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Abstract: In tide-dominated estuaries, maximum-turbidity zones (MTZs) are common and promi-
nent features, characterized by a peak in suspended-sediment concentration (SSC) associated with
estuarine processes. The Brazilian Amazon coast includes many estuaries, experiencing macrotidal
conditions. MTZs are expected to occur and are crucial for sediment delivery to the longest continu-
ous mangrove belt of the world. The area is under influence of the Amazon River plume (ARP), the
main SSC source, as local rivers do not deliver substantial sediment supply. To assess the processes
that allow the ARP to supply sediment to the estuaries and mangrove belt along the Amazon coast,
the results from previous individual studies within five Amazon estuaries (Mocajuba, Taperaçu,
Caeté, Urumajó and Gurupi) were compared with regards to SSC, salinity, morphology and tidal
propagation. This comparison reinforces that these estuaries are subject to similar regional climate
and tidal variations, but that their dynamics differ in terms of distance from the Amazon River mouth,
importance of the local river sediment source, and morphology of the estuarine setting. The Urumajó,
Caeté and Gurupi are hypersynchronous estuaries where perennial, classic MTZs are observed with
SSC > 1 g·L−1. This type of estuary results in transport convergence and MTZ formation, which
are suggested to be the main processes promoting mud accumulation in the Amazonian estuaries
and therefore the main means of mud entrapment in the mangrove belt. The Mocajuba and the
Taperaçu estuaries showed synchronous and hyposynchronous processes, respectively, and do not
present classic MTZs. In these cases, the proximity to the ARP for the Mocajuba and highly connected
tidal channels for the Taperaçu estuary, assure substantial mud supply into these estuaries. This
study shows the strong dependence of the estuaries and mangrove belt on sediment supply from
the ARP, helping to understand the fate of Amazon River sediments and providing insights into the
mechanisms providing sediment to estuaries and mangroves around the world, especially under the
influence of big rivers.

Keywords: estuaries; suspended-sediment concentration; tidal prism; tides; turbidity

1. Introduction

Estuaries have been defined and classified based on different factors that reflect the
diversity of coastal areas and scientific interests [1]. These different perspectives include
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geomorphology and stratigraphy [2–4], the salinity gradient [5–7], biological aspects [8]
and the circulation pattern and water stratification [9–11].

The basic consensus of these different perspectives is that estuaries are coastal, tran-
sitional between continental and marine environments where the continental and ma-
rine influences are manifested mainly in terms of salinity and tides. While variations in
salinity stratification produce baroclinic conditions/circulation, tidal variations produce
barotropic conditions/circulation. The baroclinic circulation has little relevance where the
tidal variations are intense and the turbulence generates strong mixing of the estuarine
waters, and the estuaries can thus be classified as vertically homogeneous, well mixed,
or tide-dominated [11], in contrast to wave-dominated estuaries [3] or river-dominated
estuaries [12]. These patterns are substantially influenced by friction, which in this context
is mostly a product of the estuarine morphology (e.g., depth) [13,14]. Shallow depths in
relation to the tidal range favor turbulence and mixing [15].

In estuaries where the tide is the main forcing, it dominates the transport processes,
thus determining the estuarine geomorphological configuration, which is the case for
the Brazilian Amazon coast. Estuaries receive sediments, especially in suspension from
river/continental sources and from marine sources. Flocculation and salt wedges play a
fundamental role in the sediment transport and accumulation in well stratified and/or
wave-dominated estuaries, but the transport and accumulation are governed by the con-
vergence of processes in tide-dominated and vertically homogeneous estuaries [16]. In
both conditions, one feature of suspended-sediment transport is the formation of turbidity
maxima or maximum-turbidity zones (MTZs), which are characterized by great values of
suspended-sediment concentration (SSC) in a given sector of the estuary, located at or near
to the head of the salt intrusion [11,17]. A turbidity maximum can develop in different
ways [16,18]. Classical studies refer to density circulation [16] and tidal transport [18] as the
general driving processes for MTZ formation in well-stratified and well-mixed estuaries,
respectively. In all models, a longitudinal seaward dilution of river-borne SSC is considered,
whereas a peak in SSC is reached near the landward limit of the salt intrusion [18].

In the case of tide-dominated estuaries, MTZs are relatively common phenomena
(e.g., Ref. [19]). There is no particular SSC value that defines an MTZ, especially due
to large differences in sediment availability [17]. Tidal conditions obviously affect the
MTZ characteristics. In mesotidal estuaries, MTZs usually have SSC in the order of 0.1
to 0.2 g·L−1, whereas hypertidal (i.e., tidal range > 6 m) estuaries present SSC of 1 to
10 g·L−1 [11]. Herewith, we consider mean concentrations of > 0.5 g·L−1 to characterize an
MTZ, which is reasonable for macrotidal (tidal range 4–6 m) estuaries such as those along
the Amazonian coast, and which is supported by previous studies [20].

In addition, the longitudinal convergence of transport and the MTZ are constantly
experiencing spatial and temporal displacements as a function of the tidal cycle, the
variation in tidal height as a function of the spring-neap cycle and seasonal variations
as a function of the rainfall regime and river discharge [21–23]. Vertical circulation, tidal
pumping and resuspension are the dominant mechanisms for the formation of the MTZ [17].
The location and turbidity of the MTZ in the estuaries are sensitive to variations in tidal
phases and river-flow rates. Thus, comparative studies of estuaries from the same region
subjected to the same geological and climate configuration, as well as similar tidal ranges,
are particularly interesting if we aim to understand the dynamics of suspended sediments
in estuaries and the formation of MTZs [18,24]. These processes are very important since
they influence the morphodynamic evolution of estuaries, accumulation of contaminants,
species migration, primary production, siltation, et cetera [25–27].

Several studies have sought to understand the mechanisms of formation and dynamics
of the MTZ, such as in the Changjiang estuary [22,28] in China and Yalu estuary [29] in
China/North Korea; the Gironde estuary in France [30]; the Humber and Ouse estuaries
in the United Kingdom [31]; the Northern European estuaries of Weser, Seine, Scheldt
and Humber [32]; and the Urumajó and Caeté estuaries [20,33] in the eastern sector of the
Amazon coast. Even though Brazil has many estuarine systems, there are few studies about



Water 2021, 13, 1568 3 of 21

the formation and dynamics of their MTZs. Additionally, there is a contrast between the
occurrence of tide-dominated estuaries on the Amazon coast of Brazil and the rest of the
estuaries along the Brazilian coast, where stratification and waves are more relevant [1].

The objective of this study is to investigate the variation in SSC and the factors con-
trolling the formation of the MTZ in five different Amazon estuaries: Mocajuba, Taperaçu,
Caeté, Urumajó and Gurupi. These estuaries are subject to similar regional climate and
tidal variations, but there is a variation in distance from the Amazon River and its plume, a
gradation of relative importance of the local river discharge and important morphological
differences. In contrast to most estuaries where the local fluvial waters are the main source
of suspended sediments here we investigate estuarine systems where the main SSC source
lies offshore, to understand its impact on the MTZ formation.

Additionally, we tested the concept that despite variations in local fluvial discharge
and geomorphic characteristics, all of these estuaries along the northeast Amazon coast
would exhibit an MTZ. Seasonal variations are also evaluated, not only because of impacts
from the local river components but also impacts from the Amazon River plume (ARP),
which influences the regional conditions in many ways.

2. Study Area

The eastern sector of the Amazon coast covers the states of Pará and Maranhão
(Figure 1b). It has >20 estuaries, which fit the definition of a tide-dominated estuary [3].
These estuaries are associated with an extensive mangrove belt of approximately 7600 km2,
which corresponds to approximately 75% of Brazilian mangroves [34,35]. It has been shown
that this large mangrove occurrence is related to the Amazon River suspended-sediment
supply [20,35], which decreases southeastwards.

Even though they have apparent physiographic similarity and the climate conditions
have some regularity along the coast, the estuaries of the eastern sector of the Amazon
coast have some distinct characteristics (geology, drainage-basin size, and river discharge),
causing them to experience different hydrodynamic behavior [36]. In this context, the
mechanisms for retention and transport of fine sediment in the eastern sector of the Ama-
zon Coastal Zone (ACZ) are relevant because they are associated with the establishment
and growth of extensive mangrove regions, where the amount of local river input of
sediments is small [20,33,35]. In turn, the Amazon River represents the largest supply of
continental water and discharge of suspended sediments to the oceans, as it annually de-
livers 6 × 1012 m3 of water (17% of the world total) and 1.2 × 109 tons of sediment [37,38].
Although its plume is transported mainly to the northwest, seasonal drift to the south-
east has been documented [38,39] and represents an important contribution of suspended
sediments to the estuaries studied here (e.g., Ref. [20]), i.e., Mocajuba, Taperaçu, Caeté,
Urumajó and Gurupi; Table 1).

Table 1. Key features of the investigated estuaries along the east sector of the Amazon coast.

Estuary
Distance from
Amazon River

Mouth (km)

Estuarine Length
(km)

Catchment Area
(km2)

Mangrove Area
(km2)

River Discharge
(m3·s−1)

Mocajuba 225 53.0 323 54.5 11.0
Taperaçu 353 27.5 40 100.6 –

Caeté 369 54.3 2236 110.1 41.5
Urumajó 374 43.0 544 36.4 10.0
Gurupi 433 57.7 35,053 85.9 472.0
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Figure 1. Location of study sites (a), corresponding to the eastern sector of the Amazon coast (b), 
and the Mocajuba (c), Urumajó (d), Caeté (e), Gurupi (f) and Taperaçu (g) estuaries. 

The Caeté River has a drainage basin of 2236 km² with a length of 110 km along the 
main river channel [36,40]. The record from the Nova Mocajuba hydrological station (Fig-
ure 1e) reveals a mean river discharge of 41.5 m³·s−1. For the month of November (dry 
season), the discharge is 7.03 m³·s−1; and for the month of April (rainy season), the dis-
charge is 82.3 m³·s−1 [41]. 

The Taperaçu estuary is classified as a frictionally dominated estuary with a mean 
depth of 4 m [42]. Its drainage basin is ~40 km² (Figure 1g), and the absence of an effective 
river discharge is among its peculiarities [42]. There is a hydrodynamic connection be-
tween the Caeté and Taperaçu estuaries through the tidal channels Furo Grande and Furo 
do Taici, which is a very important factor from the hydrodynamic [43–45] and biological 
points of view [46].  

Figure 1. Location of study sites (a), corresponding to the eastern sector of the Amazon coast (b), and the Mocajuba (c),
Urumajó (d), Caeté (e), Gurupi (f) and Taperaçu (g) estuaries.

The Caeté River has a drainage basin of 2236 km2 with a length of 110 km along
the main river channel [36,40]. The record from the Nova Mocajuba hydrological station
(Figure 1e) reveals a mean river discharge of 41.5 m3·s−1. For the month of November
(dry season), the discharge is 7.03 m3·s−1; and for the month of April (rainy season), the
discharge is 82.3 m3·s−1 [41].
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The Taperaçu estuary is classified as a frictionally dominated estuary with a mean
depth of 4 m [42]. Its drainage basin is ~40 km2 (Figure 1g), and the absence of an effective
river discharge is among its peculiarities [42]. There is a hydrodynamic connection between
the Caeté and Taperaçu estuaries through the tidal channels Furo Grande and Furo do Taici,
which is a very important factor from the hydrodynamic [43–45] and biological points of
view [46].

The estuary of the Urumajó River (Figure 1d) extends for ~50 km, and the area of its
drainage basin is ~544 km2, with a mean elevation of 34 m. The length of its estuarine
region is ~20 km, and its mouth flows into Caeté Bay [33,42].

The Mocajuba River estuary (Figure 1c) has a river discharge ~27% of the Caeté River
discharge [36]. Although there are no historical records, the maximum monthly mean
river discharge and annual mean river discharge are estimated at 68.5 and 11 m3·s−1,
respectively [47]. The area of its drainage basin is ~323 km2 [47].

The estuary of the Gurupi River (Figure 1f) has a drainage basin of ~35,000 km2 [35]
and a mean flow rate of 472 m3·s−1 [40]. The flow rate of the Gurupi River is estimated
to be ~7 times greater in the rainy season (e.g., April–May ~1125 m3·s−1) than in the dry
season (e.g., October–November ~155 m3·s−1). Similar to the other estuaries in this sector,
the Gurupi River estuary has extensive mangroves occupying the coastal plains in its distal
portion. In addition, there are several rocky outcrops in the area associated with the São
Luís Craton [48].

The climate of the region is tropical, hot and humid, and is characterized by the
occurrence of a rainy season from January to June and a dry season from August to
November (Figure 2), with mean annual rainfall ranging between 2300 and 2800 mm [49].
The intertropical convergence zone (ITCZ) is one of the main factors responsible for the
occurrence of rainfall in the region [50,51]. The ITCZ controls the seasonal rainfall patterns
(Figure 2a), and modulates Amazon River discharge and its plume displacement due to
seasonal wind pattern variation (Figure 2b) [38,49]. This seasonal pattern is particularly
important because the area is not affected by tropical storms [52].
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Figure 2. Climate conditions along the eastern portion of the Amazon coast. (a) Data from stations 
near the study areas, for 2000–2018, in the rain-gauge station for the municipality of Curuçá near 
the Mocajuba River estuary (left), the rain-gauge station for the municipality of Tracuateua, near 
the Taperaçu, Caeté, and Urumajó estuaries (middle), and the Viseu rain-gauge station near the 
Gurupi River estuary (right). (b) Scheme proposed by [42] for the dynamics of the Amazon River 
plume and discharge of the Gurupi River (Alto Bonito river station) and the Caeté River (Nova 
Mocajuba river station) for 2000–2014. The vertical bars show the data collection periods in the five 
estuaries: rainy season (green bar) and dry season (gray bar). 

Figure 2. Climate conditions along the eastern portion of the Amazon coast. (a) Data from stations near the study areas, for
2000–2018, in the rain-gauge station for the municipality of Curuçá near the Mocajuba River estuary (left), the rain-gauge
station for the municipality of Tracuateua, near the Taperaçu, Caeté, and Urumajó estuaries (middle), and the Viseu
rain-gauge station near the Gurupi River estuary (right). (b) Scheme proposed by [42] for the dynamics of the Amazon
River plume and discharge of the Gurupi River (Alto Bonito river station) and the Caeté River (Nova Mocajuba river station)
for 2000–2014. The vertical bars show the data collection periods in the five estuaries: rainy season (green bar) and dry
season (gray bar).
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3. Materials and Methods

To evaluate the dynamics of suspended sediments in the five estuarine systems,
the longitudinal and vertical changes in SSC under different tide and river-discharge
conditions were investigated, along with salinity measurements. The Caeté River estuary
is a representative of the tide-dominated estuary model, with medium and balanced
conditions in terms of river morphology and flow rate [20,35,40]. Thus, a comparative
approach was adopted based on knowledge of the Caeté River estuary and the assumption
that this would be a representative condition for the other estuaries. In parallel, surveys
of water-level changes were performed at various points in each estuary, along with
morphology mapping of each system. These methods are detailed below.

3.1. Measurements of SSC and Salinity throughout the Estuaries

The SSC and salinity measurements were obtained from longitudinal surveys com-
posed of regularly spaced vertical CTD profiles. These longitudinal surveys follow ap-
proximately the thalweg of the estuarine channels, close to the time of high-water. Due to
differences of the boat path and to morphodynamic changes, the bottom track might differ
seasonally in each estuary. In all five cases, surveys were performed during periods of high
and low river discharge, generally during no-overbank tides (e.g., neap tides). Additional
surveys were also conducted under overbank (spring) tide conditions, when the mangrove
areas were flooded. Salinity and turbidity data were obtained through vertical profiles of
conductivity, temperature, and depth CTD 90M probe (Sea & Sun Technology GmbH, Trap-
penkamp, Germany) that included a turbidity (optical backscatter—OBS) sensor (Seapoint
Sensors Inc., Exeter, NH, USA). The latter values were recorded in formazin turbidity units
(FTU) [53].

At each measurement station, ~600 mL water samples were collected at ~30 cm below
the water surface for subsequent SSC quantification in the laboratory. More than 180 water
samples were analyzed. These samples were fractionated into subsamples, and their
concentrations were determined through filtration [54]. The turbidity values were related
to the SSC of the five studied estuaries through a quadratic polynomial correlation between
concentrations of physical samples and measured FTU from the OBS sensor (suspended-
sediment concentration, SSC (g·L−1) = 0.0000008 × (OBS)2 + 0.0006 × (OBS) + 0.0221),
R2 = 0.805), and thus it was possible to convert turbidity data into SSC values (a scatter
plot of this correlation is presented in the Figure S1).

The longitudinal CTD profiles for the estuaries of the Mocajuba, Taperaçu and Uru-
majó Rivers were conducted with vertical profiles spaced ~1 km apart along the estuaries.
In the Caeté River estuary, the spacing was ~2 km. Because of the large extent of the
Gurupi River in relation to the other estuaries, the spacing along the longitudinal profile
was ~5 km.

3.2. Morphological Measurements, Tidal Amplitude, and Calculation of Tidal Prisms

In each of the five estuaries, bathymetric surveys were performed using a small boat
and a Furuno 4100 echosounder (Furuno Electric Co., Ltd.—Nishinomiya, Japan) with dual
frequencies of 50 and 200 kHz coupled to a Garmin 60CSx GPS (Garmin Ltd., Olathe, KA,
USA). These devices were connected to a portable computer and the software standard
data acquisition (SDA) v1.93 (Sea & Sun Technology GmbH, Trappenkamp, Germany) was
used for the pairing and storage of the data obtained by the echo probe and the GPS. The
data acquisition rate was 1 Hz, and the displacement speed of the boat oscillated between
1.5 and 2 m·s−1 (i.e., 3–4 knots). Each survey consisted of a series of cross-channel profiles
and covered at least the distance from the limit of the saline intrusion upstream to the
mouth of the estuary. The spacing between profiles ranged from 30 to 500 m, depending
on the dimensions of the estuary.

To analyze the propagation and amplification of the tidal currents along the studied
estuaries, digital tide gauges, model Onset/HOBO U20-002-Ti (Onset—Cape Cod, MA,
USA), were installed at five points along the channel. Waterlevel variation along each
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estuary was monitored in different periods and conditions, usually in week-long surveys,
encompassing spring to neap tidal range, during low and high fluvial discharges (i.e., dry
and rainy seasons). Bathymetric measurements were performed in all estuaries during
intermediate fluvial discharge conditions, mainly around the high-water period of spring
tides. To allow a proper comparison of the studied estuaries, we focused on the seasonal
transition period at mean tidal-range conditions (intermediate between spring and neap),
as datasets from these conditions were available for all five estuaries (a complete table
summarizing periods and conditions of each measurement is provided as Table S1).

The water level variation data were then used to correct the bathymetric data. High-
tide contours for each estuary were obtained from the shuttle radar topography mission
(SRTM) data and satellite images. Morphological grids were prepared and maps and
digital elevation models (DEMs) were generated using Surfer software (Golden Software
LLC, Golden, CO, USA). We used the triangulation with linear-interpolation method
and a spacing from 30 to 100 m, which was compatible with the acquisition of data and
dimensions of each estuarine sector. The dynamic tide of each estuary was also analyzed,
and the installation of the tide gauges aimed to detect the limit of upstream tide propagation.
The contours of the river-estuarine channels were digitized from SRTM data and satellite
images, and the depths of the thalweg were measured from longitudinal profiles when the
tide gauges were installed. These data were also used for the generation of DEMs.

From the DEMs and the tide propagation in each estuary, we calculated the tidal prism,
which is defined as the water volume between the mean low-tide and mean high-tide
levels [55]. The mangrove areas in each estuary are extremely challenging for bathymetric
and topographic surveys. However, these areas are only effectively flooded when the water
level reaches ~2 m above the mean level, which only occurs during spring tides [20,42]. In
the present study, the overall mean tidal range for the region was calculated to be 3.5 m
and therefore mean tide is ~1.75 m and below the 2 m that would characterize overbank
tides. Nevertheless, the mean spring tidal range is ~5 m, placing the region well within
the macrotidal range. Thus, the tidal prisms were calculated based on the mean tide,
according to the literature [11,55], avoiding the need and technical challenge of measuring
the morphology and watershed limits of each estuary within the wide mangrove areas.

The tidal prisms were calculated in two distinct portions for each estuary. One
comprised the main estuarine portion, which is affected by both the dynamic tide and the
salt intrusion and corresponds to the middle and lower estuary. In this portion, detailed
bathymetric surveys were performed, and the width of the channel reached up to 3 km.
The second part comprises the high, upper estuary, where simplified bathymetric surveys
were performed, including mostly longitudinal profiles along the thalweg and near each
margin. There, the channel width was typically 20 to 50 m, and cross-sectional bathymetric
profiles were not performed. This separation allowed one to make grids with adequate
spacing for each portion, but also allowed a more detailed analysis of the tidal prism and
of the role of the different river discharges and morphologies of each estuary.

4. Results and Discussion
4.1. SSC Distribution Patterns and Salinity
4.1.1. Regional Model of SSC Distribution and River Flow Rate Variations

As mentioned above, the distribution patterns of SSC and salinity of the Caeté River
estuary (Figure 3) were initially evaluated as a starting point of the comparative analysis
with other estuaries. A detailed analysis of the Caeté River estuary with respect to morphol-
ogy, hydrodynamics, and suspended-sediment circulation has already been performed [20].
These results highlight the important combined role of flows during overbank tides (spring
tides) and the direct impact of heavy monsoon rains during the first months of the year.
The latter conditions greatly increase the SSC (Figure 3a–c). Additionally, offshore values
of SSC are increased during that period [38,39], and this material is advected landwards
due to estuarine circulation [20]. Overbank tides have similar effects in the dry season
(Figure 3d–f). In both cases, increased values of SSCs are observed throughout the estuary,
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although the synergistic effect of overbank tides on rainfall is strong [20]. In non-overbank
(neap) tides (Figure 3g), SSCs are substantially less and much more localized, producing
characteristic MTZs.
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Figure 3. Longitudinal/vertical distribution patterns of salinity and suspended sediments at the
Caeté estuary. Blue lines represent salinity, and red lines represent the SSC. Panels (a–c) represent
the overbank tide condition during the rainy season; (d–f) represent overbank tides during the
dry season; (g–i) represent non-overbank tides during the rainy season; and (j–l) represent the
non-overbank tides during the dry season (modified from [20]).

Because the formation of the MTZ in tide-dominated estuaries is associated with
transport convergence and is the product of the interaction between the river-tidal hy-
drodynamics and morphology [16], overbank tides significantly alter tide propagation in
terms of morphology [20], which substantially contributes to the absence of distinct MTZs
under these conditions. In turn, there is a clear displacement of the MTZ upstream (dry
season) and downstream (rainy season), depending on the river discharge. Nevertheless,
the MTZ always occurs at salinity values of 2 or less, as expected (e.g., Ref. [11]).

The results of this study show observed peaks in concentrations of suspended sed-
iments occur in all of the five estuaries (Figure 4) investigated under non-overbank tide
conditions and in the rainy season. When comparing the distribution of SSC, we find that
the estuaries of the Urumajó River (small river discharge) and Gurupi River (large river
discharge) exhibit a very similar pattern of MTZ formation to that of the Caeté River, and its
positioning is consistent with the distribution of salinity (Figure 5). Data on overbank tides
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in the case of the estuaries of the Urumajó and Gurupi Rivers also show similar patterns
to those of the Caeté River, and the seasonal variations in the river discharge indicate the
same displacement pattern of the MTZ.
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In the case of the Mocajuba and Taperaçu estuaries, the variations diverged sub-
stantially from the pattern presented for the Caeté River estuary, although the data in
non-overbank conditions and in the rainy season suggest the occurrence of an MTZ, as
discussed below. Whereas the pattern of the Caeté includes an MTZ in the middle sector of
the estuary, in association with the head of the salt intrusion, at the Mocajuba estuary the
observed increased values of SSC are occurring near the estuarine mouth. On the other
hand, at the Taperaçu estuary the increased SSC is observed in the upper sector. In both
cases SSC is decoupled from salinity (Figure 6), with increased values of SSC occurring
with salinities of ~32 (Mocajuba) or ~10 (Taperaçu).

When evaluating the longitudinal SSC distribution pattern during spring-tide condi-
tions at the Caeté River estuary (Figure 3c), the effect of sediment resuspension by tidal
currents results in high values of SSC in most of the estuarine length and from the bottom
to the water surface, making MTZ delimitation and determination of location difficult [33].
During overbank tides there is still the transfer of suspended sediment from intertidal areas
when the water level falls, causing the SSC in the estuarine channel to increase substantially.
This discharge impacts estuarine hydrodynamics and the retention of fine sediment in the
estuarine system [16,56].
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greater during the rainy season and that SSC and salinity variations are not clearly related.

This sensitivity of the location and values of SSC of the MTZ in tide-dominated
estuaries to tidal range and river discharge is well known. For example, studies of four
macrotidal estuarine systems in northern Europe (Weser, Seine, Scheldt, Humber) [24] and
in six small estuarine systems in the central west coast of India [57], among others, have
demonstrated this variation of SSC in the MTZ, as well as shifts in its position according to
fluvial discharge variation. However, in all these cases, local rivers are the main source of
SSC, whereas along the studied Amazon coastal sector the main source is offshore, which
would correspond to the ARP in a long-term perspective [20].

4.1.2. Estuaries That Do Not Fit the Standard and Their Particularities

The comparison of suspended-sediment patterns between the Mocajuba and Taperaçu
estuaries shows that increased concentrations occur only in the rainy season (Figure 6).
In the Mocajuba River, there is a large concentration of suspended sediments in the
outer/lower portion of the estuary, with an abrupt decrease upstream. In contrast, in
the Taperaçu estuary the SSCs are minimal in the outer/lower portion and there is an
increased concentration upstream (Figure 6). In both cases, the salinity distribution pattern
suggests the variation in concentrations do not correspond to the formation of MTZ.
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Other processes and factors can profoundly alter the distribution of suspended sed-
iments in the estuaries of the eastern sector of the Amazon coastal zone, and here the
connectivity between estuaries through tidal channels and the contribution of the Ama-
zon River are particularly important [20,36,42–45,58]. In the case of the Taperaçu estuary,
connectivity with the Caeté River estuary plays a predominant role in localized SSCs. In
the case of the Mocajuba estuary, the connectivity or contribution of the Amazon River
could be an important factor in the enhanced suspended-sediment concentration near the
mouth (Figure 7).
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When evaluating the seasonal variation in the SSC distribution in the Taperaçu estuary,
we note that the pattern of greater concentration up-estuary is correlated with the seasonal
location of the MTZ of the Caeté estuary. The suspended sediments of the latter are carried
to the Taperaçu estuary through a connection channel (Furo do Taici) [20,42,43], and this
process is favored during the rainy season. This is due to the position of the MTZ in the
area of the Furo do Taici and by the higher concentrations during this period (Figure 7a).

Among the cases studied, the Mocajuba River is the closest to the mouth of the Amazon
River and therefore the most susceptible to the effect of its plume. It has been demonstrated
that the seasonal plume variations, especially due to the seasonal variation in the direction
and intensity of the winds, strongly affect the area during the rainy season [38,39]. The
comparison between the seasonal variation in the suspended-sediment distribution pattern
in the Mocajuba River and the mean seasonal position of the Amazon River plume high-
lights this seasonal contribution and explains the decrease in SSC upstream, because in this
case there is a substantial input from offshore, resulting in substantially increased values
of SSC at the lower Mocajuba estuary, which abruptly decrease in the upstream direction
(Figure 6). This occurs especially during the first half of the year, when the ARP is more
sediment-laden at the Mocajuba estuarine mouth (Figure 7b). For all five investigated estu-
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aries there is a mud supply from offshore, probably related with the ARP [20,35], but there
is a strong eastward decreasing gradient of this supply, with the distance from the Amazon
River mouth, so that its effect is most conspicuous at the Mocajuba estuary (Figure 7b).

These results indicate that while the estuaries of Caeté, Urumajó and Gurupi have
typical MTZs for tide-dominated estuaries, the Mocajuba and Taperaçu do not have distinct
MTZs, although seasonally localized increased SSCs are observed. Within this study, an
MTZ is defined as a distinct estuarine zone with perennial increased values of SSC as a
result of transport convergence occurring at, or near to, the head of the salt intrusion [11,17],
which is not the case for the Mocajuba and Taperaçu estuaries. In those cases, the different
morphology and proximity to the Amazon River plume of the Mocajuba estuary and the
absence of river discharge in the Taperaçu estuary explain their absence of MTZs, where
observed increased SSC zones are only seasonal, and not related with the head of the salt
intrusion or the sediment transport convergence.

We hypothesize that the reason for MTZ absence in the Mocajuba and Taperaçu
estuaries lies with their geomorphic characteristics. To assess this, the morphology of
Taperaçu and Mocajuba estuaries was compared with the morphology of the Urumajó
estuary, which has an MTZ and has dimensions comparable to the other two estuaries,
allowing a proper comparison. From the developed DEMs several cross-sections were
extracted from each estuary, with a 1–2 km spacing, composing a longitudinal profile of the
channel geometry (Figure 8). These profiles extend upstream to the limit of salt intrusion.

Considering the cross-sectional area (Figure 8a), Taperaçu and Urumajó estuaries are
similar, exhibiting a funnel-shaped seaward portion with substantial upstream convergence,
whereas the Mocajuba estuary stands out with a substantially greater cross-sectional area
along the entire evaluated extent. Considering the relationship of the channel width and
channel depth for each cross-section (Figure 8b), the Taperaçu estuary stands out, being
substantially shallower than the Urumajó and Mocajuba estuaries. On the other hand,
while comparing the local cross-section depth (h) with the mean tidal range (a), all three
estuaries can be discerned (Figure 8c). The Mocajuba is deep in relation to the tidal range
(average a/h = 0.442) and the Taperaçu is shallow (average a/h = 1.081), with the Urumajó
estuary representing an average equilibrium condition (a/h = 0.769).

4.2. Interaction of Channel Morphology and Tidal Propagation and Its Control of SSC Patterns

Effects of the geomorphology on tidal propagation are largely discussed in the scien-
tific literature for estuaries around the world (e.g., Refs. [13–15,59–61]), as well as along
the Amazon coast (e.g., Refs. [1,20,35,36,42,58]). When ocean tides propagate into shallow
estuaries, they are modified and thus produce a landward or seaward residual trans-
port [18]. Three main distinct processes are recognized: (1) frictional damping on the
bottom; (2) landward constriction or convergence in the channel; and (3) reflection on
shoals or at the estuary head [60]. For tide-dominated estuaries the balance between
friction and convergence is particularly relevant [16].

Nevertheless, as early recognized for coastal environments such as estuaries mostly
formed by unconsolidated sediments [62], the interaction and feedback between the mor-
phology and hydrodynamics define sediment transport pathways and subsequent mor-
phodynamic evolution. Therefore, we assume that the assessment of tidal prism and
tidal wave modification along an estuary is a simple and effective way to investigate the
interaction of morphology and dynamics, in terms not only of the tidal propagation but
also in consideration of fluvial discharge effects.

A detailed analysis of the tidal prisms and volumes of the channels in each of the five
estuaries was conducted to evaluate the interaction between channel morphology and tidal
propagation in the control of SSC patterns (Table 2). The results for the distribution of the
SSC and salinity indicate a group of typical estuaries, although showing a substantial range
of local river flow rates, from the Urumajó (mean flow rate of 10 m3·s−1) to the Caeté (mean
flow rate of 41.5 m3·s−1) to the Gurupi (mean flow rate of 472 m3·s−1). These estuaries have
perennial river flow rates (Table 1), which causes substantial effect on salinity variation
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(Figure 5). They also exhibit a tidal prism typically between 1
2 and 2⁄3 of the total estuary

volume (Table 2, Figure 9).
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Table 2. Tidal prism and channel volume calculations (×1012 m3, three significant figures) for the five evaluated estuaries.
Note that all volumes are presented for the entire estuary (total), as well as separately for the portion from the mouth up
to the salt-intrusion limit (salt estuary) and the portion of the upper estuary from the salt-intrusion limit to the tide limit
upstream (tidal river).

Section Mocajuba Taperaçu Caeté Urumajó Gurupi

Total
Total vol. 1 14.5 5.49 51.6 28.0 75.677

Channel vol. 1 8.29 1.03 17.4 9.10 31.09
Tidal prism 1 6.22 4.46 34.1 18.9 44.587

Salt
estuary

Total vol. 1 14.4 5.49 50.7 27.9 71.413
Channel vol. 1 8.27 1.03 17.2 9.08 28.594
Tidal prism 1 6.09 4.46 33.6 18.8 42.819

Tidal
river

Total vol. 1 0.16 0 0.82 0.07 4.2634
Channel vol. 1 0.03 0 0.24 0.03 2.4957
Tidal prism 1 0.13 0 0.59 0.04 1.7678
Relat. prism 2.12% 0.00% 1.75% 0.24% 4.13%

1 ×1012 m3.
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within the proportion of the tidal prism represented by the given tidal-river portion (the first three from the left). Note that
Taperaçu and Mocajuba estuaries also have morphological peculiarities.

The data show that the tidal prism represents most of the total volume, although the
greater the river flow rate, the greater the channel volume represents of the total volume,
as expected. For the Urumajó, Caeté and Gurupi estuaries, the tidal prism represents 68%,
66% and 59% of the total volume, respectively. Additionally, the relative volume of the
tidal prism in the upper portion of the estuary, beyond the saline intrusion, gradually
increases with the relative magnitude of the river flow rate, and it corresponds to 0.2% for
Urumajó (drainage 544 km2, 10 m3·s−1), 1.8% for Caeté (2240 km2, 41.5 m3·s−1) and 4.1%
for Gurupi (~35,000 km2, 472 m3·s−1)—all below the 5% of the total tidal prism volume
seen in each estuary. Considering these characteristics, it is considered that these estuaries
present an equilibrium between morphology and hydrodynamics, and are therefore called
equilibrium estuaries (Table 2, Figure 9).

The other estuaries investigated (i.e., Taperaçu and Mocajuba) have tidal dimensions
comparable to that of the Urumajó River (Figure 9). When compared to the latter, the
Taperaçu estuary has a large proportion of its volume (>80%) corresponding to the tidal
prism. In turn, the estuary of the Mocajuba River has a tidal prism proportion of only
~43% (Figure 9).

It has been shown that the Taperaçu estuary is very shallow and frictionally dominated
because of the absence of a perennial river discharge and a flood-dominated sediment trans-
port. Consequently, these conditions are responsible for the advanced state of infilling [42].
Although the gradual infilling might result in a change from flood- to ebb-dominant
flow [13], strongly flood-dominated systems are unlikely to evolve into ebb-dominated
systems by the action of a persistent offshore tide [14]. Current measurements at different
points along the Taperaçu estuary show consistent flood-dominance [42]. In addition,
the consistent landward reduction in tidal range along the Taperaçu estuary reflects that
frictional effects overcome convergence effects, as the large channel width-depth ratio
(Figure 8b) and tidal range-depth ratio (Figure 8c) suggest.

In the case of the Mocajuba River, the bathymetric surveys of the present study,
which corroborate early work [36], reveal its substantial depth, which has been attributed
to structural control and neotectonics in the region [1,36,63]. Current measurements in
a cross-section in the middle sector of the Mocajuba estuary [36] have shown an ebb-
dominant pattern, in agreement with its morphological characteristics, especially the
significantly larger cross-sectional area (Figure 8a). Current measurements also show
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velocity magnitudes half as large as those observed in any other investigated estuary,
reflecting its inherited deeper and wider morphology (Figure 8). The morphological and
hydrodynamic characteristics of the estuaries Taperaçu and Mocajuba—here represented
by the volumes of the tidal prisms, channels, and tidal river portion of each estuary—
contribute to the explanation of the absence of MTZs in these estuaries (Figure 9).

The presented analysis of tidal prism and channel volumes (Figure 9) clearly reflects
the interplay between tidal propagation and morphology. It has been demonstrated that
water level and current velocity variations along estuaries follow consistent patterns as
a result of the balance between frictional and convergence effects [18]. Besides, water
level variations are easily correlated to the morphology in terms of tidal prism evaluation,
whereas the evaluation of geomorphic effects on currents are more complex and require
longitudinally representative measurements for all five evaluated systems, which are not
available. Therefore, we present a comprehensive comparison of tidal propagation along
the five estuaries (Figure 10).
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Figure 10. Tidal propagation along the five evaluated estuaries. Tidal ranges and distances are presented in relative
proportions (a) and absolute values (b). Urumajó, Caeté and Gurupi estuaries show a hypersynchronous pattern, whereas
the Taperaçu estuary is hyposynchronous and the Mocajuba estuary is synchronous.

The morphology has a great influence on the dynamics and retention of fine sediments
along the estuaries. It controls the propagation of tidal waves and the formation and
location of MTZ in the estuary, besides other factors such as fluvial discharge. Nevertheless,
substantial differences in fluvial discharge (Figure 9) show a substantially smaller impact on
tidal propagation (Figure 10) in comparison to their geomorphic characteristics. Most of the
estuaries show hypersynchronous behavior, where at first the convergence effect overcomes
the friction effect and there is an amplification of the tide before it decays upstream due
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to frictional effects (Figure 10). However, the Taperaçu estuary, which is frictionally
dominated, presents hyposynchronous behavior with a continuous landward decline
in tidal amplitude (Figure 10). Additionally, the Mocajuba estuary shows synchronous
behavior, where large cross-sectional areas cause the effects of convergence and friction
to be very reduced. The tide propagates without amplification or significant attenuation
along most of its length, finally becoming attenuated in the tidal-river portion of the system
(Figure 10). These behaviors impact the degree of tidal pumping and convergence of
sediment in an MTZ.

Observations in numerous estuaries [16,18] demonstrate that increased values of SSC
are not necessarily associated with the limit of the salt intrusion or propagation of the
tides, but associated with the bathymetric characteristics of the estuaries. Herewith such
concentrations are not referred to as MTZs. This relationship also occurs in the northern
San Francisco Bay [64], the Columbia River [65], the Delaware River [66], the Chesapeake
Bay [67] and the Elbe River [68].

The analysis of the tidal amplitude, amplitude ratio and phase relationship for the
M2 and M4 tidal constituents along the Caeté estuary [20] shows the longitudinal trans-
port convergence coinciding with the sector of maximum tidal range (Figure 10). This
pattern is also assumed for Urumajó and Gurupi estuaries, and would characterize the
hypersynchronous, equilibrium estuaries.

Results show that the Taperaçu and Mocajuba estuaries do not have MTZs, although
they have discrete areas of seasonally increased values of SSC (Figures 6 and 7). These
estuaries show an unbalanced condition between flow and morphology, which is the
product of inherited morphology for the Mocajuba, and lack of fluvial discharge for the
Taperaçu estuary [42]. It highlights other processes that are relevant to the suspended-
sediment dynamics at the regional level, i.e., the contribution of the Amazon River plume
(ARP) and the role of connectivity between estuaries. While the SSC supply from the
ARP decreases eastwards, connective tidal channels redistribute part of these fine-grained
sediments between estuaries [20,45].

5. Concluding Remarks

Based on data collected in five estuarine systems of the southeastern Amazon coast,
the relationship between suspended-sediment dynamics, the MTZ formation and mor-
phology of the systems has been demonstrated. Vertical circulation, tidal pumping, and
resuspension are identified as the main mechanisms that control SSC in tide-dominated
estuaries [17]. These mechanisms result in sediment transport convergence and conse-
quently in MTZ formation [11]. This study reinforces this for estuaries with a broad range
of fluvial discharges, as long as their morphology is in an equilibrium state with the
modern hydrodynamics.

The differences in tidal propagation as a function of the morphology of each estuary
differentiate them as hypersynchronous (Urumajó, Caeté, Gurupi), synchronous (Moca-
juba) and hyposynchronous (Taperaçu). This determines the relative balance between river
flow rate, friction and depth, controlling their behavior and potential for tidal pumping.
The estuaries of Caeté, Urumajó and Gurupi Rivers have typical MTZs for tide-dominated
estuaries, and the Mocajuba and Taperaçu estuaries do not have distinct MTZs, although
localized concentrations are observed seasonally. In this case, the non-equilibrium mor-
phology of the Mocajuba estuary and the absence of river discharge in the Taperaçu estuary
explain their absences of MTZs.

The behavior of estuaries subjected to similar external forcing conditions but with
different morphologies document the importance of morphology in the control of MTZ
dynamics. Understanding the MTZs of estuaries not only has theoretical importance
regarding the mechanisms involved, but also has relevance to understanding aspects
related to the sedimentation, ecology and biogeochemistry of estuarine systems. This
study identifies the trapping of SSC discharged by the Amazon River in the MTZs of
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estuaries along the southeastern Amazon coast, which substantially contributes to the
longest continuous mangrove belt of the world.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/w13111568/s1, Figure S1: scatter plot of correlation analysis between turbidity and SSC values
including >180 samples from the five estuaries, Table S1: Summary of the conducted surveys and
measured variables.
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