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ABSTRACT

The Suape Estuary encompasses the Suape Industrial
Port Complex (SIPC), a major industrial development
in Brazil's Northeast region, which, in order to be im-
planted, caused drastic environmental changes in this
system. This study presents the first physical charac-
terization of the Suape estuarine system, focusing on
the local hydrodynamics, material transport and its in-
fluence on some specific properties. Physical properties
were also associated to dissolved dispersed petroleum
hydrocarbons (DDPHs). A study was undertaken during
a complete semi-diurnal tidal cycle (13 hr), during whi-
ch water level, water flow, current velocity and direc-
tion, water properties (salinity, temperature, suspended
particulate matter - SPM -, chlorophyll and dissolved
oxygen) were recorded using ADCP and CTD systems.
The DDPHs were investigated in surface and bottom
waters, by spectrofluorescence, using Carmopolis oil
and chrysene as analytical standards. Results showed a
well-mixed vertical structure, a semi-diurnal tide regime
and a diurnal thermal pattern. There was no statistical
difference between DDPH concentrations at surface
and bottom, due to the tide acting as an important ho-
mogenizer. DDPHs were low and the main contribution
seems to be that from SIPC, as the residual transport of
DDPHgs, chlorophyll and dissolved oxygen, was towards
the Massangana estuary. An opposite pattern was obser-
ved for salinity and SPM, whose residual transport was
towards the lagoon. The results pointed local hydrody-
namics as an essential tool for understanding material
transport and exchanges among the estuarine segments.
A longer time series should be studied in order to obtain
more robust conclusions.

Descriptors: DDPHs, Spectrofluorescence,
Hydrodynamics, Salinity, Material transport,
Port.
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REeEsumo

A instalagdo do Complexo Industrial Portuario
de Suape (CIPS) modificou algumas caracteristi-
cas fisicas, quimicas e bioldgicas do Estuario de
Suape. Este estudo apresenta a primeira caracte-
rizagdo fisica deste sistema, focando na hidrodi-
namica local, transporte de materiais e a influén-
cia destes sobre algumas propriedades locais.
Os parametros fisicos também foram associados
aos hidrocarbonetos de petrdleo dissolvidos e/ou
dispersos (HPDDs). Durante um ciclo completo
de maré (13 h), foram registrados o nivel, fluxo
e propriedades da agua (salinidade, temperatura,
material em suspensdo - MS -, clorofila e oxigénio
dissolvido), além da velocidade e dire¢do das cor-
rentes, usando ADCP ¢ CTD. Os HPDDs foram
investigados nas aguas superficiais e de fundo,
através de espectrofluorescéncia. Os resultados
revelaram uma estrutura vertical homogénea, um
regime de maré semidiurno e um padrdo térmico
diurno. As concentragdes de HPDDs na superficie
e no fundo sdo baixas e similares, devido a a¢do
da maré. A fonte mais provavel é o CIPS, uma vez
que o transporte residual dos hidrocarbonetos de
petroleo, da clorofila e do oxigénio dissolvido sao
no sentido do estuario do Massangana. Um padrao
oposto foi observado para o transporte residual da
salinidade e MS, no sentido da lagoa. Estes resul-
tados indicam que a hidrodinamica local ¢é essen-
cial para entender o transporte e troca de materiais
entre os varios segmentos do estuario. Estudos
mais completos sdo necessarios para se obter con-
clusdes mais consistentes.

Descritores: HPDDs, Espectrofluorescéncia, Hi-
drodindmica, Salinidade, Transporte de mate-
riais, Porto.
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INTRODUCTION

Coastal regions are characterized by their high pri-
mary productivity and richness and abundance of species.
The abundance of food, easy access for the transport of
materials, natural protection from the open sea, among
other factors, are highly advantageous for the economic
development of coastal zones (Gonzalez et al., 2006),
which account for nearly 60% of all large urban centers
(Zanardi-Lamardo et al., 2000). In many situations there
is no planning of industrial and urban growth or for de-
velopment of farming activities, whether of sugar-cane
cultivation, cattle breeding, or aquaculture (CPRH, 2005).
Such activities may contribute with various contaminants,
including the polycyclic aromatic hydrocarbons (PAHs).

PAHs are widely distributed in the environment and
have caused concern to government agencies, environ-
mental researchers and even the general population, main-
ly due to their carcinogenic and teratogenic toxic effects
(Baumard et al., 1998; Magi et al., 2002; Boonyatumanond
et al., 2006; Chen et al., 2013; Rahmanpoor et al., 2014).
They may be introduced directly into aquatic systems by
the discharge of industrial and domestic effluents, fluvial
runoff, oil spill accidents, shipping activities etc (Zaghden
etal., 2007; Lemos et al., 2014). In addition, PAHs may be
produced by the burning of oil and its derivatives and the
incomplete combustion of biomass, reaching the marine
environment through atmospheric deposition (Boehm,
2005; Meire et al., 2007; Lemos et al., 2014; Maciel et al.,
2015a). Due to their hydrophobic characteristics, PAHs
tend to be associated with suspended particulate matter
(SPM), in accordance with its dynamics and subsequent
deposition (Wang et al, 2001; Tolosa et al., 2004). SPM’s
dynamics in estuarine environments is rather complicated
(Dyer, 1995; Winterwerp and Van Kesteren, 2004), since
its presence in the water column depends on processes
related to its cohesive properties (flocculation) and its
interaction with the hydrodynamics. During a tidal cycle
the currents will vary according to the tide, changing their
intensity and direction, producing erosion during veloc-
ity peaks and allowing the particles to settle during qui-
escent waters. Their response to the hydrodynamics will
determine the time the SPM, and the associated DDPHs,
remain in the water column, and thus their transport.

The Suape estuarine system was a relatively well-
preserved environment until the early 1970s, from when it
suffered major human induced changes similarly to many
other small estuaries along Brazilian shores (Schettini
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et al., 2017). In order to overcome the problems related
to the presence of the port of Recife inside the Recife
Metropolitan Area, the Pernambuco State sought to create
a new integrated port and industrial zone from scratch in
the Suape estuary and its hinterland, the Suape Industrial
Port Complex (SIPC; Figure 1). Today, there are more
than one hundred companies in operation installed there,
involved in diverse activities such as oil derivative trans-
port and fuel distribution, with another 50 being imple-
mented, amounting to total investments of about US$ 17
billion (SUAPE, 2016). Activities in the SIPC have been
very intense over the last two decades and the commerce
of petroleum has been increasing due to the presence of
the Abreu e Lima Refinery that became operational in
December 2014. In the first semester of 2016 about 2.7
million tons of petroleum passed through Suape and, in
July 2016, the refinery attained a new record, processing
100 thousand barrels of oil per day (SUAPE, 2016).

There is no doubt the SIPC leveraged the Pernambuco
and neighboring states’ economies. Nevertheless, to
achieve this involved drastic transformations in the Suape
estuarine system. A sizeable area of mangrove swamp
was reclaimed, rivers were diverted, navigation chan-
nels dredged and the estuary’s original overall geometry
greatly modified (Figure 1, and further details in the Study
Area section). Besides the profound changes in the estu-
ary’s functioning, especially in terms of the changes in its
morphology and hydrodynamics (CONDEPE, 1983), a
deterioration in its inherent water quality is to be expected
as a result of the harbor activity, industrial effluents and
eventual accidents, which may contribute to the introduc-
tion of oil into the system (Lemos et al., 2014).

In spite of its economic importance and related en-
vironmental concerns, there have so far been no investi-
gations into the Suape estuarine circulation or the trans-
port of properties. This study sought to present the first
physical characterization of this system and investigated
how hydrodynamics may influence material transport and
exchanges between the different estuarine sectors with
special emphasis on the analysis of the intratidal trans-
port of petroleum hydrocarbons in the mangrove-fringed
Massangana estuary.

MATERIAL AND METHODS

STUDY AREA
The Suape Estuarine System is located about 40 km
south of the Recife Metropolitan Area, the capital of



Pernambuco State, Brazil. The present estuarine area cov-
ers about 6 km?. Originally the area was bigger, formed by
the confluence of the Massangana, Tatuoca, Ipojuca and
Merepe Rivers in a coastal lagoon. The lagoon was sepa-
rated from the ocean by a straight sandstone reef with a
single inlet at the northern extremity (north inlet, Figure
1). During the installation of the SIPC, the central part
of the lagoon was reclaimed, isolating the Ipojuca and
Merepe in the southern part to which a new, wider and
deeper, inlet was opened to permit the access of deeper
draught ships into the inner harbor (south inlet, Figure 1);
offshore jetties were also built in order to create a shel-
tered area for ship berths. The river flow in the northern
lagoon was, therefore, reduced to that coming exclusively
from the Massangana river, its hydrodynamics being thus
completely altered (Paiva and Aratjo, 2010). The harbor
is on average 10 m deep, while the northern lagoon is 1-2
m deep, the Massangana’s depths being up to as much as
6 m.

The local annual mean air temperature is 25.5
°C, ranging annually from 23.9 to 26.6 in August and
February, respectively. The annual mean precipitation
rate is 2,450 mm/year at the coast (Ramos et al., 2009),
while the evapotranspiration rate is 1,500 mm/year (SRH-
PE, 2010). The rainy period is concentrated between
March and July and shows greater inter-annual variabil-
ity because it is strongly affected by the El Nifio-Southern
Oscillation (Andreoli and Kayano, 2007; Oliveira et al.,
2011). There are no available river flow data, although
it is to be expected that they will behave in accordance
with the rainfall regime. The drainage area is of about 160
km?, and considering the water budget - comparing pre-
cipitation and evapotranspiration - an annual mean flow of
about 5 m?/s is to be expected.

The regional tides are semi-diurnal and range between
1.5 and 3.5 m during the neap and spring tide periods,
respectively (Schettini et al., 2016a). The shelf currents
during summer are mainly southward while during winter
they are mainly northward (Lira et al., 2010). There is no
previous information about the estuary’s circulation.

This area receives influence of several anthropogenic
activities that could contribute with petroleum hydrocar-
bons, such as shipyard operation (hull paintings, ships
docking, etc), contaminated sediments after dredging pro-
cedures, industrial discharges, some eventual releases of
fuels or oil derivatives, and even atmospheric deposition
of soot from industries and sugar cane burning (Lemos et
al., 2014).
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FIELD SURVEY

A field survey was carried out on November 25,
2014, when water level, water flow, current velocities and
direction, water properties (salinity, temperature, suspend-
ed particulate matter (SPM), chlorophyll and dissolved
oxygen) and water samples were recorded/sampled during
a complete semi-diurnal tidal cycle (13 hr). The survey
started at 5:00 in the morning and finished at 18:00 in the
evening, at high tide.

Water level and current velocity and direction were
recorded with moored acoustic Doppler current profilers
(ADCP) of the Nortek model Aquadopp Profiler of 1,000
kHz. The ADCP were moored in the two channels which
connected the Suape Lagoon to the harbor (#E and #W,
in Figure 1). The ADCPs were set up to record data at
10-minute intervals, where each values represents the av-
erage of 2 minutes at a 2 Hz sampling rate.

Water flow was recorded by an ADCP towed by an
RDI model Workhorse of 1,200 kHz, undertaking a cross
section of the lower stretch of the Massangana River (CS
in Figure 1). Each water flow measurement was averaged
over three consecutive passages. Positive flows were as-
signed as seaward, and negative flows landward.

Water salinity, temperature, SPM, chlorophyll and
dissolved oxygen were recorded with a CTD probe by a
JFE-Advantech model Rinko Profiler, at the center of the
cross-section. The CTD was lowered at 1 m/s speed, and
as it records data at 10 Hz, the vertical data resolution was
of about 0.1 m. Water flow and CTD casts were made at
0.5 hr intervals.

PETROLEUM HYDROCARBONS

Water samples were collected near (1 m below) the
surface and near (1 m above) the bottom during a com-
plete tide cycle (13 hours) at the CS point (Longitude:
-34.9654 W and Latitude: -8.3589 S, Figure 1).
Samples were taken in triplicate, every hour, with a 4L
amber glass bottle attached to a stainless steel frame.
Immediately after sampling, 20 mL of n-hexane was
added to each sample, the bottle was manually agitat-
ed for 2 minutes, and a separating funnel was used to
separate the organic extract from water (Lemos et al.,
2014; Arruda-Santos et al., 2018). The extracts were
frozen until laboratory analysis. During the sampling
period, three field blanks were performed to assure
there was no field contamination, adding the same sol-
vent volume to a vial exposed to the local atmosphere.
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The extracts had sodium sulfate (Na,SO,) added
in order to remove any traces of water and concentrat-
ed to 10 mL in a rotary evaporator. Then the dissolved
and/or dispersed petroleum hydrocarbons (DDPHs)
were analyzed in a SpectraMax M3 Molecular Devices
Spectrofluorimeter, with excitation at 310 nm and emis-
sion at 360 nm wavelengths (Knap et al., 1986; Zanardi
et al., 1999a;b; Lemos et al., 2014; Arruda-Santos et al.,
2018). The spectrofluorescence technique is a very simple
and low cost methodology, but does not distinguish be-
tween individual compounds. On the other hand, it is very
useful to identify the presence of aromatic hydrocarbons
and how they change from place to place or even during a
certain period of time. For this reason it has been used to
identify hydrocarbon sources and help to understand ma-
terial transport in aquatic environments.

The DDPHs were quantified based on two ana-
lytical curves prepared with an artificially weathered
Brazilian crude oil from Carmoépolis oil field and
chrysene (Sigma-Aldrich, 99% purity), and the results
were expressed as equivalents of oil and chrysene, re-
spectively. Chrysene has been used in various studies
around the world (Atwood et al., 1987; Corbin, 1993;
Kornilios et al., 1998; Nayar et al., 2004; Doval et al.,
2006). Carmopolis oil comes from a large reserve in the
Brazilian northeast: its composition is similar to that of
several oils marketed in the area (ANP, 2015) and it
is frequently used by Brazilian researchers in coastal
and open water investigations (Zanardi et al.,1999a;b;
Bicego et al., 2002; 2009; Lemos et al., 2014; Maciel et
al., 2015b; Arruda-Santos et al., 2018 ). It is, therefore,
interesting to report data quantified based on these two
standards as this allows both regional (Carmopolis oil)
and global (chrysene) comparisons. The concentration
range used for the analytical curve was from 0 to 0.250
pg L' for chrysene and the equation was y=11.553 x,
r’=0.9973; and 0 to 1.25 ug L' for the Carmépolis oil
with the equation y=5.6227 x, 1>=0.9999. In both cases,
the intercept was kept at zero.

The averages of the fluorescence signals from the
blanks were subtracted from each sample and the de-
tection limit (DL) was considered as three times the
standard deviation of blank results (Quevauviller et
al., 1992). The calculated DLs were 0.01 pg.L! and
0.02 pg.L!, expressed in chrysene and Carmopolis oil
equivalents, respectively.
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STATISTICAL ANALYSES

Data normality was checked using the Kolmogorov-
Smirnov test and the t-student test was applied for inves-
tigating the differences between DDPH concentrations in
superficial and bottom waters and other parameters. The
critical level of significance was set at 0.05 for all tests.
Statistical analyses were performed using BioEstat 5.0
software.

RESULTS AND DISCUSSION

The survey started and ended at high tide. The mea-
sured tidal range was 1.98 m (Figure 2), and the tidal range
predicted, for Suape Port, by the Brazilian Navy was 1.9
m. This range characterizes the local spring tide condition.
The instantaneous water flow at the Massangana cross sec-
tion ranged between 544 and -516 m® s”!. The tide stage
diagram indicates that the tidal wave behaves as a mixed
wave, of a progressive nature at high water, when the flood
is at a maximum, but a standing wave at low water, when
the flow is null (Figure 2). The integral of the instantaneous
water flow during the flood or ebb phase provides the tidal
prism, the volume that is exchanged with the adjacent wa-
ter body during the tidal cycle (Kjerfve, 1990). The tidal
prism was 6.98%10° m®. The channels’ volume exchange
can be calculated by the product of the tidal range and the
channels’ area (1.42 km?), which gives 2.81x10° m’, or
40% of the tidal prism. The remaining volume is the one
that floods the mangrove flats during high tide. This means
that a large fraction of the water which flows landwards
floods the mangrove swamps which are depositional areas
for the SPM (Wolanski and Ridd, 1986).

The water volume which passes through the Massangana
cross-section during the flood comes from the Suape lagoon,
which, in its turn, can be exchanged with the adjacent sea
through both north and south inlets. Figure 3 shows the time
series of the current velocity in the east and west channels. The
currents present similar behavior and similar range, from -0.6
to 0.4 m/s during flood and ebb, respectively. Flood means
water flowing from the harbor into the lagoon, and ebb means
the opposite. The residual currents were -0.14 and -0.10 m/s in
the east and west channels, respectively. This finding indicates
a residual flow from the harbor to the lagoon, which can be
explained by the inlet’s geometry. The south inlet being wider
and deeper presents less resistance (friction) to the tidal flow,
allowing the tide easier transit than does the north inlet.
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Figure 1. Localization of the Suape Estuarine System (SES) on the Brazilian coast (upper left); details of the SES with
indication of the sampling points (CS, #W and #E) and the main local features (center); sketch of the pre and post Suape Port

installation (lower right).

The temporal and vertical distributions of salin-
ity, temperature, SPM, chlorophyll and dissolved oxygen
saturation are shown in Figure 4. The salinity ranged be-
tween 36 and 36.8 psu, with a mean value of 36.5+0.28
psu (Figure 4A). The minimum values were recorded at
low water and the maxima at high water, indicating a small
dilution from the local freshwater inflow. The vertical sa-
linity distribution was well mixed, with a weak stratifica-
tion occurring during the flood. The temperature ranged
between 27.5 and 29.2 °C, with a mean value of 28.2+0.52
°C (Figure 4B). The minimum values were recorded at the
beginning of the campaign, and the maximum at 15 hr,
indicating a diurnal thermal pattern.

The SPM presented a narrow range of variation, between
19 and 28 mg L', with a mean value of 22.2+2.80 mg L
(Figure 4C). The minimum values were recorded at both high
water episodes, and the maximum values were recorded dur-
ing the ebb. There is also a less pronounced increase in SPM
near the bottom during the flood. The slightly higher concen-
tration during the ebb, and the minor degree during the flood,

suggest that the origin of the SPM is the erosion of the bed
during the current peaks. The chlorophyll ranged between 0.7
and 2.7 pg L', with a mean value of 1.5+0.52 pg L' (Figure
4D). The maximum values were recorded at low tide and
the beginning of the flood. The dissolved oxygen saturation
ranged between 65 and 100% with a mean value of 87+11%
(Figure 4D). The minimum values were recorded at low water
and the maximum values during the flood, at 15 hr.

The DDPH average concentrations in the surface
samples ranged from 0.02+0.00 to 0.11£0.04 mg L
Carmopolis oil equiv. and 0.01+0.00 to 0.05+0.02 mg L™
chrysene equiv. (Table 1). At the bottom, the concentra-
tions were <DL to 0.10+0.02 mg L' Carmopolis oil equiv.
and <DL to 0.05+0.01 mg L' chrysene equiv. (Table
1). The concentrations expressed in chrysene equiva-
lents were always 51% lower than those expressed in
Carmopolis oil equivalents. Therefore, the discussion will
be presented based only on the Carmoépolis data. The rela-
tive standard deviation (RSD=standard deviation/mean)
of the triplicates was calculated and 96% of the samples
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Figure 2. Time series of water level (left, top panel) and water flow (left, bottom panel) and the tide stage diagram (right
panel) for the Massangana cross section, Suape estuary. November 25%, 2014.

Figure 3. Time series of current velocity in east (blue) and west (red)
channels. Suape estuary, November 25", 2014.

were within 6% to 49%, implying acceptable variability
during the procedures (Knap et al., 1986; Zanardi et al.,
19990b; Bicego et al., 2002; Lemos et al., 2014).

The minimum values were recorded at high water
and the maximum at low water (Figure 5), indicating a

small dilution of the marine water inflow, as observed
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previously in the Capibaribe Estuarine System, an urban-
ized estuary in Pernambuco (Favrod, 2012; Cabral, 2014).
An exception was observed at the very beginning of the
campaign, where higher concentrations were observed at
high water (Figure 5). This could be an indication of the
residual contribution from the Port of Suape which came
through the Suape lagoon. A previous study in this area
reported higher DDPH concentrations at the Suape Port
and Atlantico Sul shipyard than in the Massangana river
area (Lemos et al., 2014). The authors related the high-
est concentrations to oil and fuels released by ships and
to shipping activities and dredging operations that might
remobilize pollutants from the resuspended material to the
water column, among others.

The data normality was tested using the Komolgorov—
Smirnov test. There was no statistical difference (t-Stu-
dent, 0=0.05) between DDPH concentrations in superfi-
cial and bottom waters (t=0.2114, p=0.8342), which is to
be expected considering the vertical distributions of the
other scalars, mainly salinity which indicates a well-mixed

pattern. The DDPH concentration was not correlated to
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Figure 4. Vertical and temporal distributions of salinity (A), temperature (B), SPM (C), chlorophyll (D) and
dissolved oxygen saturation (E) at the Massangana cross-section, Suape estuary. November 25", 2014.

Table 1. DDPH concentrations and Standard Deviation expressed in u g L' Carmoépolis oil and chrysene equivalents, in
surface and bottom waters at the Massangana cross-section, Suape estuary. November 25%, 2014.

Carmopolis oil Chrysene

F?iann::l(ihn)g Surface Bottom Surface Bottom

ugl! ugl! ugl! ugl!
5:30 0.11 + 0.04 0.10 + 0.02 0.05 + 0.02 0.05 + 0.01
6:30 0.04 + 0.00 0.06 + 0.01 0.02 + 0.00 0.03 + 0.00
7:30 0.02 + 0.00 0.05 + 0.02 0.01 + 0.00 0.04 + 0.03
8:30 0.02 + 0.01 0.06 + 0.01 0.01 + 0.00 0.03 + 0.01
9:30 0.03 + 0.01 0.10 + 0.03 0.01 + 0.00 0.05 + 0.01
10:30 0.04 + 0.03 0.04 + 0.01 0.02 + 0.01 0.02 + 0.00
11:30 0.07 + 0.03 0.05 + 0.02 0.03 + 0.01 0.02 + 0.01
12:30 0.05 + 0.01 0.03 + 0.00 0.02 + 0.01 0.01 + 0.00
13:30 0.11 + 0.04 0.07 + 0.03 0.05 + 0.02 0.03 + 0.01
14:30 0.06 + 0.03 0.03 + 0.00 0.03 + 0.01 0.01 + 0.00
15:30 0.06 + 0.02 0.05 + 0.02 0.03 + 0.01 0.03 + 0.01
16:30 0.04 + 0.00 0.03 + 0.01 0.02 + 0.00 0.02 + 0.00
17:30 0.05 + 0.01 <DL 0.02 + 0.01 <DL
18:30 0.05 + 0.01 0.04 + 0.00 0.02 + 0.01 0.02 + 0.00

<DL = below detection limit
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Figure 5. Temporal distribution of Salinity and DDPHs
(concentration+Std Dev in mg L' Carmoépolis oil equiv.) in surface
waters at the Massangana cross-section, Suape estuary. November
25%,2014.

salinity either at the surface (r=-0.2319, p=0.425) or at the
bottom (r=0.26, p=0.3694), nor to SPM at the surface (r=-
0.41, p=0.14) or at the bottom (r=0.17, p=0.53). The lack of
correlation of DDPH concentrations to salinity can be ex-
plained by the very small salinity range recorded along the
tidal cycle (<1 psu). The salinity difference between high
and low water was less than 1 psu with the smaller values
recorded at low water. This indicates very low spatial gra-
dients and very low fresh water inflow. On other words,
the sampled conditions do not allow to identify a possible
continental source which could be associated with freshwa-
ter, and the prevailing marine conditions indicates only the
transit of substances locally.

The lack of correlation of DDPHs to SPM concentra-
tion results from the same cause, i.e., the very low range of
SPM variation recorded along the tidal cycle (~10 mg L™).
In comparative terms, low SPM concentrations have been
reported during the dry season for other tropical estuaries
such as that of the Capibaribe, Pernambuco State (Schettini
et al., 2016b) and of the Caravelas, Bahia State (Schettini

and Miranda, 2010). Together with the very slight freshwa-
ter dilution, this supports the hypothesis that much of the
SPM in the water column is due to local reworking (ero-
sion, transport and deposition) in the estuarine basin.

The present study observed very low DDPH concentra-
tions as compared to other estuaries in Pernambuco State
(Table 2) and other estuarine systems around the world
(Law, 1981; Salihoglu et al., 1987; Wattayakorn et al.,
1998; Zanardi et al., 1999a;b; Bicego et al., 2002; Nayar et
al., 2004). These low levels probably reflect the tidal action
and local hydrodynamics that contribute to contaminants
dispersion, and they do not represent a significant contami-
nation, being considered at a baseline level (Lemos et al.,
2014).

Further of describing the intertidal variability of the
water properties in a tide-dominated environment, it is
always insightful to investigate the residual transport of
these properties. Estuaries that receive a sizeable volume
of freshwater will, by simple mass conservation, pass on
the same volume. However, as the water flows through the
system it will be subjected to tidal action, and mixing will
take place, leading to more complex fresh-salt water inter-
actions. Consequently, most estuaries function as efficient
traps rather than sources for the coastal seas (Schubel and
Carter, 1984). In systems experiencing low inflow of fresh-
water, as in the present case, the trapping efficiency may
even be enhanced.

The semi-diurnal tidal cycle has a period of 12.4 hr, and
as the tidal signal has a nearly sinusoidal shape, the values
at times zero and 12.4 are in phase and must be the same.
Thus, the residual water flow can be calculated by time-av-
eraging the flow over 12-hr windows. The survey lasted for
13 hours and the water flow was sampled at 0.5 hr intervals,
resulting in three 12-hr windows, which can be averaged
too. The residual water flow obtained was 0.2 m* ™. This
value is very low and fits the present hydrological situation
of the estuary (the dry season), although it is also within

Table 2. DDPH concentrations (1 g L' Carmopolis oil equiv.) in different estuaries of Pernambuco, Northeastern Brazil.

Study area DDPH range (ug L") Authors

Suape estuarine system (Aug/2011; Feb/2012) 0.05 - 4.59 Lemos et al. (2014)
Capibaribe Estuarine System (Nov/Dec, 2011) 0.33-7.41 Favrod (2012)
Capibaribe Estuarine System (Sept/Oct, 2013) 0.20 - 3.65 Cabral (2014)
Capibaribe estuarine system (May/2014) 0.47 -5.63 Maciel et al. (2015)
Santa Cruz Channel (Jul/2013) 0.23-0.37 Santos (2015)
Goiana estuarine system (Dec/2015) 0.20 - 0.51 Arruda-Santos et al. (2018)
Suape estuarine system (Nov/2014 - Steady station) 0.01-0.11 Present study
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the error limits of the sampling procedure. Nevertheless, it
suggests the sampling was efficient to cover the tidal water
exchange between the estuary and the lagoon. A high value
for the residual flow, positive or negative, would indicate a
major sampling error.

As we are reasonably confident the sampling captured
the water budget accurately, we calculated the residual
transport of salinity, SPM, chlorophyll and dissolved oxy-
gen in the same fashion. As the DDPHs were sampled hour-
ly, there are two 12-hr windows instead of three. First, the
instantaneous transport was calculated by the product of the
scalar to the flow, then the residual transport was calculated
as described above. For transport purposes and dimensional
correctness, salinity concentration was understood as being
gkg! (I0C, 2010), and its transport must also be calculated
by the product of the water density. The residual transports
are: salinity = 213 kg s'; SPM = 0.31 kg s'; chlorophyll
= -16.5x10° kg s!; dissolved oxygen = -0.12 kg s!; and
DDPHs =-0.9x10¢ kg s\

Longer time series would be required to obtain more
robust values for residual transport (Lerczak et al., 2006;
Schettini et al., 2013), although the present data are valu-
able for future reference. Even more important than the
values themselves, are the directions of the transport.
Salinity and SPM residual transports were towards the
lagoon, while chlorophyll, dissolved oxygen and DDPHs
were towards the estuary. Concerning the SIPC as being
the potential source of DDPHs, the general circulation in
the Suape estuarine system and the residual transport in the
Massangana, the estuary may works as a potential sink for

this material.

CONCLUSION

This study presents the first physical characterization
of the Suape estuarine system and shows the importance
of the local hydrodynamics for the understanding of the
material transport and exchanges among the estuarine seg-
ments. This system presents a well-mixed vertical structure,
a semi-diurnal tide regime and a diurnal thermal pattern.
The residual transport of salinity and SPM was towards the
lagoon but a reverse pattern was registered for chlorophyll,
dissolved oxygen and petroleum hydrocarbons, whose re-
sidual direction was towards the estuary. No clear relation-
ship between DDPHs and physical variables were found.
Petroleum hydrocarbons are at a baseline level but the SIPC
seems to be a potential contributor of DDPHs to the area.

Continuous monitoring is preeminent considering that the
Massangana mangrove swamps were seen to be a potential
sink for this material.
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