, temperature,
flow velocity, pH, dissolved oxygen content and type of sediment
in the region, it was possible to identify the micro faunistic
zoning of the different habitats. Monitoring of abiotic parameters
allows comparisons between expected and "abnormal" patterns

of establishment of the microfauna and can be correlated to
anthropogenic factors.

From the establishment of these limits of tolerance for some
species we observed that the distribution of GB foraminifera
found in winter and summer is similar, composed mainly by
opportunistic-tolerant species and low diversity with strong dom-
inance of few species.

The number of species per sample increases when the envi-
ronmental conditions are more typically marine. It was expected,
therefore, that GB presented more species per sample than the
estuarine environments studied to date: Cananéia-Iguape (Eichler
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Fig. 11. Distribution of the relative frequency of Q. seminulum.

Table 4
Distribution of the absolute frequency of species found in the GB in winter.
Species/Stations winter F1 1 2 3 4 5 6 F2 7 8 9 F3 10 11 12 F4 13 14 15 16 17 18 19 20 21 22 Total

Ammobaculites sp. 0 1 28 0 0 832 0 640 0 0 5 0 64 0 0 16 0 0 0 0 0 0 0 0 0 0 1586
Ammonia tepida 7 30 0 32 80 3328 4096 9600 3200 992 27 52 2656 4256 2256 464 648 712 2416 624 1008 7584 1360 928 992 50 47398
Ammotium salsum 0 2 0 0 0 64 128 64 0 96 9 0 128 0 0 8 0 0 0 0 0 0 0 0 16 0 515
Amphistegina scalaris 0 0 0 0 0 0 0 0 0 32 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 33
Arenoparrella mexicana 0 1 0 24 64 320 0 0 0 480 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 893
Bolivina pulchella 0 3 0 0 0 0 128 0 0 0 0 4 0 32 0 8 0 0 0 8 0 0 0 0 0 0 183
Bolivina sp. 0 0 8 0 0 0 0 0 0 32 0 0 0 0 0 24 0 0 0 0 0 0 0 0 0 0 64
Bolivina striatula 2 12 60 80 48 1408 1280 2880 2432 384 0 28 928 320 512 296 136 188 0 152 32 480 0 0 0 0 11658
Buccella frigida 0 0 0 0 0 0 0 64 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 64
Buccella sp. 0 3 0 24 0 128 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 155
Bulimina elongata 0 6 0 0 0 832 2560 2496 2432 128 13 0 704 416 1808 280 160 68 40 416 32 32 0 96 0 4 12523
Bulimina marginata 1 4 0 24 96 128 0 704 320 448 9 28 96 160 112 208 160 108 0 0 48 0 0 0 0 0 2654
Bulimina sp. 0 2 0 0 0 0 0 256 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 262
Buliminella elegantissima 1 1 12 24 128 3200 8064 5952 2688 960 0 56 1312 1536 688 360 280 132 144 344 60 1472 96 16 16 1 27543
Cassidulina sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 0 64 0 0 12 0 0 0 0 0 84
Cassidulina subglobosa 5 65 116 224 48 1664 128 0 576 1024 10 28 352 320 192 104 136 0 8 0 0 0 0 0 0 2 5002
Cibicides sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 40 0 4 0 0 0 0 0 44
Cibicides variabilis 0 0 0 0 128 64 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 192
Cornuspira involvens 0 1 4 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6
Discorbis sp. 8 127 12 128 0 512 64 64 64 96 0 0 0 0 16 16 0 0 0 0 0 0 0 0 0 0 1107
Discorbis williamsoni 0 49 68 72 160 64 0 64 0 32 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 509
Elphidium discoidale 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 0 0 0 0 0 0 8
Elphidium excavatum 0 1 0 0 0 128 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 32 0 16 32 34 243
Elphidium gunteri 0 0 0 0 0 0 0 0 0 0 0 0 0 32 0 0 0 0 80 0 0 0 0 0 0 0 112
Elphidium poyeanum 0 0 4 0 0 832 0 64 0 0 0 0 0 0 0 0 0 0 96 16 68 320 320 912 400 8 3040
Elphidium sp. 0 1 0 16 32 192 128 128 0 0 0 0 32 0 0 0 0 0 0 0 0 0 0 0 0 0 529
Eponides ciborrepandus 0 3 0 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11
Fissurina laevigata 0 0 0 0 0 192 128 128 1024 96 0 0 224 192 176 32 16 8 8 0 0 0 0 0 0 3 2227
Fursenkoina pontoni 0 0 0 0 0 128 128 960 128 96 1 0 64 0 0 48 0 0 0 16 0 0 0 16 0 0 1585
Gaudriyna exillis 0 3 0 8 0 1344 384 256 320 640 12 0 736 32 0 24 0 0 0 0 0 0 0 0 0 0 3759
Globigerina sp. 0 0 0 0 0 0 0 0 0 0 9 0 0 0 0 8 0 0 0 0 0 0 0 0 0 0 17
Haynesina germanica 0 1 0 0 0 0 0 0 128 0 0 0 0 0 0 8 8 0 8 0 4 0 0 0 16 0 173
Hopkisina pacifica 0 0 0 0 0 0 64 0 0 0 1 4 192 0 96 0 0 0 0 0 0 0 0 0 0 0 357
Millioninela subrrotunda 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5
Pararotalia sp. 0 21 0 32 16 320 0 0 0 0 0 4 0 96 0 0 0 0 0 0 0 0 0 0 0 0 489
Pseudoclavulina curta 0 0 0 0 0 0 0 64 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 64
Pseudoclavulina engracillis 0 3 0 0 32 2048 0 64 320 352 5 8 224 96 0 8 0 0 0 0 0 0 0 0 0 0 3160
Pseudononion atlanticum 0 7 16 24 32 256 640 192 256 128 2 0 0 64 128 64 0 12 0 0 4 0 0 0 0 0 1825
Oolina sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 24 0 0 0 0 0 2 26
Quinqueloculina milletti 0 1 0 0 0 0 192 0 0 0 0 0 0 0 0 0 0 0 0 0 0 32 0 0 0 0 225
Quinqueloculina seminulum 0 15 52 8 0 1024 1472 0 1472 0 5 0 1312 1664 496 32 0 80 608 368 180 672 512 320 880 15 11187
Quinqueloculina sp. 0 4 0 0 0 64 0 384 0 0 0 12 0 0 0 64 0 0 0 0 0 0 0 0 0 0 528
Siphotroca lobata 0 0 12 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 8 0 0 0 0 0 21
Textularia candeiana 0 6 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10
Tiphotroca comprimata 0 2 0 8 0 64 0 0 0 0 0 8 224 96 0 0 0 0 0 0 0 0 0 0 0 0 402
Triloculina laevigata 0 7 44 0 0 256 0 2366 192 96 1 8 64 64 0 400 256 0 0 0 4 96 0 16 0 0 3870
Triloculina oblonga 0 0 0 0 16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 16
Trochammina inflata 0 0 0 8 0 192 0 0 0 96 0 4 0 0 16 0 0 0 0 0 0 0 0 0 0 0 316
Trochammina ochracea 0 25 96 40 48 0 64 0 0 256 8 36 0 0 112 8 0 4 0 8 0 0 0 0 16 0 721
Trochammina sp. 0 0 0 0 0 192 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 192
Uvigerina sp. 0 0 0 0 0 0 0 0 0 32 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 32
Total 24 412 536 784 928 19776 19648 27390 15552 6496 124 284 9312 9376 6608 2488 1800 1376 3448 1984 1464 10720 2288 2320 2368 119 147625

et al., 1995), Baixada Santista (Eichler and Eichler, 2003) and
Lagoa da Conceição (Debenay et al., 1997). This fact did not occur,
and it was observed that the pollution or contamination of an

environment overlaps with natural environmental factors, and
is therefore able to limit the establishment of non-opportunistic
species.
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Table 5
Distribution of the absolute frequency of species found in the GB in summer.
Species/Stations summer F1 1 2 3 4 5 6 F2 7 8 9 F3 10 11 12 F4 13 14 15 16 17 18 19 20 21 22 Total

Ammobaculites sp. 0 0 0 0 0 0 256 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 256
Ammonia sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 4
Ammonia roushalsenii 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4
Ammonia tepida 16 4160 6 14 72 544 3264 1152 1472 13184 576 128 176 46 1000 2752 44 0 2164 2576 45 498 36 54 928 0 34907
Ammotium salsum 0 0 0 0 0 0 0 0 0 0 0 32 0 0 0 0 0 0 0 0 0 0 0 0 0 0 32
Amphistegina scalaris 0 0 0 0 0 32 0 0 0 0 64 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 96
Bolivina sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1
Bolivina pulchella 0 0 0 1 0 0 128 0 4 64 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 197
Bolivina striatula 4 1280 28 104 104 864 1408 848 722 8384 224 16 48 8 268 896 50 0 20 64 0 14 1 0 0 0 15355
Buccella sp. 0 0 2 0 0 64 0 0 0 0 0 0 0 0 0 32 0 0 0 32 0 0 0 0 0 0 130
Bulimina elongata 0 736 0 4 8 64 384 720 584 2496 0 32 20 0 148 640 13 0 4 16 1 0 0 0 0 0 5870
Bulimina marginata 1 416 0 6 0 96 156 224 420 2112 896 64 104 0 108 192 12 0 8 16 0 0 0 0 0 0 4831
Bulimina patagonica 0 0 0 0 0 192 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 192
Buliminella elegantissima 0 1024 1 15 32 224 2236 960 948 6016 288 208 92 21 716 1280 170 3 184 208 1 6 5 4 32 0 14674
Cassidulina subglobosa 10 480 3 15 152 2720 1088 192 468 640 256 0 12 1 28 192 20 2 0 16 0 2 0 0 0 0 6297
Cornuspira involvens 0 0 0 2 32 0 0 0 4 64 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 102
Discorbis sp. 4 96 11 20 88 544 640 32 48 448 160 0 4 0 8 96 3 0 0 0 0 2 0 4 0 0 2208
Discorbis williamsoni 7 64 8 39 64 1048 448 0 32 0 96 0 0 0 0 32 0 0 4 0 0 0 0 0 0 0 1842
Elphidium sp. 1 64 0 2 0 32 0 0 0 0 0 48 0 0 12 32 0 0 128 176 2 20 9 56 2032 0 2614
Elphidium discoidale 0 0 0 0 0 0 0 0 0 0 0 0 0 0 20 0 0 0 0 0 0 0 0 0 0 0 20
Elphidium excavatum 4 32 1 0 0 0 0 0 0 320 0 0 0 0 0 0 0 0 40 0 0 0 0 0 80 0 477
Elphidium gunteri 0 0 0 0 0 0 0 0 0 0 32 32 0 0 8 0 0 0 20 432 0 0 8 0 1392 0 1924
Elphidium poeyanum 0 64 0 0 16 0 384 16 0 1792 32 0 0 0 72 0 1 0 108 32 10 100 8 72 288 0 2995
Eponides cibrorrepandus 0 0 1 3 8 128 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 140
Fissurina laevigata 0 192 0 1 8 64 128 32 76 1024 0 64 20 3 12 96 5 1 0 0 0 0 0 0 0 0 1726
Fursenkoina pontoni 0 96 0 0 8 0 64 160 76 576 0 0 4 0 0 32 1 0 0 0 0 0 0 0 0 0 1017
Gaudryina exilis 0 32 2 0 8 96 448 0 12 448 128 48 24 0 0 0 0 0 0 0 0 0 0 0 0 0 1246
Globigerina sp. 0 32 17 1 8 96 64 32 16 320 0 0 0 0 0 0 3 0 4 0 0 0 0 0 0 0 593
Hanzawaia boucana 0 0 0 0 0 32 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 32
Haynesina germanica 0 128 0 3 8 160 64 48 36 192 96 0 0 1 16 0 0 0 0 16 0 0 0 0 0 0 768
Lagena sp. 0 0 0 0 0 0 64 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 64
Lagena laevis 0 0 0 0 0 32 64 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 96
Lagena stricta 0 0 0 0 0 32 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 32
Lenticulina sp. 0 0 1 0 0 32 0 0 0 0 32 0 0 0 0 32 0 1 0 0 0 0 0 0 32 0 130
Lagena striata 0 0 0 0 0 0 0 0 0 0 0 16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 16
Monalisidium sollasi 0 0 0 0 0 0 0 0 0 0 32 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 32
Oolina sp. 0 64 0 0 0 32 0 0 0 0 0 112 0 0 0 0 0 0 0 0 0 0 0 6 0 0 214
Oolina striatula 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 0 0 0 0 0 16 0 24
Orthomorphina filiformis 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4
Pararotalia sp. 2 0 0 0 32 288 832 176 100 704 160 208 28 31 108 0 2 21 464 544 10 24 23 30 720 0 4507
Pseudoclavulina curta 0 0 0 0 0 0 0 0 0 320 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 320
Pseudononion atlanticum 0 0 1 3 40 320 384 32 92 448 128 0 20 0 20 32 2 0 4 0 0 0 0 0 0 0 1526
Quinqueloculina sp. 3 0 0 65 0 0 0 96 16 0 32 0 0 0 12 0 2 0 0 0 0 0 0 0 0 0 226
Quinqueloculina lamarkiana 0 0 2 0 16 0 0 0 0 64 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 82
Quinqueloculina seminulum 0 448 1 35 32 64 128 128 588 1600 0 0 0 1 0 0 1 0 0 128 0 0 0 0 16 0 3170
Textularia sp. 0 0 0 0 0 96 0 0 0 0 32 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 128
Textularia candeiana 0 0 3 4 8 0 64 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 79
Textularia gramen 0 0 0 0 0 0 0 0 0 0 0 48 0 0 0 0 0 0 0 0 0 0 0 0 0 0 48
Throchammina inflata 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 2
Throchammina ochracea 8 0 25 5 0 160 128 16 16 64 224 224 48 2 8 0 0 0 0 0 0 0 0 0 0 0 928
Throchammina plana discorbis 1 0 1 1 56 544 320 0 0 64 96 144 48 0 0 0 0 0 0 0 0 0 0 0 0 0 1275
Tiphotroca comprimata 3 0 0 0 0 0 0 0 4 0 32 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 39
Triloculina sp. 0 384 0 12 0 0 246 0 0 0 32 0 0 0 8 288 0 0 0 0 0 2 0 0 16 0 988
Triloculina laevigata 0 288 3 0 80 128 0 64 68 1024 0 0 0 1 0 64 2 0 0 0 0 0 0 0 16 0 1738
Uvigerina sp. 0 0 0 0 0 0 0 0 0 0 0 16 4 0 0 0 0 0 0 0 0 0 0 0 0 0 20
Uvigerina peregrina 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3
Total 24 420 536 840 960 19776 19648 27390 15552 6752 124 284 9312 9440 6752 2496 1824 1376 3448 1992 1464 10720 2288 2320 2592 152 148482

In the present study the penetration of the salt mass recorded
by the species C. subglobosa and Discorbis sp., corroborating Eich-
ler et al. (1995), Cardoso (2000) and Eichler and Eichler (2003)
who, studying Cananéia-Iguape, São Sebastião channel, and GB,
respectively, show the occurrence of these species as indicators
of the high-density marine currents that penetrate through the
bottom layer. The penetration of the saline water was observed
mainly in the region of the bay entrance to regions where the
salinity decreases, and the pH of the sediment increases. Eichler
(2001), studying the Bertioga Channel, also observed the presence
of the genus Discorbis as an indicator of marine influence. In
both Bertioga, São Sebastião and the entrance of GB the species
C. subglobosa and Discorbis sp. correlating positively with the
sandy sediment. Regarding the transport of shells, there seems
to be variation related to efficiency. The transportation of the
genus Discorbis, apparently being heavier, is less efficient when
compared to the genus Cassidulina. C. subglobosa and Bulimina
marginata are typical shelf species (Sen Gupta and Strickert, 1982;
Murray, 1991). C. subglobosa is infaunal, free-living, with de-
tritus feeding habit, predominant of deep regions (Denne and
Sen Gupta, 1988), where the sediment is predominantly sandy. In
addition, its dominance in stations 1, 2, 3 and 4 (at the entrance
of the bay), evidences the penetration of saline waters and, there-
fore, cooler towards the northeast part of the bay, corroborating
what was found in the present work.

P. atlanticum also occurred in regions with significant marine
influence, indicated by the salinity value of 35. This species is
related to microenvironments where the salinity exceeds 28 and
the sediment is coarse, with low carbon content (Eichler, 2001),

where its relative abundance decreases with distance from the
sea, also corroborating data obtained in the present study.

According to Bonetti (2000), the order Miliolina is the most
sensitive to salinity, with some exceptions completely estenoha-
line. In the present study, however, the occurrence of Q. seminu-
lum in winter is observed where salinity reaches its minimum
value. These sites present fine sediment and low dissolved oxygen
value (region of the Estrela and Guapimirim Rivers), suggesting
that this species tolerates less saline and less oxygenated envi-
ronments. In addition, Sen Gupta and Machain-Castilho (1992)
showed that this species remains active up to 24 h after under-
going anoxia, characterizing them as facultative anaerobes. This
fact corroborates its occurrence in the winter, in the stations
where the dissolved oxygen was low. However, Moodlet et al.
(1998) state that Q. seminulum, despite surviving anoxia, is au-
tochthonous in more oxygenated environments and Eichler et al.
(1995) have characterized it as a typical species of regions with
strong currents.

Although the Bolivina genus is characteristic of loamy sedi-
ments (Murray, 1991; Cardoso, 2000), in the present study the
species B. striatula had its highest relative frequency in the cen-
tral region of the bay, where the sandy sediment predominates
(Guimarães et al., 2001). However, the sediment may not be a
limiting factor for this species, but rather the temperature, since,
according to Murray (1991), this species is typical of cold waters.

The influence of domestic pollution on the foraminiferal pop-
ulation has been extensively studied. Eichler et al. (1995) found
that essentially organic pollution associated with the regular re-
newal of their waters at each tide favored the establishment of
opportunistic species.
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The distribution of foraminifera in highly polluted sediments
from the port of Niterói and GB, described in Vilela et al. (2004)
present data on foraminifera as indicators of pollution in an area
marked by intense coastal activities, in one of the most important
naval bases in the country. Accumulation of heavy metals (Cu, Zn,
and Pb) revealed higher concentrations than expected for the re-
gion, being considered moderate to extreme contamination. The
foraminifera presented low abundance and diversity indicating
a stressed environment. Vilela et al. (2003) found A. tepida, B.
elegantissima and Q. seminulum dominant in environments under
stress in the GB.

It is believed that the impact of pollution by domestic sewage
in the region of GB is reflected by the establishment of at least
five species favored by the increase of the organic matter content
and low power of water renewal: A. tepida, B. elegantissima, B.
striatula, Bulimina elongata and F. pontoni. It was observed that
low frequency of F. pontoni, throughout the study region, makes
this species not included in the group of species indicative of con-
taminated environments, however, it is recognized characteristic
allows us to include this species as an indicator.

The hyaline A. tepida is characterized by being mixohaline,
infaunal, and develops well at temperatures between 0 and 30 ◦C
(Murray, 1991). Its occurrence in the present work shows that
this eurihaline species is cosmopolitan and inhabits practically
all the salinities existing in the bay, being dominant in the ar-
eas where the fine sediment predominates corroborating data of
Boltovskoy and Wright (1976).

In addition, the increase in the population of this species is
related to the decrease of bottom oxygen contents (less than 3
mg/l) (Seiglie, 1967), while the smallest populations are located
where the bottom temperature is lower. As for pH, A. tepida
is known to be highly sensitive to acidic pH (Bradshaw, 1961),
decreasing its populations.

Whitcomb (1977, 1978) in experimental studies with A. becarii
found that crude oil inhibits the growth and reproduction of this
species, and its products produce death in the foraminifera. On
the other hand, in places close to domestic sewage occurs the
proliferation of these individuals. This characteristic lies in the
fact that this species degrades organic matter in laboratory ex-
periments and is omnivorous, as well as feeding on phytodetrites
that bloom in domestic sewage (Thomas et al., 2000). It was
observed the occurrence of this species mainly in toxic sediments
of the Bay indicated in Kfouri-Cardoso et al. (2004).

F. pontoni and B. elegantissima, both species recognized as
characteristic of environments contaminated by domestic sewage
(Sen Gupta et al., 1996; Yanko et al., 1999) present higher inci-
dences in the southern region of Governador Island, near Fundão
Island and the connecting channel.

According to some authors (Setty and Nigam, 1982; Eichler
et al., 1995) B. elegantissima is a typical species of environments
rich in organic matter, which is retained mainly in clay sediment,
or contaminated by domestic sewage (Sen Gupta et al., 1996).
High organic matter environments are directly related to higher
concentrations of fine sediment (Tyson, 1995), since in this type
of sediment the energy is low, contributing to the deposition of
organic matter. In addition, in these regions, the oxygen content
is very low. It is noted that B. elegantissima presented its highest
relative frequency, exactly where the hypoxia is accentuated, in
the southern region of Governador Island, near Fundão Island in
the winter and in the APA region of Guapimirim in the summer,
corroborating the mentioned authors.

According to Kjerfve et al. (1997), the western margin and the
innermost parts of the bay present high average concentrations of
nutrients (nitrogen, phosphate and sulfur) due to the enrichment
coming from the domestic discharge and the little efficiency in
the renewal of the waters near Governador Island and Fundão

Island. These are the most seriously impacted places. This fact
corroborates the low values obtained for the Carbon/Sulfur ratio
in that region, indicating highly reducing environments with high
organic matter content.

Also, with environmental stress, there is a decrease in species
diversity, which results in increased dominance (Sanders, 1969;
Odum, 1988). The results point to the entrance of the bay as
the most diverse region. In that sub environment the sediment
is sandy, reflecting its higher energy (Vilela et al., 2001); con-
sequently, the efficiency in the dispersion of the pollutants in-
creases, making the environment conducive to the establishment
of a greater number of species.

The physical data obtained in this study reveal that the north-
eastern part of GB, including the regions near REDUC and south
of Governador Island, are places of low circulation and therefore
less subject to water renewal. As far as foraminiferal species
are concerned, the results found to date confirm their use in
studies of pollution by domestic oils and sewage, even where the
dissolution of the carbonate is active due to the low pH.

Hydrography, circulation and transport
Although GB is a large body of very complex water, typical

characteristics of estuaries have been observed for stratification
of salinity, circulation and advective transport of salt, confirming
the results of previous studies (Kjerfve et al., 1997).

Important results were obtained of the spatial (km) and tem-
poral (during a tidal cycle), Moon (neap and spring) and seasonal
(winter and summer) phases of hydrographic characteristics, cir-
culation and advective transport of salt.

The vertical velocities of the longitudinal velocity to the inlet
channel of GB (F1) clearly showed the effect of the barotropic
(tide) and baroclinic components (density gradient) of the pres-
sure gradient force. The tidal currents were more intense in
winter (0.85 to −0.81 m s−1) and less intense in the neap tide
(0.4–0.65 m s−1), respectively.

The asymmetry of flood intensities (u > 0) and effluent (u < 0),
more pronounced in the quadrature, indicates the effect of the
longitudinal velocity component generated by fluvial discharge,
which on average varies, according to Kjerfve et al. (1997), from
36 to 185 m3 s−1 between winter and summer, respectively. The
intensity of this component, estimated on the basis of the residual
velocity, varied between −0.02 (in winter) and −0.07 m s−1 (in
summer). It is a very small velocity component but, taking into
account that its direction is out of the bay, the transport resulting
from this component is an important renovator of the water mass
inside the bay. The temporal average of the vertical profiles in
this station indicated, in the neap tide, the classic gravitational
circulation estuarine, with movements outward and into the bay
in the superficial and deep layer, respectively.

The hourly structure of the vertical stratification of the salinity
at the station at the entrance (F1) was conditioned mainly by the
advective transport of the tidal currents, causing the intensifica-
tion and the attenuation of the vertical salinity gradient in the
halocline.

The Stratification–Circulation Diagram (Hansen and Rattray,
1966), although theoretically deduced based on a stationary an-
alytical model applied to an estuary with simple geometry, was
used to classify the four sampled regions into the bay. In winter
and summer, the region around the entrance of the Bay was
classified as Type 2a (almost in transition to Type 1a in winter)
and Type 2a (but with greater vertical stratification), respectively.
In the first experiment (winter), the turbulent diffusion process
was responsible for 99% of the transport of estuarine salt above,
while in the summer this percentage fell to 86%.

The foraminifera species that were dominant in the envi-
ronment formed at the station located at the entrance of the
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bay, under the greatest influence of the tidal entrance are: C.
subglobosa, D. williamsoni and P. atlanticum.

The station south of the Governador Island (F2) located in the
region of the bay suffocated to the west, shows attenuation of
the intensity of the movements. In fact, in both experiments the
longitudinal velocity intensity ranged from −0.2 to 0.2 m s−1, and
the residual velocities were very small, indicating weak influence
of the tidal forcing, river discharge and baroclinic effect of the
force of the pressure gradient. In winter, the waters of continental
shelf had greater influence on the salinities of the bottom layer
than in the summer. With the highest vertical stratification in
winter, classification according to the Stratification–Circulation
Diagram migrated from Type 2b to Type 2a in summer, i.e. from
partially mixed and highly stratified to partially mixed and poorly
stratified. Due to the confinement of this part of the bay, the salt
transport generated by the river discharge was small: 0.6 and
1.0 kg m−1 s−1 in winter and summer, respectively.

In the east station of the Governador Island (F3) the hy-
drographic properties also show a larger range of temperature
and salinity variation in summer and greater vertical stability of
the water column. In relation to circulation, ebb velocities were
more intense in summer (−0.2 and −0.35 m s−1, respectively in
winter and summer) because the river discharge extremes occur
at this time of year. This region of the bay was classified as
Type 2a in these seasonal times, in neap tide conditions, while
in the spring tide the classification changed to Type 2b, due to
the greater vertical stratification, but with predominance of the
diffusive process for the transport of salt. The advective portion
of salt transport out of the bay increased from winter to summer
from −7.7 to −15.0 kg m−1s−1 and in summer spring increased
to −27.0 kg m−1s−1. Therefore, the summer season and tidal
conditions are the most favorable for the transport of pollutants
from the interior of the bay to the adjacent coastal region.

Due to the more internal location of the Paquetá Island fixed
station (F4), the lower salinities were observed in the superfi-
cial layer and the occurrence of haloclines with marked vertical
gradients of salinity. The higher vertical stratification of salinity
and the characteristics of the surface and residual circulation
caused this region to be classified in the summer as Type 2b, with
averages of 77% and 24% of the salt transport due to the diffusive
effect of the tide and respectively. However, at this station an
anomaly was observed in the result of the residual velocity of
the neap tide, whose direction went to the interior of the bay.
Thus, advective transport of salt varied between +4.0 and −1.3 kg
m−1s−1.

With the exception of the station in the entrance of the bay,
the stations of the interior of the GB present similar character-
istics as: small water renovation, revealing the high degree of
anthropic impact of the region. The foraminiferal species asso-
ciated with these low water renewal environments are A. tepida,
B. elegantissima, Bolivina stritula, B. elongata and F. pontoni.

6. Conclusions

The study of the seasonal variation of hydrographic and cir-
culation conditions made possible the mapping of foraminiferal
species indicative of sediments most strongly influenced by pol-
lution in GB. The fixed stations of the interior of the GB, except
for the station at the entrance of the bay, present low water
renovation, revealing a high degree of anthropic impact. The
foraminiferal species associated with the sediments located in a
region of poor circulation and low efficiency in the water renewal
are A. tepida, B. elegantíssima, B. stritula, B. elongata and F. pontoni.

From the study, it was observed that the discharge of un-
treated organic and inorganic pollutants from the city of Rio de
Janeiro, which are mainly dumped in the waters of the Sao Joao

de Meriti River, located to the west of Governador Island, is one
of the main factors compromising the ecological health of the
GB. Circulation and export of pollution does not occur in this
important region, most affected by pollutants.
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