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ABSTRACT

This study focused on the distribution of total suspended solids (TSS) concentration along the Ipojuca River
estuary and on identifying the average location of the estuarine turbidity maximum (ETM) zone considering
the seasonality of its rainfall and tidal regime. This research was carried out along a 13.6 km stretch of the
chosen river, with 21 sampling stations during the rainy (Jun-Jul/17) and dry periods (Dec/17). Temperature and
salinity data were obtained at each station using CTD profiling. Furthermore, current intensity and direction were
measured using a current meter, and water samples were collected to determine TSS concentrations. The water
column showed vertically homogeneous temperature (~27° C). Salinity distribution varied seasonally and along
the tidal cycle throughout the system. The estuary shows a weakly to moderately stratified water column that
intensifies itself upstream. At just 2.28 km from the river mouth (second station), salinity varies by 0.2-32.9. This
stratification primarily stems from the constriction of its river mouth, trapping freshwater in its interior. Currents
showed higher values during the rainy period (-5 to 95.8 cms™). TSS concentrations were higher during the rainy
season, ranging from 8.6 to 241.2 mg L' during spring tides and from 6.5 to 223.0 mg L' during neap tides.
The ETM was located at 1.8-2.2 km from the river mouth during the rainy season and at 2-8 km during the dry
season. The ETM coincided with the boundaries of salt propagation in the estuary, corresponding to salinities
of 0.2-10, and longitudinal currents ranging from 60 to -10 cm s, indicating the mixing zone of water masses.
Since the ETM is also associated with the area of highest sediment deposition in the estuary, it is likely that most
materials transported to the estuary that are associated with sediment transport remain trapped in this zone,
making it an important area for further studies.
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INTRODUCTION suspended matter in the water column (Miranda
et al., 2017). Total suspended solids (TSS) consist
of particles with diameters smaller than 63 pm
that are dispersed throughout the water column
of a water body (Millero, 2006). These particles
can have both organic and inorganic origins
and possess cohesive properties, causing them
to adhere to one another by a process called
flocculation. The flocculation of clay particles is
induced by Van der Waals forces and is intensified
by the detritivorous activities of microorganisms
©§°§fm2“§ au;m::;i:: 'T,;”m‘i,"ni”.iﬁi? el clbuted uncer (Krone, 1962; Ye et al., 2020; 2021). In freshwater
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Estuaries are highly dynamic and biodiverse
environments, serving as abundant sources of
nourishment and refuge for aquatic organisms. The
input from rivers is the primary source of materials
in estuaries, which is typically associated with
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environments with low ion concentrations, the
attractive forces are relatively weaker due to
the stronger repulsive forces resulting from
the negatively charged grains. Conversely the
positively charged sodium ions in saline waters
form ionic clouds around the negatively charged
clay particles, thereby accelerating the flocculation
processes (Berlamont, 1993; Maggi, 2009).

In estuarine environments, TSS concentrations
vary due to a range of factors, including river
discharge, tidal flow, resuspension of muddy
bottom deposits, tidal phase differences, estuarine
longitudinal and vertical distribution mechanisms,
and anthropogenicinfluences (Chen, 2005; Manning
and Bass, 2006; Yuan et al., 2009). Within the water
column, solids consist of fine sediment particles,
organic matter/debris, and/or contaminants adhered
to each other (Li et al., 2022). In convergence zones
between freshwater and marine waters (typically
characterized by low salinity), these aggregates
can attract one another and other fine particles in
the water, forming ensembles with larger diameters
and lower densities, known as flocs. Generally, the
larger the size of the floc, the lower the density and
the longer the sedimentation and residence time in
the water column, making them more susceptible
to breakup due to turbulent movements (Gibbs,
1985; Kranenburg, 1994; Mikkelsen, 2005; Lee
et al., 2012).

The distribution of TSS in an estuary varies due
to tidal phase differences, lunar and solar cycles,
estuarine longitudinal and vertical distribution
mechanisms, and anthropogenic influences
(Chen, 2005; Manning and Bass, 2006). Estuaries
with limited ocean contact tend to show tidal
asymmetries, resulting in longer ebbs than floods.
As a result, flood tidal currents are stronger,
increasing bottom shear and resuspension. The
sediment accumulated in the water column begins
to flocculate as the current velocity decreases,
leading to the formation of clusters of TSS during
low tide and flood stages. Tidal pumping can also
influence TSS concentration. In the convergence
zone between riverine and marine water masses
(typically located near the maximum saline
intrusion) during the flood stage, denser seawater
is advected beneath the freshwater, causing
greater turbulence. Similarly, during the ebb stage,
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freshwater is advected over the denser saline
water, intensifying stratification in the water column
(Garel et al., 2009). This convergence area of water
masses is commonly associated with the estuarine
turbidity maximum (ETM) zone, defined as the peak
area of TSS concentration in an estuary.

The interaction between river water carrying
suspended solids toward the estuary mouth and
seawater flowing upstream forms a zone with high
concentrations of suspended sediments “trapped”
by the advection movements of the currents. The
location of this ETM zone varies depending on
tidal and river discharge forces, which can shift it
further upstream or downstream (Manning and
Dyer, 2006; Yuan et al., 2009). Due to the influence
of salinity, the speed and direction of tidal currents,
and water pH on the flocculation process, the
ETM is commonly associated with specific salinity
values in an estuary (Ghazali et al., 2020). Several
experimental and observational studies have
identified critical salinities slightly above freshwater
values as likely locations for the ETM, indicating
variable salinities ranging by 0.5-10 (Manning and
Dyer, 2002; Manning and Bass, 2006; Manning et
al., 2007; Seiphoori, 2021; Krahl et al., 2022).

ETMs play a significant role in capturing and
removing the particles attached to flocs in the water
column, such as contaminants. The estuary serves
as a major center for cycling and filtering suspended
solids from rivers, enabling only a portion of these
solids to reach the ocean, thereby limiting the extent
of pollution due to continental waters arriving at
marine ecosystems (Gibbs, 1986; Ahmerkamp et
al., 2022). The studied area has few works related to
ETM and TSS transport, with notable contributions
from Schettini et al. (2016) in the Capibaribe River
estuary, and Noriega et al. (2013) in the estuarine
channel of the Port of Recife.

The overall objective of this study is to
characterize the distribution of total suspended
solids in the estuary of the Ipojuca river and identify
its upper and lower excursion limits and the average
location of its estuarine turbidity maximum zone in
relation to its rainfall seasonality and tidal regime.

STUDY AREA

The Ipojucariver originates in the municipality of
Arcoverde, in the semi-arid region of Pernambuco,
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and spans approximately 250 km across 25
municipalities until it reaches the Atlantic Ocean,
south of the Suape Industrial Complex (-8.3972°
S; -34.9583° W). The drainage basin of the river is
predominantly occupied by agricultural activities,
with sugarcane cultivation being the most
prominent (Pernambuco, 2010). Currently, the
Ipojuca river ranks sixth among the most polluted
rivers in Brazil (IBGE, 2017), having previously held
the third position in earlier surveys (2010-2012).
The main sources of pollution include pesticides,
domestic sewage, and industrial effluents.

The region experiences distinct seasonal
periods, with a fundamental division between
September-February, characterized as the dry
season, and March-August, considered the rainy
season. Observations conducted over a 20-year
period showed 1500 mm of precipitation during the
rainy season, whereas, during the dry season, this
amount fails to reach one-third of the recorded total
(400 mm) (INMET, 2017). The flow of the river also
varies seasonally. Based on semi-annual averages
from the last 20 years, it was possible to calculate
an average flow of 7.44 m3 s during the dry season
and 27.34 m® s during the rainy season. The
highest average values were observed in June (with
an average of 33.06 m® s, reaching 84.11 m? s
in 2005), whereas the lowest values, in December
(with an average of 5.28 m? s') (ANA, 2023).

As for the estuary of the Ipojuca river, it is
classified as a type 1b estuary according to Hansen
and Rattray’s classification and is characterized by
a moderate stratification and a predominance of
saline transport resulting from diffusion processes
and lateral homogeneity (Lins, 2018). Near the
river's mouth, in the coastal region, tides are
classified as mesotidal semidiurnal, with an average
spring tide amplitude of 2.0 m and an average neap
tide amplitude of 0.9 m, similar to those predicted
for the tide gauge station at the Port of Suape (Lins
and Medeiros, 2018). The Ipojuca River connects
to the Atlantic Ocean by a cut and a lowering of
the reef line approximately 150 meters wide. These
modifications were made during the construction
of the Suape Port, resulting in the isolation of the
river from its natural mouth near Cabo de Santo
Agostinho. The narrow opening of the mouth of the
river results in a pronounced asymmetry between
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flood and ebb tides, with greater oscillation during
neap tides. As the tide spans the estuary of the
Ipojuca river, its amplitude oscillation gradually
decreases, whereas the asymmetry between flood
and ebb tides becomes more evident.

METHODS

Data sampling was comprehensively conducted
to cover both the rainy (Jun-Jul/17) and dry seasons
(Dec/17), representing various tidal cycle stages
(low tide, flood, high tide, and ebb) during spring
and neap tides in 2017. Overall, five strategically
chosen stations were established within the
estuary. Station 1 was located near the river mouth,
Station 2 was positioned just upstream of the
estuary basin, Station 3 was situated downstream
from the main channel bifurcation, and Stations 4
and 5 were positioned within the internal meanders
of the river. Station 5 was specifically selected to
represent the fluvial water (Figure 1). Refinement
points were distributed across the stations to
precisely determine the location of the maximum
turbidity zone during the rainy (R01-R12) and dry
periods (R13-R16) (Table 1).

Table 1. Geographical location and average depth of
the main (1-5) and refinement stations (R01-R16) in
the Ipojuca river estuary.

. UTME UTMN o
Station (25) (259) LAT. (°S)

Average

LONG. (*w) "¢

1 283214 9069779 -8.410466779 -34.96886597  6.40
2 281641 9069908 -8.409228871 -34.98314029 2.40
3 276937 9069750 -8.410565005 -35.00134041  4.80
4 277535 9068167 -8.424777279 -35.02049693  6.03
5 275906 9069443 -8.413166327 -35.03522538 5.15
R1 282624 9070195 -8.406679298 -34.97420317 2.65
R2 282416 9070560 -8.403370232 -34.97607474 2.90
R3 282391 9070364 -8.405140925 -34.97631067  1.50
R4 282141 9070262 -8.406051593 -34.97858491  1.75
R5 282031 9070054 -8.407926877 -34.97959305 1.05
R6 281900 9069855 -8.409719837 -34.98079145 0.85
R7 281210 9069731 -8.410809183 -34.98706118  1.05
R8 280939 9069761 -8.410525547 -34.98952002 2.35
R9 280729 9069837 -8.409828866 -34.99142295 1.75
R10 280530 9069736 -8.410732740 -34.99323419  2.05
R11 280297 9069687 -8.411164965 -34.99535169  2.50
R12 280119 9069776 -8.410352215 -34.99696350 2.40
R13 279313 9069638 -8.411562482 -35.00428696 1.50
R14 278817 9069187 -8.415616441 -35.00881076  3.30
R15 278441 9068812 -8.418988885 -35.01224171 2.15
R16 277986 9068164 -8.424825449 -35.01640269 1.68
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Figure 1. Location of the estuarine section of the Ipojuca River, indicating the main sampling stations 1-5 with
a large red circle, and refinement stations R01-R16 with smaller red circles. Source: IBGE, 2021 (Brazil and
Hydrographic Basin); Author, 2023 (Estuary Limits of the Ipojuca River).

To characterize the rainfall regime and river
inflows for the study area, air temperature and
rainfall data were compiled from the meteorological
station at the Port of Suape (-8.3972° S;
-34.9583° W), provided by the Water and Climate
Agency of Pernambuco (Agéncia Pernambucana
de Aguas e Climas — APAC), whereas river flow
values for the Ipojuca river were obtained at
the fluviometric station 39370100 (-8.3697° S;
-35.1422° W), accessed by the National Water
Agency (Agéncia Nacional de aguas — ANA).

During the rainy season, when salinity is
primarily confined to areas near the river mouth
and the ETM is commonly linked with salinity 4,
refinement points R01 to R12 were conducted.
Meanwhile, refinement points R13 to R16 were
conducted during the dry season.

Continuous vertical profiles of temperature and
salinity were obtained from the surface to the bottom
using a Sea-Bird Electronics SBE19Plus CTD
profiler. The CTD profiler operated at a sampling
rate of 4 Hz and was equipped with sensors
for conductivity (resolution = 0.00005 sm”),
temperature (resolution = 0.0001 °C), and pressure

(resolution = 0.010 m), powered by a SBE 5T
centrifugal pump. The calculation of physical
properties was performed using the software
provided by the manufacturers of the equipment
following TEOS-10 specifications (IOC et al., 2010).

For more accurate and reliable measurements,
descending CTD data were used, in a manner so
the turbulence caused by the equipment would fail
to influence the collected data. To remove spurious
data (collected in the atmosphere, at the wind-
influenced surface), the first 10 centimeters of
the water column were removed from the profiles.
Subsequently, the data were referenced in space
and time to create the graphs.

Water samples were collected at the surface,
mid-depth, and bottom using a Van Dorn Horizontal
water sampler, whereas measurements of current
intensity and direction were taken at the surface,
mid-depth, and bottom using a Sensordata SD30
current meter.

In the laboratory, water samples were vacuum-
filtered through acetate and cellulose nitrate
membranes with a nominal pore size of 0.45 umand a
diameter of 47 mm. Prior to filtration, the membranes
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were dried in an oven (60 °C) and weighed using
an analytical balance. The concentration of TSS
was determined by calculating the difference in dry
weights of the filters before and after filtration, relative
to the filtered volume (Strickland and Parsons, 1972).

The current data were corrected for magnetic
declination and decomposed into longitudinal and
transverse components to the sampling sections.
Along the longitudinal axis of the section, positive
values indicate downstream estuarine currents,
whereas negative values indicate upstream
estuarine currents (Miranda, 2017).

Recognizing that salinity data within the estuary
show phase differences due to “salt trapping” (Lins
and Medeiros, 2018), salinity data were phase-
corrected in values between 1.5-2 h, as observed
in the study by Lins (2018). Subsequently, uniform
grids of horizontal distributions for salinity, TSS
and currents were generated by interpolating the
corrected data using the Kriging method, taking
into consideration the spatial variability of the
measurements. This approach allowed for the
creation of smooth and continuous maps and
providing a comprehensive understanding of their
spatial patterns within the study area.

STATISTICAL ANALYSIS

Descriptive (mean, standard deviation, median,
minimum, and maximum) and non-parametric
statistics (Mann-Whitney, Kruskal-Wallis, and Dunn’s
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tests) of the obtained results were calculated using
the mStatGraph 1.5 software, developed by Varona et
al. (2023). This software enabled the comprehensive
analysis and interpretation of the data, providing
valuable insights into the statistical properties and
significant differences of the study findings. Non-
parametric statistical analyses were applied to the
obtained temporal data (TSS, salinity, and rainfall)
to identify statistically significant differences (Mann-
Whitney test; p < 0.05) between climatic sessions
(rainy and dry periods), tidal stages (flood and ebb),
and surface and bottom. Additionally, the sampling
points (N = 5) were statistically analyzed for TSS
and salinity using the non-parametric Kruskal-Wallis
test (p < 0.05), followed by the Dunn’s test to identify
significant differences between these points.

RESULTS

RAINFALL AND FLUVIAL DISCHARGE

The studied year (2017) showed a strong
seasonality of its rainfall regime, with a rainy
period (May to August) with great precipitation and
a dry period (January-February and November-
December) with reduced precipitation according
to the statistical analysis between the historical
rainfall (20 years) and the studied period, showing
no significant differences between the historical and
study periods (Mann Whitney test; p = 0.7; o = 0.05)
and representing the reality of the estuary well.

Figure 2. Fluvial discharge at the Eng. Maranhao fluviometric station (bars) and rainfall of the meteorological
station at the Port of Suape (black lines) in the Ipojuca River estuary in 2017 compared to the 10-year histo-
rical average (1997 to 2017). Dashed lines indicate the climatic periods, wet = wet period; dry = dry period.
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During 2017, the flow of the Ipojuca River at
the Eng. Maranh&o fluviometric station (Figure
1 and Figure 2), varied from 6.0 to 300.0 m3 s
(mean = 20.3 + 18 m® s™), following the rainfall
regime of the region. Statistical analysis between
the historical period (20 years) and the study
period showed no significant differences (Mann
Whitney test; p = 0.8; « = 0.05).

TEMPORAL AND SPATIAL STATISTICS OF TSS
AND SALINITY

Statistical results for TSS (p = 0.0001)
and salinity (p = 0.0001) showed significant

differences (Mann-Whitney test; p < 0.05;
a = 0.05) between the observed climatic periods

Total suspended solids and ETM in a tropical estuary

(Table 2). TSS concentrations during the wet
period were approximately 3.5 times higher
than those observed during the dry period
(mean wet period = 69 + 40 mg L'; mean dry
period =20 + 1 mg L").

Salinity showed no large differences in mean
values between climatic periods (mean wet
period = 7.4 + 1; mean dry period = 6.4 + 0.9).

Significant differences were also observed in
TSS concentrations (p = 0.01) between the spring
and neap periods (Mann-Whitney test; p < 0.05;
a = 0.05). In these periods, salinity showed no
statistically significant differences (p = 0.19),
ranging from 6.5 + 1.1 (mean) at neap to 7.2 + 0.9
(mean) at spring.

Table 2. Temporal and spatial statistics in the Ipojuca River estuary. KW: Kruskal-Wallis test; MW: Mann-Whitney test. p < 0.05
indicates significant differences for o = 0.05. In bold, significant p-values. st indicates the sampling points. Dunn’s test was
used after the KW test for different combinations of data sets (stations).

MW test
(rainy/dry)

MW test

Parameter\tests .
(spring/neap)

MW test
(surface/bottom)

MW test
(flood/ebb)

KW test
(Stations)

Dunn test
(st.1/st.2/st.3/st.4/st.5)

TSS (mgL") p = 0.0001 p =0.01

Salinity p = 0.0001 p=0.19

p=0.76

p=0.11

st.1 # st. 2; p = 0.0006
st.1 # st. 3; p = 0.0009
st.1 # st. 4; p = 0.0006
st.1 # st. 5; p = 0.0005

st.1 # st. 3; p =0.002
st.1 # st. 4; p = 0.0001
st.1 # st. 5; p = 0.00004
st.2 # st. 4; p = 0.0003
st.2 # st. 5; p = 0.0009
st.3 # st. 4; p = 0.0001
st.3 # st. 5; p = 0.0006

p=008 p=0.0005

p=047  p=0.0009

In the ebb and flood stages, no significant
differences were observed (Mann-Whitney
test; p > 0.05; a = 0.05) for TSS (p = 0.08) and
salinity (p = 0.47), respectively. TSS showed
close mean values (flood = 46.8 + 4.6 mg L',
ebb = 40.3 + 4.9 mg L"), whereas salinity ranged
from 5.2 + 1.2 (flood) to 7.5 + 1.4, respectively.

The spatial statistical results of this study for
TSS and salinity showed no significant differences
(Mann-Whitney test; p > 0.05; a = 0.05) for the
surface and bottom samples (Table 2). The mean
value for TSS at the surface totaled 41.3 + 3 mg
L', whereas, at the bottom, the mean value totaled
45.0 + 4 mg L.

Similar to TSS, salinity had a higher mean
value at the bottom of the water column (9.2 + 1.1
units); whereas, at the bottom, the mean value
was 4.5 + 0.7 units.

The sampling stations were statistically
analyzed using the Kruskal-Wallis (a = 0.05) and
Dunn’s tests (comparative analysis).

TSS showed significant differences for the
five analyzed stations (p = 0.0005), whereas the
Dunn’s test showed that station 1 differed from
the remaining ones (Table 2). The mean values
of the studied stations showed increasing values
from st.1 to st.5 (12.2 + 2.1 mg L'; 40.6 + 6.8 mg
L', 46.3 + 55 mg L'; 64.4 + 10.7 mg L', and
76.7 £ 11.2 mg L', respectively).

Salinity (p = 0.0009) showed significant
differences (Kruskal-Wallis; p < 0.05; a = 0.05)
for the sampling stations. The results observed
through Dunn’s test showed stations 4 and 5
different from the other 3 (stations 1, 2 and 3).
These stations (4 and 5) had typical freshwater
mean values (salinity < 0.5 units). Thus, the
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sequence from station 1 to 5 was 26.8 + 2.0;
127 + 2.3; 7.1 + 1.9; 0.1 + 0.007; 0.1 = 0.01,
respectively.

TEMPERATURE, SALINITY, AND CURRENTS

TSS, salinity, and current data are tabulated in
supplementary material Table S1. Along the water
column, temperature values were homogeneous
for all sampling stations. Values ranged from 23-
27 °C to 26-34 °C during the wet and dry seasons,

Total suspended solids and ETM in a tropical estuary

respectively (Figure 3A). Salinity was moderately
stratified along the profiles, intensifying upstream
of the river and with great differentiation between
tidal stages for the two studied periods but without
statistically significant differences. The highest
values were observed near the mouth of the
estuary, decreasing upstream of the river, and
never reaching station 5. The longitudinal variation
of salinity changed seasonally along the tidal cycle
(Figure 3B).

Figure 3. Temporal and spatial variations of temperature (A), salinity (B), and TSS (C) in the Ipojuca River estuary during 2017.

During the rainy season, the maximum salinity
limit varied from 700 m upstream of the first station
(flood stage) to 1 km upstream of the third station
(ebb stage), covering a penetration distance of
5.4 km (Figure S1A). Near the mouth of the river,
at station 1, salinity ranged from 2 to 35 and from
5.3 to 35.8 for spring and neap tides, respectively
(Figure S1A). Further inland, the stratification
becomes more intense, with salinity variations
from 0.2 to 35.3 and from 0.4 to 31.8 for spring
and neap tides, respectively, at station 2. At station
3, no more salinity is found at the surface, only
a saline wedge is found near the bottom, ranging

from 0.1 to 30.4 and from 0.1 to 0.7 for spring and
neap tides, respectively. During the dry season
(Figure S1B), salinity was always observed
upstream of station 3 in all tidal cycles, with
maximum penetration at 6.7 km from the mouth
of the estuary. Considering the same sampling
stations, salinity values corresponding to the dry
season ranged from 20.1 to 36.9 and from 13.8
to 36.8 at station 1, from 4 to 34.4 and from 1.7 to
32.9 at station 2, and from 0.2 to 27.8 and from 0.1
to 26.9 at station 3, for the spring and neap tides,
respectively; showing a similar distribution to that
observed in the other period (Figure S1B).

Ocean and Coastal Research 2024, v72:e24050 7
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The values of the longitudinal velocity
component u ranged from -14.3 to 89.2 cm s for
the spring tide and from -5 to 95.8 cm s for the
quadrature tide of the wet season (Figure S1A);
and from -15.9 to 51.3 cm s for the spring tide and
from -17.2 to 39.1 cm s for the neap tide of the dry
season (Figure S1B). Currents were most intense
at the surface during the wet season (Figure S1A).

Estuarine current velocity (u) components
showed a predominance of longitudinally positive
values for the wet and dry periods, indicating
flushing flow. In general, lower values of u were
obtained at the stations near the mouth of the
estuary, near the bottom, and in the area in which
the water masses meet.

TSS VARIATIONS

TSS concentrations ranged from 8.6 t0 241.2 mg
L and from 6.5 to 223.0 mg L', respectively, for the
spring and neap tides during the wet season, and
from 3.67 to 55.7 mg L' and from 2.45 to 55.13 mg
L respectively, for the spring and neap tides during
the dry season (Figure 3C, Figure 4 to Figure 7).

Total suspended solids and ETM in a tropical estuary

TSS concentrations varied seasonally and
over the tidal cycle, with high values mainly in
the wet period during neap and in the low-water
(LW) and flood (FW) stages (Figure 3 and 7). The
dry season (Figure 6 and 7) had much lower TSS
concentrations than the wet season (< 55.7 mg
L"), with the highest TSS concentrations during
the low-water and flood stages for both tides
(spring and neap). The lowest concentrations
were observed near the mouth of the estuary,
increasing upstream to a peak near station 2 and/
or 3 for the wet season, and reaching stations
R0O1 and R02 during some tidal stages during
the dry season. The location of the TSS peaks
corresponded to the regions of salinities close to
0.5-10 values, the limit of the saline wedge. After
peak concentration, TSS values decrease to an
average value of 18 mg L' and increase again
upstream of the river. Due to the main channel
being the major source of TSS to the inner
estuary, high concentration values were found
between stations 4 and 5, corresponding to river
discharge (Figure 5).

Figure 4. Location of the Estuarine Turbidity Maximum Zone (mgL") in relation to TSS concentration, salinity, and
longitudinal currents (cm s) along the Ipojuca River estuary during the wet season of spring tides during a tidal
cycle: low tide (SLT), flood (SFT), high tide (SHT), and ebb (SET).

Ocean and Coastal Research 2024, v72:e24050 8
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Figure 5. Location of the Estuarine Turbidity Maximum Zone (mg L") in relation to TSS concentration, salinity,
and longitudinal currents (cm s') along the Ipojuca River estuary during the wet season of neap tides during
a tidal cycle: low tide (NLT), flood (NFT), high tide (NHT), and ebb (NET).

Figure 6. Location of the Estuarine Turbidity Maximum Zone (mgL") in relation to TSS concentration, salinity,
and longitudinal currents (cm s'') along the Ipojuca River estuary during the dry season of spring tides during
a tidal cycle: low tide (SLT), flood (SFT), high tide (SHT), and ebb (SET).

Ocean and Coastal Research 2024, v72:e24050 9



Lins et al.

Total suspended solids and ETM in a tropical estuary

Figure 7. Location of the Estuarine Turbidity Maximum Zone (mg L") in relation to TSS concentration, salinity,
and longitudinal currents (cm s') along the Ipojuca River estuary during the dry season of neap tides during
a tidal cycle: low tide (NLT), flood (NFT), high tide (NHT), and ebb (NET).

ESTUARINE TURBIDITY MAXIMUM (ETM)

The ETM, located at the peaks of TSS
concentration in the intermediate region (low
salinity) of the estuary, varied seasonally and
between each tidal stage and may temporarily
disappear in the calmest stages.

In the wet season, the ETM was located
near stations R05 (241.2 mg L' on the bottom
and 66.3 mg L' on the surface) and R04-R06
(97.9, 100.5, and 92.9 mg L' near the bottom,
respectively) for low and flood tides during spring
and neap tides, respectively. During the high tide,
the ETM was located near station R08 at the
bottom (46.4 mg L"), whereas, during the ebb, the
ETM was located at station R10, with 63.4 and
63.7 mg L' at the surface and bottom, respectively
(Figure 4 and 5).

Inthe dry season (Figure 6 and 7), the migration
distance of the ETM between tidal stages was
distinct between the different tidal types, with the
largest excursion during the spring tide and the
smallest during the neap tide. In the spring tide
(Figure 6), the ETM was located between stations

2 and 3 during the flood and after station 3 during
the remaining stages of the tidal cycle (R14-R15).
The excursion of the ETM was more internal to the
river during the high tide stage (32.3 and 36.6 mg
L for surface and bottom, respectively).

In the neap period (Figure 7), high TSS
concentrations were observed in the vicinity of
station 3 (flood, high tide, and ebb) with 24.3; 22.6;
26.6;25.0;29.2,and 13.1 mg L' TSS concentrations
at surface and bottom, respectively), but an ETM
is located in the vicinity of station R14 only during
the low tide and flood (15.0 and 49.1 mg L' for
surface and bottom, respectively).

DISCUSSION

Being a shallow tropical estuary, temperature
was generally homogeneous throughout the water
column, varying little during the tidal cycle of the wet
season. In the dry season, during the spring tide, a
greater variation of the mean temperature values
along the tidal cycle was observed due to the high
solar incidence (mean temperature/December:
28.1 °C) and low precipitation (precipitation/
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December: 50 mm), obtaining lower values in the
tidal stages occurring in the early and late hours
of the day. This variation in solar intensity during
the day is little evidenced during rainy cloudy days.
Additionally, 2017 was characterized as a typical
normal year, with little rainfall during the summer
months and abundant rainfall volumes in winter, in
which 74% of the annual total occurred from May
to July (Lins and Medeiros, 2018).

Overall, an estuary tends to exhibit lower
salinity and high TSS concentrations during the
wet season, especially in the low tide stages due to
the greater fluvial influence and lower tidal range in
the estuarine interior; and show high salinity values
and low TSS concentration during dry periods,
especially in the high tide stage (Talley et al., 2011).
Non-parametric statistics (Mann-Whitney test;
p < 0.05) showed significant differences between
the two climatic periods. This behavior is partially
observed for the Ipojuca River estuary. The highest
TSS concentrations were reached during the wet
season due to the large amount of river discharge
in the estuary, with averages of 50.3 and 98.4 mg
L for the spring and neap tides, respectively. The
lowest concentrations were obtained during the
dry period, in which the flow of the Ipojuca River
was lower (mean/Dec = 5.7 m® s'), with mean
values of 23.5 and 14.8 mg L' for the spring and
neap periods, respectively (Figure 3C). However,
due to the large tidal asymmetry of the Ipojuca
River estuary, the highest TSS concentrations are
observed in the low-water and flood stages during
the wet period and in the flood and ebb stages
during the dry season. The asymmetry is more
subtle during the neap tide as the tidal influence is
weaker since this phenomenon is caused by forces
contrary to the tidal movement, such as river input,
friction during the inflow, and difficulty with the
outflow during the exit of the tide from the estuary.
This was also observed by Asp et al. (2012) in
an Amazon estuary; in which the asymmetry of
the tides that favor the flood currents causes the
absence of an effective river discharge.

Higher salinity values were found in the ebb
stages of the spring tide and in the ebb tide stages
during the neap tide for the rainy season. In the
dry period, due to the smaller phase difference,
the highest salt concentrations were also observed

Total suspended solids and ETM in a tropical estuary

in the ebb and flood stages. The estuary was
moderately stratified. This stratification was more
intense during the wet period due to the higher
flow of the Ipojuca River.

In an open estuary, the presence of this
type of asymmetry (higher ebb times) is usually
associated with greater sediment import due to
greater fluvial strength against the tides, resulting
in cleaner waters (Miranda et al., 2017); However,
as the asymmetry found in the Ipojuca estuary
is caused by the constriction of the mouth, this
phenomenon actually indicates the difficulty of
the waters to leave the estuary, making the waters
more turbid and enabling the sediment in the water
column to decay and silt the channel of the middle
and lower estuary.

According to Barcellos and Santos (2018),
the modification of the mouth of the Ipojuca
estuary was carried out for the implementation
of an industrial complex that began in the 1980s,
which subsequently underwent other changes that
resulted in the geomorphological alteration of the
Ipojuca River mouth region.

The zone of maximum turbidity (ETM) can
change in size and migrate longitudinally depending
on the physical, chemical, and biological factors
of the estuary. The flocculation process is mainly
related to the concentration of suspended solids
and the salinity of the water but it is also related
to the velocity of the currents and biotic activities
(biofilms) (Krahl, 2022). In partially-highly stratified
estuaries, tidal pumping and current velocity are
decisive in the formation of ETM, and this process
is more intense during flood stages than during ebb
stages (Garel, 2009). Moreover, the increase in
current velocity causes flocs to remain longer in the
water column and resuspend bottom sediments.

Low salinity values coincided with the location
of TSS concentration peaks in the Ipojuca River
estuary. When comparing TSS concentration,
salinity, and current velocity for spring and neap
tides in the rainy and dry periods, it is possible
to observe a correlation between these three
variables. Note that the ETM is greater with the
increase in current speeds and/or when the
estuarine and river water masses meet, in addition
to being shifted downstream during periods of high
river flow, which, in the case of Ipojuca, due to tidal
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asymmetry, is during the flood stage. Also, the
ETM of the Ipojuca River estuary coincided with
the limit of saline intrusion, with salinities varying
from 0.1 to 10 units, being more intense during the
highest current velocities (Figures 4 to 7).

During the wet period (spring and neap), the
ETM was located 1.8 and 2.2 km from the mouth in
the low tide and flood stages, respectively. During
the ebb stage, the ETM was located 3.5 km from
the mouth (TSS = 60 mg L'). In the dry period
(spring tide), the ETM was located 2.2 km from the
mouth during the flood (TSS = 50 mg L") and at
5-10 km in the ebb stage (TSS = 36 mg L"). During
the neap tide, the ETM was identified 6.5 km from
the mouth at low tide (TSS =44 mg L") and 7.8 km
during the flood (TSS = 52mg L).

Similar results were found for the Capibaribe
River estuary, noting that the formation of the ETM
in the estuary was associated with low salinities
in the mixing zone (Schettini, 2016). Similarly,
in the Weser estuary, the ETM was also formed
associated with the mixing zone, at 2-10 salinities,
and being the area of greatest sedimentary
deposition (Kdster, 2014).

A study of the sand fractions of the Ipojuca
River estuary (Veiga, 2021) determined a greater
continental influence on the sedimentation of the
estuarine-lagoon environment, typical of transport
by river input and subaqueous reworking. In that
study, the continental influence was greater on
the left bank of the meanders, corroborating the
preferential direction of estuarine currents and
sediment accumulation observed in this study,
in addition to showing that the origins of these
sediments were fluvial, transported by the water
column or along the bottom (Veiga, 2021).

Estuarine sediments, especially those with
low energy, actively depend on suspended solids
brought by the river (Baptista Neto et al., 2004).
Near station 2, the highest concentration of TSS
was also influenced by the fluvial input of the
Merepe River to the estuarine system. Miranda
(2019) analyzed the chemical characteristics of
water and its relation with TSS for the Merepe River
and the estuarine area, observing TSS values
that ranged from 0.2 to 10.8 mg L', showing the
highest values upstream. The Merepe River is a
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point of less influence of TSS to the estuary when
compared to the Ipojuca River.

Miranda (2019) even studied the correlations
between nutrients and TSS, finding a moderate
positive correlation between total chlorophyll a and
TSS (831%) and a negative correlation between
N-nitrate and TSS (-38%). We can therefore
state that the higher concentration of TSS in the
Ipojuca River estuary contributes to a higher
concentration of nutrients in the area. However,
its high turbidity prevents the penetration of light
into the water column, reducing the production
of oxygen by phytoplankton and promoting the
consumption of dissolved oxygen by the processes
of mineralization of the organic matter in the fine
sediments by bacteria. Batista and Flores-Montes
(2014) confirmed the strong anthropic impact
on the lIpojuca River estuary. They analyzed the
high loads of nutrients, such as nitrogen and
phosphorus, reaching 535.6 pg L' in the raining
season, in addition to low values of dissolved
oxygen, a sign of high decomposition activity and
resulting in poor water quality.

Studies on the ETM are especially important in
the analysis of the associated biota and pollutants.
The variation in salinity and turbidity directly
influences the distribution of biota in estuaries
(Telesh and Khlebovich, 2010; Turner and Millward,
2022), with the alteration of these variables being
more intense longitudinally in shallow estuaries,
as is the case of Ipojuca. The ETM shows greater
biodiversity in the estuary, with the interaction
between freshwater and marine species.

Studies on concentrations of polycyclic
aromatic  hydrocarbons (PAHs), a highly
carcinogenic substance related the particulate
matter in suspension with the concentration of this
pollutant find the accumulation of this pollutant in
the ETM (Arruda et al, 2018), thus evincing the
importance of studying the distribution of TSS and
estuarine currents for the preferential zones of
sedimentary deposition.

CONCLUSION

The temperature was homogeneous throughout
the water column, characteristic of a shallow tropical
estuary. The distribution of TSS between the two
studied periods differed, with the concentration
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being 3.45 times higher in the wet period than in the
dry season due to greater river input.

Salinity was moderately stratified along the
profiles, intensifying upstream of the river and with
great differentiation between tidal stages for the
two studied periods. Currents were most intense
at the surface and during the wet season.

Because it is a strangulated estuary with tidal
asymmetry, in which the period of the real ebb stage
is longer than that predicted for the outer area of
the estuary, the highest TSS concentrations were
observed not only in the low-water stage but also
in the flood stage, which would still correspond to
the low-water stage in the inner estuary.

The ETM coincided with the location of the
mixing zone between river and ocean water. A
longitudinal flow change and low salinity values
(0.5-10) were also observed as the ETM was
displaced downstream during periods of high river
flow. The ETM could be observed during flood
and low tides, with greater fluvial influence, higher
current velocities, and resuspension of bottom
sediments. During the wet period, the ETM was
located at 1.8 and 2.2 km from the mouth during
spring tides and neap tides, respectively; whereas,
during the dry period, the ETM varied from 2 to
10 km for spring tides and from 6.5 to 7.8 km from
the mouth for neap tides.

As the ETM is also associated with the area
of greatest sediment deposition in the estuary,
it is possible that much of the TSS coming from
the Ipojuca River, including the presence of
pollutants, remains trapped in this region of the
estuary, mainly due to the difficult flow of water,
silting the estuarine channel. The understanding
of this sedimentation process is necessary to plan
management and dredging in the area.
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