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Abstract The tide-dominated eastern sector of the Brazilian
Amazonian coast includes large mangrove areas and several
estuaries, including the estuary associated with the Urumajo
River. There, the dynamics of suspended sediments and deliv-
ery mechanisms for mud to the tidal flats and mangroves are
complex and were investigated in this study. Four longitudinal
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measuring campaigns were carried out, encompassing spring/
neap tides and dry/rainy seasons. During spring tides, water
levels were measured simultaneously at 5 points along the
estuary. Currents, salinity, and suspended sediment concentra-
tions (SSCs) were measured over the tidal cycle in a cross
section at the middle sector of the estuary. Results show a
marked turbidity maximum zone (TMZ) during the rainy sea-
son, with a 4-km upstream displacement from neap to spring
tide. During dry season, the TMZ was conspicuous only dur-
ing neap tide and dislocated about 5 km upstream and was
substantially less apparent in comparison to that observed dur-
ing rainy season. The results show that mud is being concen-
trated in the channel associated with the TMZ especially dur-
ing the rainy season. At this time, a substantial amount of the
mud is washed out from mangroves to the estuarine channel
and hydrodynamic/salinity conditions for TMZ formation are
optimal. As expected, transport to the mangrove flats is most
effective during spring tide and substantially reduced at neap
tide, when mangroves are not being flooded. During the dry
season, mud is resuspended from the bed in the TMZ sector
and is a source of sediment delivered to the tidal flats and
mangroves. The seasonal variation of the sediments on the
seabed is in agreement with the variation of suspended sedi-
ments as well.

Keywords Macrotidal estuaries - Suspended-sediment
transport - Tidal and seasonal variation - Mud transport

1 Introduction

The tide-dominated eastern sector of the Brazilian Amazonian
coast includes large mangrove areas and several estuaries, in-

cluding the estuary of the Urumajé River. The sediment dynam-
ics and exchange between the inner shelf, estuarine basins, and
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muddy plains are not well understood, particularly in terms of
the role played by the turbidity maximum zone (TMZ). As
pointed out by Dyer (1997), turbidity maxima are one of the
most distinctive features in both partially and well-mixed estu-
aries. Although turbidity maxima are discernible in satellite
images for several different Amazonian estuaries, these features
have barely been studied in the region previously.

At the Urumajo estuary, bed sediments are mainly sands.
Facies gradually change from fine sands of tidal bars near the
mouth to coarse sands of alluvial origin upstream, as defined
by the tidal-dominated conceptual model of facies distribution
in estuaries (Dalrymple et al. 1992). Considering the geomor-
phologic aspects as well as the sedimentary facies, the
Urumajo estuary remarkably exemplifies the tidal-dominated
end-member case. On the tidal plains, muddy sediments pre-
vail. There, mud settles extensively within the intertidal zone
as the estuary fills in, resulting in a widespread ~5-m-thick
mud layer associated with massive mangrove occurrence
and encompassing an area of 7600 km? of continuous man-
grove forests (Souza Filho et al. 2009).

The direct sources of mud deposited along this coastal re-
gion remain unclear, as the local fluvial systems, which empty
in this sector forming the estuaries, are well-known as black-
water rivers (Duncan and Fernandes 2010), with mean
suspended sediment concentrations (SSCs) of few milligrams
per liter. The Caeté River, which empties in the Caeté Bight
together with the Urumajo River and has the same geological
and hydrological characteristics, carries a mean SSC of about
0.003 g L', reaching ~0.02 g L™" during massive rainfall
events, which is still a relatively low concentration compared
to the estuarine portion (Castro 2011; Asp etal. 2013). Thus, it
has been assumed that the Amazon River is the primary source

(b)

(Souza Filho et al. 2009), although the mechanisms of south-
eastward transport of the Amazonian muds are not understood
yet. Nevertheless, Nittrouer et al. (1995) have shown that dur-
ing August to November, the retroflection of the North Brazil
Current (NBC) could result in a southeastward delivery of
mud along the shelf, which could reach the coast. In this
context, the mechanisms of transport and retention of mud in
the estuaries of the eastern sector of the Amazonian coast are
especially relevant to the mangrove settlement and
progradation, as local fluvial sources of mud are scarce and
the supply of mud from the Amazon River is uncertain.

Despite the relevance of the estuaries and mangrove belt
along the coastal region, basic knowledge of tidal propaga-
tion, suspended-sediment dynamics, and salinity variation is
still missing and these factors impact the delivery of sediment
to the vast muddy plains. Important studies on these topics
were developed close to the Amazon River mouth (e.g.,
Nittrouer et al. 1995; Allison et al. 2000; Allison and Lee
2004), and several efforts have taken place in the last years
to address this lack of knowledge for the eastern sector of the
Amazonian coast (e.g., Souza Filho et al. 2009; Silva et al.
2009; Asp et al. 2012). The present work investigates the
spatial and temporal variations of suspended sediments along
the Urumajé estuary (Para State, Brazil), which is used as a
natural laboratory to understand SSC dynamics of the about
23 estuaries within this region.

1.1 Study area
At the tide-dominated eastern sector of the Brazilian Amazo-

nian coast, mangroves cover most of the coastal plains along
its 480-km extent (Fig. 1). The mangroves of the area are
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largely dominated by two truly mangrove arboreal species,
namely Rizophora mangle and Avicennia germinans. Further,
the abundance of Laguncularia racemosa is also related with
the sedimentary characteristics (Mehlig et al. 2010). Depend-
ing on the local morphodynamics, substantial sediment distri-
bution differences are observed along the mangroves at the
region. Results of Gomes et al. (2013a, 2013b), on the basis
of 47 sampling sites, show that surface sediments of the area
are mainly composed by silt (59 %), with 21 % sand and 20 %
clay, where Rizophora prevails in silty areas and Avicennia
seem to prefer clayey areas. According to topographic mea-
surements, most mangrove areas of the region present surfaces
typically 2 m higher than mean water level, which corre-
sponds to the mean high water, being higher than typical neap
tide high water (1.5 m) and substantially lower than the mean
spring tide high water (2.6 m). Therefore, mangroves are
flooded mainly during spring tides.

The climate in the region is controlled mainly by seasonal
changes in the position of the inter-tropical convergence zone
(ITCZ), which stays at latitudes of ~14° N during August and
September, migrating southwards to ~2° S during March and
April (Souza Filho et al. 2009). Therefore, the region experi-
ences high precipitation in the first months of the year, with
73 % of the total rainfall from January to April, while Sep-
tember, October, and November are especially dry months
(Moraes et al. 2005). Nevertheless, the air and water temper-
atures do not change substantially, as expected for such an
equatorial coastal area. The annual regional rainfall is high,
contributing to estuarine development, and ranges from 2300
to 2800 mm (Moraes et al. 2005).

The tides in the adjacent ocean have an energetic character
on the Amazon shelf (Beardsley et al. 1995) and are dominat-
ed by semidiurnal tidal components. In addition to semi-
diurnal fluctuations of tidal processes, a distinct spring/neap
modulation is produced by interaction of the components
(Nittrouer et al. 1995). The typical spring tidal range at the
coast is ~5—6 m, whereas during neap tides, it is ~3 m,
resulting in tidal currents frequently >2 m s~ ' (Asp et al.
2012, 2013). Wind-generated waves reach the region mainly
from the east and northeast, with dominant wave heights being
1-3 m and most energetic waves approaching the region dur-
ing the southern hemisphere summer months, based on an 11-
year time series obtained from the NWW?3 operational model
hindcast reanalysis (Pianca et al. 2010). Furthermore, mea-
surements have showed that typical significant wave height
is about 1 m at this coastal sector, where they are substantially
modulated by tides, as inter- and sub-tidal banks dissipate
wave energy during lower water levels. Wave periods ranged
from 2 (low tide) to 12 s (high tide), associated to wave
heights between 0.1 (low tide) and 1.5 m during high tide
(Pereira et al. 2013).

The coastal area investigated has multiple peninsulas sep-
arated by ~23 estuaries (Souza Filho et al. 2009), including the

Urumayjo estuary (Fig. 1), resulting in a complex intercalation
of coastal plain peninsulas and estuarine embayments. Due to
the frictional effects of the strong tidal currents in relative
shallow estuaries, resulting in turbulent flow, the estuaries
are generally well-mixed, while substantially increased fluvial
discharges during the rainy season may result in partially
mixed conditions (Asp et al. 2013). Specifically, the Urumajo
is rather well-mixed, as the tidal range is >5 m and the estuary
is shallow (~4—6 m).

Considering the scales in the Amazonian basin, the
Urumajo River is small, with a drainage basin of about
544 km?® and a length of ~70 km, where the tidal influence
reaches as far as 30 km upstream. There are no regular or
historical measurements of fluvial discharge by the Urumajo
River. However, our measurements over the last 5 years indi-
cate that its mean fluvial discharge is about 10 m* s, ranging
from practically zero during the driest months (September—
October) to about 40 m* s~ ' during April (March-May). This
contrasts with a tidal range of more than 5 m during spring
tides and typically 3 m during neap tides, resulting in instan-
taneous discharges of up to 800 m> s~ ' in the middle estuary.
Thus, the hydrodynamic processes are mainly tidal-driven and
the estuary as a whole is clearly a tide-dominated end-member
case, as mentioned previously. Its small dimensions are desir-
able characteristics in the context of this study, as measure-
ments representing an instantaneous picture of the entire estu-
ary are feasible at this scale.

2 Methods

Four measurement campaigns were carried out along the es-
tuary, including spring and neap tidal conditions,
encompassing low and high fluvial discharge periods at the
rainy (January—June) and dry season (July—December). Low
discharge measurements were carried out during December
2012. As the rainy seasons of 2013 and 2014 presented pre-
cipitation rates substantially lower than the historical average,
the measurements corresponding to high fluvial discharge
were done in May 2015.

Salinity (i.e., conductivity and temperature) and turbidity
were measured from surface to the bottom with a conductivity,
temperature, and depth (CTD) probe (CTD90M Sea&Sun
Technology, including a Seapoint turbidity meter) at 17 sta-
tions, spaced about 1 km apart using a small, fast boat with the
flood tidal phase. Simultaneous to the CTD vertical profiling,
water samples were taken at surface (~0.30 m beneath it) and
close to the bottom (~1 m above it), to perform SSC calibra-
tions. Additionally, during spring tides (dry and rainy sea-
sons), bottom sediments were sampled at each station using
a 3-L Petersen grab. The grain-size distribution was analyzed
with regular techniques based on sieving at 1/4 phi interval
(coarse fraction) and settling velocities/Stokes’ law (fine
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fraction), including prior removal of salt and organic matter.
During the spring-tide measurements, water levels were car-
ried out simultaneously at five (dry season) and four (rainy
season) positions along the estuary (at ~6, 8, 16, 19, and
21 km from the mouth, as defined in Fig. 1) using pressure
sensors/data loggers (HOBO U20-002-Ti Onset) that recorded
data every 5 min. As it was not possible to reference water
levels to a published datum, they were referred to the mean
water level of the outermost measurement point. Upstream
measurements were adjusted to the high water of the outer-
most measurement, and elevations are not absolute.

For a better perspective of tide-driven dynamics, additional
measurements were performed during entire tidal cycles at a
cross section located about 9 km from the mouth, including
current velocities with an ADCP (1200 kHz Teledyne work-
horse monitor), water levels, turbidity, and salinity. Data col-
lection alternated between ADCP cross sections and CTD
vertical profiling approximately every 30 min. Along with
the CTD profiling, water samples were taken at surface and
close to the bottom as well. SSCs were obtained from filtering
of the water samples (APHA 1995), and results were further
related to the turbidity data. Several tests were performed and
the best fit to the trend of the data was obtained using a poly-
nomial correlation of second order (R*=0.962), as showed in
Fig. 2.

As SSC is naturally high in the Amazonian estuaries and a
concentration of up to 0.25 g L' might be common (Asp et al.
2013), a value of 0.3 g L™ was considered to refer to high
concentrations and therefore to characterize TMZs.

1.2
SSC(g.L-1): 0.000001(OBS)2 + 0.0008(OBS) +0.0607
4 | R%0.962
0.8
4
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Q .
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Fig. 2 Correlation between turbidity and suspended sediment
concentration (SSC) and the resulting calibration equation
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3 Results
3.1 Longitudinal tidal variation

On the basis of water level measurements along the estuary in
September 2013 (dry season) and May 2015 (rainy season),
the propagation of the tide was evaluated (Fig. 3). During the
dry season, it is observed that at the outermost part of the
estuary (0—8 km from the mouth), the tide experienced a very
slight amplification. Farther upstream (middle sector, 8—
16 km from the mouth), a substantial attenuation is observed
at the same time that asymmetry increased. At the transition
from the middle to the uppermost sector (16—19 km from the
mouth), there is a relative stabilization of the attenuation/
deformation of the tide wave, followed by a strong new in-
crease in the asymmetry and attenuation farther upstream.

During the rainy season, there is a remarkable attenuation
of the tide starting at the mouth. The rate of attenuation is
reduced in the middle sector and increases again in the upper-
most part of the estuary. In this situation, the asymmetry of the
tide seems to increase exponentially from the mouth to the
estuarine head under high discharge. Mean flood duration
was 5.7 h in the dry and 5.2 h in the rainy season. Therefore,
the ebb phase took on average 6.7 h during dry and 7.2 h
during the rainy season.

During the dry season, the attenuation experienced by the
tide was regular upstream of the outermost, funnel-shaped
sector, dropping from 5.65 to 4.00 m between km 8 and km
16 (0.21 mkm ") and from 4.00 to 2.80 m between km 16 and
km 21 (0.24 m km ™). During the rainy season, the attenuation
and increasing asymmetry were observed all along the estuary,
but in this case, both asymmetry and attenuation were most
remarkable at the upper estuary. Tidal range dropped from
5.70 to 4.55 m between km 6 and km 16 (0.115 m km )
and from 4.55 to 1.90 m between km 16 and km 21
(0.53 mkm ™).

Regarding the longitudinal variation of SSC, it is of note
that spring-neap diurnal differences and dry-rainy seasonal
differences are similar. A single comparison of mean values
and ratios between them gives a general picture of the patterns
(Table 1). Mean SSC during spring tides is almost three times
greater than during neap tides in both seasonal periods. On the
other hand, mean SSC during the rainy season is also almost
three times bigger than during the dry season. The ratios of
spring to neap tide (independent of season) and of rainy to dry
season (independent of tide) are between 2.5 and 3.

When longitudinal and vertical variation of SSC in con-
junction with salinity is considered, the formation of a TMZ
is evident, especially during the rainy season. In this period,
mean SSC was about 0.81 g L™' for spring tide and about
0.31 g L' for neap tide. The SSC reached 1.23 g L' at 13
to 15 km from the mouth and 0.7 g L ™" at 12 to 14 km from the
mouth, under spring and neap conditions respectively,
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coinciding with low values of salinity (e.g., <5 for neap and
<10 for spring tide), as shown in Figs. 4 and 5.

As expected, the salt intrusion increases with the increase
of tidal range and reduction of fluvial discharge. Therefore, a
salinity of up to 20 is found 20 km upstream of the mouth
during dry season/spring tide and a salinity of 12 was mea-
sured at the estuary mouth during rainy season/neap tide (all

Table 1 Mean SSC of longitudinal measurements and ratios between
different conditions

Synodic variation Seasonal variation ~ Mean SSC (g/Lﬁl) Ratio
Spring tide Rainy season 0.813 2.90
Spring tide Dry season 0.281

Neap tide Rainy season 0314 2.98
Neap tide Dry season 0.105

Spring tide (dry-rainy seasonal average) 0.547 2.61
Neap tide (dry-rainy seasonal average) 0.209

Rainy season (spring-neap tide average) 0.563 2.92
Dry season (spring-neap tide average) 0.193

measurements were performed by the end of flood; Figs. 4 and
5).

Bottom sediment samples obtained at the 17 CTD stations
during the dry and rainy stations under spring-tide conditions
showed substantial seasonal variation and provided a signifi-
cant means to comprehend the suspended-sediment dynamics.
In general, during the rainy season, the mud content in the
bottom samples was much higher. On average of the 17 sam-
ples, the sediments were composed of 7 % of gravel, 72 %
sand, and 21 % mud during the dry season. In contrast, during
the rainy season, the mean values were 4 % for gravel, 57 %
for sand, and 39 % for mud (Fig. 6).

Despite the seasonal changes, there are some persistent
longitudinal variations in grain size. The outer part (i.e., km
0-8) is characterized mainly by fine to very fine sands from
the inner shelf (mean grain size of 2.1 to 3.2 Phi). At the
middle sector (km 8-16), there is a mixture of coarse sands
of fluvial origin, with some amount of the fine sands from the
ocean, and the estuarine fine sediments. At the uppermost
sector (16—19 km), fluvial coarse sands are dominant.
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When the longitudinal and seasonal variation of bottom
sediments is compared to the SSC at surface, it indicates that
more mud has been deposited on the bottom during the rainy
season. Mean SSC at surface is greater during dry season,
although vertical measurements indicate greater SSC near
the bed during rainy season.
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Two seabed areas of mud concentration are observed dur-
ing the rainy season, possibly reflected the regions of the TMZ
during spring and neap conditions, with a shift of 2 to 5 km.
During the dry season, this correlation is not clear, where
basically one area of seabed mud concentration is observed
and the TMZ was not conspicuous.
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Fig. 5 Longitudinal and vertical variation of salinity and SSC under neap-tide conditions, during dry (a, b) and rainy (c, d) seasons
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3.2 Tidal cycle variation on the cross-sectional basis

The monitored cross section is situated 9 km upstream of the
estuarine mouth, within the outer half of the middle sector of
the estuary. As a result of the increased discharge during the
rainy season, the asymmetry of the water level variation in-
creased from dry to rainy periods. The duration of the flood
phase was 5.17 h, and the ebb phase was 7.23 h during the dry
season. During the rainy season, the ebb duration was 7.75 h
and the flood lasted 4.65 h (Fig. 7).

The tidal range at the monitored cross section was around
5.42 m during the dry season and around 4.73 m during the
rainy season (Fig. 7). This difference is the combined effect of
the fluvial discharge with the astronomic signal itself, as the
predicted tidal range at the coast during the measurements of
the rainy season was of 5.2 m, while the predicted tidal range
during the measurements of the rainy season was 4.5 m (DHN
2015). These results are in agreement with the tidal propaga-
tion and its seasonal variation, presented in Fig. 3, where from
the outer to the middle sector of the estuary there is a slight
amplification and asymmetry reduction during the dry period.
In contrast during the rainy season, there is a significant tidal
attenuation and asymmetry increase in this portion of the
estuary.

The tidal-fluvial flows in terms of discharge and current
velocities clearly express the increase of the fluvial discharge.
During the dry season, the pattern is almost exclusively related
to the tidal asymmetry, where instantaneous maximum dis-
charges (790 m® s") and velocities (1.18 m s~ ') are reached
during the flood and are slightly greater than during the ebb
phase, with a maximum instantaneous discharge of 775 m> s '

and velocity of 1.06 m s ' (Fig. 7). During the rainy period,
the increased fluvial discharge resulted in a substantial incre-
ment in the tidal asymmetry of flow and in the current veloc-
ities as a whole. Maximum instantaneous discharges were
509 m® s~' for the flood and 794 m® s™' for the ebb phase,
whereas the maximum, cross-sectionally averaged, instanta-
neous current velocities were 1.37 m s~ for the ebb and
1.70 m's~' for the flood phase.

As expected, the very low fluvial discharge during the dry
season resulted in high salinities, reaching 37.7 at high water
and 31.0 during low water. Vertical (surface-bottom) differ-
ences were discernible only at the end of ebb phase and even
so were smaller than 1. During the rainy season, maximum
salinity was 15.9 and minimum was 0.3, mirroring the water
level fluctuation (Fig. 7). Surface-bottom differences were
smaller than 0.2. The depth-averaged salinity is presented in
Fig. 7.

Comparing the water level with the current velocity varia-
tion throughout the tidal cycle of dry and rainy periods, it
becomes clear that velocities are much higher during rainy
season, when the asymmetric propagation of the tide results
in a sudden and substantial increase in the velocity at the
beginning of the flood (Fig. 8). During dry season, this in-
crease of velocity is rather gradual during the flood, reaching
maximum values close to the middle of the phase, gradually
decaying towards high water.

During the ebb of the rainy season, a substantial increase of
velocities is observed right at the beginning of the tidal phase,
decaying gradually after that. A similar pattern is observed at
the ebb of the dry period, although with significantly lower
velocities (Fig. 8). It is important to note that at water
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elevations of ~2.1 m, the mangrove forests are being effective-
ly flooded.

The effects of the very low discharge of the Urumajoé River
during the dry season as well as of its substantial increase
during the rainy season are very conspicuous in the salinity
measurements at the cross section as well. During dry period,
salinity varied from 30 during the low water and reached 37
during high water. During the rainy period, salinity was close
to zero at low water and reached 17 during high water.

The SSC during the rainy season was significantly greater
than during the dry season, resembling the longitudinal mea-
surements with a ratio of 3 to 1 (rainy to dry season SSC)
again. On the other hand, mean values show no significant
differences of SSC between ebb and flood phases in each
seasonal period. The mean SSC during the dry season was
0.25 g L"" in both tidal phases. During the rainy period, mean
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SSC was 0.74 g L™ for the flood and 0.78 g L ™" for the ebb
phase (Fig. 7). Comparisons of depth-averaged SSC with the
progression of the tidal cycle, expressed in terms of water
level, show important ebb-flood tide and dry-rainy period var-
iations (Fig. 9). During the dry season, it is observed that
resuspension is substantial, where maximum SSC was
reached in conjunction with maximum velocities, which coin-
cides with the beginning of the ebb (lower water levels) and
middle of the flood (intermediate water levels), as showed at
Fig. 9a. Furthermore, it is evident that SSC is substantially
lower at the beginning of the ebb in relation to the end of
the flood.

The “behavior” of SSC during the rainy period differs sub-
stantially from that of dry season. At both low and high water
levels, concentrations are similar at ebb and flood phases.
However, at intermediate water levels, there is a substantial



Ocean Dynamics (2016) 66:285-297

293

4

Water Level (m)

|

|

Dry Season : —&—— Rainy Season

'4 T 7 T

-2 -1 0 1 2
Current velocity (m.s-1)

Fig.8 Relationship between water level and current velocity on the basis
of cross-sectional measurements. Note that the tidal cycle advances
clockwise and positive currents are in the ebb direction

reduction of SSC as flood phase advances, increasing again
towards high water. During the ebb phase, there is a gradual
and substantial increase of SSC, reaching a maximum value of
1.24 g L™" near the mean water level and gradually decaying
towards low water. This reveals the incursion of the less turbid
water from the outer estuary during flood. The TMZ moves
downstream during the ebb, stays at 13—15 km from the
mouth by the end of flood, and reaches the monitored cross
section at 9 km during the ebb.

4 Discussion
4.1 Tidal hydrodynamics in the estuary
Considering the morphology and the tidal propagation along

the estuary, the first 7 km of its extension (first four CTD
stations in Fig. 1) was defined as the funnel-shaped outer

(@) 4

estuary. From the km 7 to km 16 (CTD stations 5 to 13) were
considered as the middle sector, with substantial attenuation
and/or deformation of the tidal wave. Upstream of km 16, it
was defined as the upper estuary. Longitudinal measurements
of salinity support this division, despite substantial spring-
neap tide and dry-rainy season variations.

The tidal range at the monitored cross section was around
5.42 m during the dry season and around 4.73 m during the
rainy season (Fig. 7). This difference is due to the combined
effect of the fluvial discharge and entrance into the estuary
mouth combined with the astronomic signal itself. The pre-
dicted tidal range at the coast during the measurements of the
rainy season was of 5.2 m, while the predicted tidal range
during the measurements of the rainy season was 4.5 m
(DHN 2015). Thus, there appears to be amplification of the
tide as it enters the funnel-shaped outer estuary and interacts
with fluvial discharge, causing attenuation in the middle and
upper sectors.

Under spring-tide conditions, the water level data show
a slight tidal amplification along the first kilometers up-
stream of the mouth, which was attributed to the conver-
gence (funneling effect). As the tide propagates farther
into the middle sector of the estuary a gradual attenuation
is observed, with no substantial increase of the asymmetry
up to 17 km from the mouth. There, the ebb phase be-
comes progressively longer, as expected (Wang et al.
2002). In this uppermost sector, both the attenuation and
the asymmetry are rapidly intensified. This increment in
the attenuation and asymmetry seems to be specially re-
lated with the topography (thalweg elevation), with minor
effects of funneling and fluvial discharge, as attenuation
at the uppermost sector is similar during low and high
discharge periods. These results suggest that the channel
morphology is rather adjusted to maximum flow/current
situation, which is achieved during spring tides in the
rainy season. In these situations, bedload convergence
(BLC) is developed, where the downstream sediment
transport from the river and the ebb-dominated sediment
transport of the estuary converge, as proposed by
Dalrymple and Choi (2007) and testified by the bottom-
sediment distribution pattern at the Urumajo (Fig. 6).

(b) 4

Fig. 9 Relationship between
water level and depth-averaged
SSC on the basis of cross-
sectional measurements. Note
change in scale between the dry
(a) and rainy (b) seasons
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Considering the shallowness and the intensity of tidal cur-
rents, the estuary is well-mixed in both the rainy and dry
seasons, as expected, showing differences between surface
and near-bottom salinity <1. This seasonal and vertical pattern
was also described for the well-studied neighboring Caeté
estuary (Barletta-Bergan et al. 2002; Monteiro et al. 2011;
Gomes et al. 2013a, b; Asp et al. 2013).

4.2 Formation of the TMZ in dry and rainy seasons

Besides the longitudinal variation of the water level, the var-
iations of salinity and especially turbidity are very relevant for
the dynamics of muddy sediments and the estuary-mangrove
co-evolution. During dry season, the mixed-energy sector is
pushed farther upstream, even under neap-tide condition. As-
suming that the channel morphology is mainly adjusted to
maximum discharges during rainy season (up to 20 times
greater than during dry season), there is a mismatch between
hydrological and morphological ideal conditions for TMZ
formation. The energy equivalency between bidirectional,
flood-dominant, tidal flux, and the unidirectional river-
dominated flux is reached in a narrow, shallow, and mostly
turbulent sector of the estuary (Dalrymple and Choi 2007).

During dry season, a subtle TMZ may have been detected
only at the neap tide but with half the concentration and lon-
gitudinal extension observed during rainy season. It is possi-
ble that the TMZ was occurring also during the spring-tide
condition but out of the measured area. The seasonal variation
resulted in a >5-km upstream displacement of the TMZ under
neap conditions from the rainy to the dry season. Neverthe-
less, there is no evidence from the bottom sediment of a BLC
at that sector (Fig. 6).

In general, mean SSC during spring tides and during the
rainy periods was between 2.5 and 3 greater than during neap
tides and dry periods, respectively (Table 1). Most of the mud-
dy tidal flats and mangroves are flooded only during spring
tides. Results from water level variation indicate that only
when water level is >2 m above mean water level an overbank
tide is experienced. Therefore, circulation of mud is much
greater during spring tides. The effect of strong rainfalls dur-
ing the rainy season results in a similar effect, washing much
of the mud from the flats and mangroves.

Besides the TMZ formation in a spatial perspective, there is
substantial resuspension in a temporal perspective, as greater
SSCs are often associated with stronger currents here (Fig. 7)
and elsewhere tidal-driven circulation inside the estuary is
important, the estuary is shallow, and fluvial discharge is rel-
atively small (Lessa and Masselink 1995; Wolanski and
Spagnol 2003; Siegle et al. 2009; Schettini and Miranda
2010; Gomes et al. 2013a, b). Nevertheless, correlations of
near-surface, near-bottom, and depth-averaged SSC showed
low correlations (R?) in all cases with current velocities. In
addition to the slight temporal increases of the SSC related
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to resuspension, there are SSC peaks associated with tidal
creeks emptying into the main channel of the estuary, as
marked in Fig. 4d. This phenomenon might mask the relation-
ship between velocity and SSC and suggest significant advec-
tion of sediment within the study area, both from the small
tidal creeks and from the ocean (Caeté Bay) itself.

The distribution patterns of muddy bottom sediment mir-
rored the zones of TMZ formation and displacement accord-
ing to seasonal and tidal variations. At the upper estuary,
coarse fluvial sands prevail, whereas close to the mouth fine
sands of marine origin prevail. At the middle estuary, mud
content peaks are observed at the bed, corresponding to the
BLC position and the TMZ at the water column. Mud content
at the bed is substantially greater during rainy season, and this
is consistent with the remarkable TMZ observed in this sea-
son. As a whole, the results show that the mud is being accu-
mulated at the middle estuary associated with the TMZ during
the rainy season. During the dry season, the stored mud be-
comes available in the middle estuary for resuspension, where
it might be transported to the mangrove plains during water
high stands, especially during spring tides.

As tidal-current pattern is persistently flood-dominated,
mud advection from the coast is feasible in both seasonal
periods. But looking at SSC variation over a tidal cycle
(Fig. 9), it seems that advection is more important during
dry season. During the rainy season, mud could be exported
to the coast, which is prevented by the TMZ formation.

4.3 Implications for sediment source to the estuary
and delivery to surrounding mangrove flats

Estuaries might receive a substantial amount of sandy sedi-
ments from the inner shelf at their outer part. In tide-
dominated estuaries (e.g., those at the eastern sector of the
Amazonian coast), this occurs due to the migration of elongate
sand bars driven by asymmetric pattern of tides with prevail-
ing flood currents (Lambiase 1980; Dronkers 1986;
Dalrymple et al. 1992), which is also the case for the tides in
the Urumaj6 estuary (Fig. 7a, d). The longitudinal distribution
of bottom sediments (Fig. 6) as well as the pattern of tidal
propagation along the estuary (Fig. 3) also support this
assertion.

On the other hand, most estuaries get the muddy sediments
from the rivers that enter them (Chappell 1993; Uncles et al.
2006). Alternately, some estuaries could get the majority of
sediment from the ocean. Shallow estuaries tend to be flood-
dominant and enhance landward near-bed transport
(Friedrichs et al. 1992). However, the advection of suspended
sediments into the estuary from the ocean is a more peculiar
situation, as the adjacent ocean usually contains very concen-
trations of mud relative to the river.

The trapping mechanisms of fine sediments in estuaries
and mangrove swamps have been described (e.g., Wolanski
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1995), and mud advection from the ocean to the estuary is
probable when SSC at the ocean (along the coast) is greater
than that of a blackwater river emptying into it. In fact, at the
mouth of the Urumajo estuary on the continental shelf, a tur-
bid coastal boundary layer encompasses a ~15-km strip be-
tween the coastline and the 20-m isobath (Cavalcante et al.
2010) and might present SSC >0.010 g L™ (DeMaster et al.
1996), which would be at least three times greater than that of
the Urumajé River above tidal influence. Within the estuary,
the observations show larger SSC at stations towards to estu-
ary mouth than at stations farther upstream (Fig. 6) during the
dry season with the exception of the subtle TMZ seen at the
uppermost stations during neap tides, suggesting that the
source of sediment is from the offshore direction. The net
sediment flux during the dry season is also in the flood direc-
tion and can move sediment into the estuary at a time when
there is no riverine source of sediment. During the rainy sea-
son, greater SSC within the TMZ at the middle part of the
estuary and muddy sediment on the seabed suggests that the
rainfall moves sediment from the flats into the channels
(Fig. 7), and sediment can be exported from the estuary during
this time. In general, conditions similar to those measured
during the dry season are in effect much of the year, and it is
likely that the net annual flux of sediment is into the estuary.

Therefore, the existence of a relevant advection of mud
from the coast seems to be the case for the Urumajé and most
estuaries along the eastern sector of the Amazonian coast
(Silva et al. 2009; Souza Filho et al. 2009; Castro 2011; Asp
etal. 2012, 2013). Ebb dominance, and therefore mud advec-
tion from the shelf, is observed in deeper estuaries and/or with
large volume storage areas (Speer et al. 1990). The Urumajo is
rather shallow, considering the tidal range. Thus, the ebb dom-
inance observed at the Urumajo6 estuary (Fig. 7), especially
during the dry season, should be the result of its large storage
areas, represented by the mangroves.

Investigations on other tropical estuaries of Brazil as the
Caravelas estuary, similar to the Urumajé in dimensions, mor-
phology, and climate (Schettini and Miranda 2010; Pereira
et al. 2010), showed that smaller storage areas would result
in mud exportation. Estimates on the net suspended sediment
transport for the Urumajoé estuary showed an advection of
617 t (Ebb flow=2296 t; flood flow 2913 t) of mud during
the dry season for each tidal cycle. During the rainy season,
the net transport results in the exportation of 2701 t (Ebb
flow=8319 t; flood flow 5618 t), as showed in Fig. 7c. At
the Urumajo, the Amazon River would certainly provide the
necessary SSC, even when the mechanisms of delivery of
Amazon sediment to the eastern coastal region are neither
clearly understood nor described.

With regard to the sediment transport onto the mangrove
flats along the estuary, the results presented here suggest that
during the dry season, spring tides flood the mangrove
swamps and mud is trapped (as seen in the greater SSC during

floods than ebbs in Fig. 9a). The strong currents and the shal-
lowness of the estuary promote continuous suspension within
the channel during the dry season, maintaining the supply of
sediment to be delivered to and trapped in the mangrove
swamps. On the other hand, during the rainy season, some
mud is washed out from tidal flats and mangrove swamps
(greater SSC during ebbs than floods in Fig. 9b) and adds to
sediment resuspended in the channel by tidal currents, and the
TMZ appears to trap muddy sediments in the channel, pro-
moting deposition of a muddy bed (Fig. 6b). Regionally, the
eastern Amazonian coast presents estuaries with a substantial
local river source including drainage basins in the order of tens
of thousands square kilometers (e.g., Capim-Guama, Freitas
et al. 2012; Gurupi, Asp et al. 2013). However, it seems that
the sediment yield is still small relative to the sediment storage
in the drainage basin, similar to that described for other humid
but sub-tropical, large drainage basins of the American Atlan-
tic coast (Phillips 1991). For the Amazonian region, due to its
low relief and tropical wet climate, this storage of sediment
inside the basin is naturally very high and large forests and
freshwater swamps develop in the flood plains. Indeed, much
of the sediments of the Amazon River are being stored at its
flood plains, especially in the lower Amazon (Nittrouer et al.
1995; Irion et al. 2010). The mangrove forests around the
Urumajé River comprise the longest continuous mangrove
belt of the world, and the results presented here suggest that
advection of mud from the adjacent coast during the dry sea-
son and the formation of a turbidity maximum zone during the
rainy season resulting from tidal processes as well as rainfall
on the flats appear to be important mechanisms for the main-
tenance and progradation of mangroves in the area.

5 Conclusions

The dynamics of suspended sediments and delivery mecha-
nisms for mud to the tidal flats and mangroves in the Urumajo
estuary are complex, and the results of this study are likely
applicable to the other 23 estuaries along the eastern sector of
the Brazilian Amazonian coast. In the Urumajo estuary, a
marked TMZ forms during the rainy season, with a 4-km
upstream displacement from neap to spring tide. During dry
season, the TMZ was conspicuous only during neap tide and
dislocated about 5 km upstream. Mud is concentrated by the
TMZ formation in the channel especially during the rainy
season, when a substantial amount of the mud is washed out
from mangroves to the estuarine channel and hydrodynamic/
salinity conditions for TMZ formation are optimal. However,
in a long-term perspective muddy, sediments must be
advected from the coast, as the Urumajo6 is a blackwater river,
as most rivers of the region, to explain the remarkable Holo-
cene mangrove development in the area, in association with
the local estuaries.
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As expected, transport to the mangrove swamps is most
effective during spring tide and substantially reduced at neap
tide, when mangroves are not being flooded. During the dry
season, mud is resuspended from the bed in the TMZ sector
and is a source of sediment delivered to the tidal flats and
mangroves. Temporal and spatial variations of tidal currents
and SSC suggest that mud advection from the coast into the
estuary is taken place persistently, although more intensively
during dry season.

The results presented here suggest that advection of mud
from the adjacent coast and the formation of a turbidity max-
imum zone during the rainy season are the most important
mechanisms for the maintenance and progradation of man-
groves in the area. Advection from the coast would represent
the main source of muds to the estuary and mangrove swamps,
especially during dry season, whereas the TMZ formation
prevents mud loss during high-discharge periods of the rainy
season, as well as results in mud retention of muddy sediments
eventually delivered by the blackwater river.
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