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Abstract
The physicochemical characteristics of the Great Kwa River, a tidal tributary of the Cross River estuary (Gulf of Guinea), were investigated to evaluate water
quality, hydrodynamic controls, and implications for environmental sustainability in a tropical meso-tidal system. Fifty bottom-water samples were collected
along a 17.65 km tidal reach and analysed in-situ for temperature, pH, salinity, electrical conductivity, turbidity, and transparency, alongside measurements of
tidal current velocity and bathymetry. Results indicate a semi-diurnal, ebb-dominated tidal regime, with current asymmetry driven by the interaction between
tidal forcing and fluvial discharge. Physicochemical parameters show narrow ranges: temperature (25–28°C), pH (6.0–7.5), salinity (0.014–0.039‰),
electrical conductivity (20–58 µS/cm), and transparency (0.3–1 m), all within acceptable limits for freshwater systems. A clear downstream gradient is
observed, characterized by increasing salinity and conductivity, and decreasing temperature and pH, reflecting progressive tidal influence and limited
estuarine mixing during the study period. Three hydro-physicochemical facies were delineated: (i) an upper fluvial-dominated facies with low salinity and high
transparency, (ii) a middle transitional facies exhibiting maximum variability and sediment reworking, and (iii) a lower tidally influenced facies marked by
elevated salinity and enhanced fine sediment deposition. Strong correlations among salinity, conductivity, and total dissolved solids highlight the role of ionic
concentration in controlling water chemistry, while turbidity patterns reflect localized sediment resuspension linked to channel morphology and flow
convergence. The study demonstrates that hydrodynamic processes exert fundamental control on physicochemical distribution and sedimentary facies
organization in the river. Despite its current freshwater status and ecological suitability, the system shows early sensitivity to anthropogenic and hydrological
changes. In this context, environmental sustainability implies proactive monitoring, sediment regulation, and pollution control to preserve the river’s
ecological integrity and ensure its continued role as a resilient freshwater resource for Calabar and the wider Gulf of Guinea.

1. Introduction
Tidal rivers are characteristic features of meso- to macro-tidal environments and are generally absent in microtidal settings where wave processes dominate
hydrodynamics. They are commonly defined as naturally occurring, channelized water bodies that experience periodic tidal fluctuations, possess a
freshwater source at their headwaters, and discharge into estuarine systems at their mouths without direct open-ocean exposure (Antia et al., 2012; Emeka
et al., 2010; C. N. Emeka et al., 2024b; C. N. Emeka, V. I. Emeka, E. D. Ebong, et al., 2023). Functionally, tidal rivers represent transitional zones within the
land–sea continuum, where fluvial and estuarine processes interact to produce distinct hydrodynamic, sedimentological, and physicochemical regimes.

The physicochemical characteristics of tidal rivers are strongly controlled by the interplay between river discharge and tidal forcing, including flood, ebb, and
slack-water conditions. These processes regulate mixing intensity, sediment resuspension, and the spatial distribution of dissolved and particulate
constituents. The degree of tidal penetration inland plays a critical role in determining salinity gradients, ionic composition, and overall water quality (Uncles,
2002; Winterwerp & van Kesteren, 2004). In many tropical mesotidal systems, ebb dominance—driven by fluvial input and tidal asymmetry—enhances
downstream transport of sediments and limits saline intrusion, thereby maintaining predominantly freshwater conditions in upstream reaches (Dyer et al.,
2004; Emeka et al., 2010; C. N. Emeka et al., 2024a, 2024b; V. I. Emeka, C. N. Emeka, E. Agi-Odey, et al., 2024; V. I. Emeka, C. N. Emeka, A. E. Itam, A. Ambo, et
al., 2024; V. I. Emeka, C. N. Emeka, A. E. Itam, & E. E. Nyong, 2024). These dynamics are critical in shaping the physicochemical structure and ecological
functioning of tidal river environments.

Key physicochemical parameters such as transparency, turbidity, temperature, pH, electrical conductivity (EC), salinity, and total dissolved solids (TDS) serve
as fundamental indicators of water quality and environmental health. Transparency and turbidity reflect suspended sediment concentrations and influence
light penetration and primary productivity (World Health Organization, 2017, 2022). Water temperature governs biochemical reactions and microbial activity,
while pH regulates chemical stability and biological processes within aquatic systems. Electrical conductivity, salinity, and TDS provide measures of
dissolved ionic content, integrating both natural geological controls and anthropogenic inputs such as urban runoff and industrial discharge (Hem, 1985;
Winterwerp & van Kesteren, 2004). Variations in these parameters are therefore essential for understanding both the natural dynamics and environmental
sustainability of tidal river systems.

The Great Kwa River, a major tributary of the Cross River estuary in southeastern Nigeria, originates from the Oban Hills in central Cross River State, and flows
southwards into the Cross River estuary, along the southeast coast of Nigeria (Fig. 1). The river traverses diverse geological formations, including
Precambrian Basement Complex rocks, Cretaceous sediments of the Calabar Flank, and younger Coastal Plain Sands. It is of considerable socio-economic
importance, serving as a primary source of potable water for Calabar and adjacent communities, while also supporting navigation, sand mining, and coastal
infrastructure development. Increasing anthropogenic pressures within the basin raise concerns regarding water quality deterioration and long-term
environmental sustainability.

This study investigates the physicochemical characteristics of the lower reaches of Great Kwa River within a tropical mesotidal setting, with particular
emphasis on the role of tidal dynamics in controlling water quality patterns. Parameters including Secchi disc transparency, turbidity, temperature, pH,
electrical conductivity, salinity, and total dissolved solids were analyzed to evaluate spatial variability and environmental conditions within the channel. The
study provides baseline data for assessing anthropogenic impacts and contributes to a broader understanding of the linkages between tidal processes,
water chemistry, and environmental sustainability in tropical tidal river systems.

2. Methodology
Tidal current velocities of the Great Kwa River were measured in the rainy season months of August and September 2020, while the channel was mapped in
September 2020. Parameters studied include bathymetry and water quality parameters (pH, temperature, turbidity and salinity). Tidal current velocity was
measured at two stations over Spring, Mean, and Neap tidal cycles. Depth soundings, turbidity measurements, and water samples were simultaneously
obtained from the same georeferenced stations within the studied channel, as shown in Fig. 2.
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2.1 Measurement of tidal current velocity
Surface tidal current velocity and direction were measured at two stations along the western bank of Great Kwa River namely, Obufa Esuk Orok (OEO) and
Esuk Mba (EM). Readings were obtained at Spring, Mean, and Neap Tide.

The Langrangian method was used for this study. It involves the use of a stopwatch to measure the time it takes a floating object in the channel to traverse a
pre-measured distance (preferably 10m) parallel to the channel. This procedure was repeated thrice every 15 minutes for 12 hours per day, and direction of
flow was obtained using a Brunton Compass. Tidal current velocity (v) was obtained by dividing the distance travelled (x) by the average drift time (t’) for
every 15-minute interval (Eq. 1) at both ebb and flood tide.

1

2.2 Depth sounding
A total of 50 sample stations were established in Great Kwa River, using a portable Garmin global positioning system. Depth soundings were made at these
stations using a portable single beam echo sounder.

2.3 Secchi disc transparency
Transparency readings were obtained simultaneously with depth sounding, using a Secchi disc. This was done by dipping the disc into water at each geo-
referenced station until it just disappeared. The depth at which this happened was obtained by measuring the length of the rope, from the disc-to the water
mark at the point of disc disappearance. The recorded in a notebook.

2.4 Bottom water sampling and physicochemistry
Fifty bottom water samples were obtained from the channel, using a Nansen water sampler, simultaneously with depth sounding and turbidity measurement.
These samples were analysed in-situ for physicochemical parameters (pH, electrical conductivity, salinity and temperature), using a HANNA hand-held
combo pH/EC/TDS/Temperature meter (HI 98130), by dipping it into a cup containing the sample. The corresponding values were read off its screen, after
they had stabilized.

Turbidity was measured using a Hanna Instruments HI 93703 Portable Turbidimeter/Nephelometer. This was done in-situ by filling a clean cuvette up to a
quarter inch from its rim and agitating it. The bubbles in the water were allowed to escape, after which the cap of the cuvette was secured. It was then placed
into the cell of the meter, with the notch on the cap positioned securely into the groove, and the mark on the cuvette pointed towards the LCD. The read key
on the device was pressed, after which a blinking “SIP” (Sampling in Process) message displayed on the screen. The turbidity value appeared approximately
20 seconds after.

3. Results

3.1 Hydrodynamics
Results of the tidal current velocity measurements for Great Kwa River are presented in Fig. 3 and Table 1. The highest velocities occurred at Spring Ebb (84
cm/s) clearly showing ebb-dominance (Table 1). Water waves in Great Kwa River were generated by wind, and water transport vessels, and were generally
insignificant.

3.2 Bathymetry
The bathymetry map and sections of the studied segment of Great Kwa River, as presented in Figs. 4, were produced relative to mean tide low water slack
(MTLWS). The channel was relatively shallow, with an average depth of 2.8 m ± 1.9 m, and maximum depth of 7 m (Fig. 4a, Table 2). The shallowest parts of
the channel were located towards the upstream segment, while the downstream segment bore the deepest portions. The cross-channel section (Fig. 4b)
showed that the channel was deepest in the mid channel and shallowest at the banks, the west bank being generally shallower than the east bank. Figure 4c
is a linear trend of the along channel cross-sectional profile (Fig. 4d) of the studied segment. It shows a downstream deepening trend.

3.3 Transparency
The distribution of transparency within Great Kwa River is presented in Fig. 5a. Turbidity values varied between 26 cm and 106 cm, with an average of 68.28
cm ± 16.6 cm (Table 2). The least transparent part of the channel occurred around the sand bar at the central segment of the channel, with values ranging
from 20 cm to 80 cm. The upstream segment had the clearest water, with values between 60 cm and 106 cm. The downstream area had transparency values
between 60 cm and 80 cm. Transparency significantly moderately positively correlated with depth in the channel (Table 3)

3.4 Turbidity
Turbidity values within the channel ranged from 1.51 and 12.71 NTU (Table 2), clearly demarcating the channel into three zones (Fig. 5b). The upper zone,
which extended from the upper limit of the study area to the upper end of the central tidal bar, was the clearest part of the channel (1–5 NTU). The central
zone was the most turbid, with variegated turbidity values between 1–13 NTU. The lower zone had turbidity values between 1 and 8 NTU, making it more
turbid than the upper zone, but less than the central zone. Turbidity significantly weakly positively correlated with electrical conductivity, salinity, salinity, and

V =
x

t′
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total dissolved solids (Table 3). It also significantly negatively correlated with depth and Secchi disc transparency, moderately and strongly, respectively
(Table 3).

3.5 Temperature
The distribution of bottom water temperature within Great Kwa River is presented in Fig. 5c. Temperatures varied between 25°C and 28°C, having an average
value of 26.4°C ± 1.03°C (Table 2). In the upstream segment, the channel had a predominant temperature range of 26°C to 28°C and was principally 25°C to
26°C downstream, effectively having a downstream cooling trend. Bottom water temperature within the channel had a non-significant weak negative
correlation with depth and no correlation with turbidity (Table 3).

3.6 pH
The distribution of bottom water pH within Great Kwa River is presented in Fig. 5d. pH values within the channel ranged from slightly acidic to slightly alkaline
(6 to 7.5) and were averagely neutral (6.9 ± 0.4) (Table 2). There was an even distribution of slightly acidic to neutral (6.5 to 7) and neutral to slightly alkaline
(7 to 7.5) bottom waters all through the channel. However, slightly acidic waters (6 to 6.5) occur as large patches in the downstream segment of the channel.
The distribution of pH within the channel showed a downstream decreasing trend. pH had non-significant, weak, negative correlations with depth and
turbidity but a significant positive correlation with temperature within the channel (Table 3).

3.7 Electrical Conductivity
The distribution of Electrical Conductivity within the Great Kwa River is presented in Fig. 6a. The map shows a dominant conductivity of 20–30 µS/cm in the
upstream segment of the channel. The central segment was dominated by a mix of 30–40 µS/cm, while the downstream segment of the channel was
predominantly 40–50 µS/cm. The Descriptive statistics of Electrical conductivity within the Great Kwa River is shown in Table 2. Electrical conductivity had
significant weak negative correlations with Secchi disc transparency and turbidity, while it had perfect correlations with salinity and total dissolved solids
(Table 3).

3.8 Salinity
The distribution of bottom water salinity within Great Kwa River is presented in Fig. 5d. Salinity values within the channel ranged from 0.014‰ to 0.039‰,
indicating a freshwater tidal channel. The average salinity value within the channel was 0.021‰ ± 0.005‰ (Table 2). Salinity progressively increased
downstream within the channel. Salinity had non-significant weak negative correlations with depth and temperature, but a significant negative correlation
with turbidity (Table 3).

3.9 Total Dissolved Solids (TDS)
TDS within the channel ranged from 12.1 ppm to 31.9 ppm (Table 2). In Fig. 6a, a clear demarcation of the of the channel into 3 zones is shown, based on
TDS. A downstream increasing trend in TDS concentration is observed, with the upstream zone having the least values (10–15 ppm), and the downstream
segment having the highest values (20–35 ppm). TDS significantly weakly negatively correlated with secchi dsic transparency, and positively with turbidity
(Table 3).

3.10 Hydro-Physicochemical Facies Associations
Three facies were delineated within the channel, based on the physicochemical properties of the river (Fig. 6). The Upper Facies was the most distal from the
estuary and occurred towards the head of the channel. It was straight, occupied an area of 1.41 km2, covered a stretch of 2.76 km and had a maximum depth
of 5.2 m, with dominant depth ranges of 1 to 2 m, 2 to 3 m, and 3 to 4 m. It had a maximum turbidity of 106 cm, with dominant ranges of 60 to 80 cm, and 80
to 100 cm. The maximum temperature in this section was 28°C, with dominant temperature ranges of 26 to 27°C and 27 to 28°C. The maximum pH of this
section was 7.4, with a dominant range of 6 to 7. Salinity within this segment of the channel ranged from 0.014‰ to 0.019‰, making it the segment of the
channel with the least salinity. The least salinity value here was 0.01408‰.

The Middle Facies was 10.16 km long, covered an area of 6.96 km2, and had a maximum depth of 6.6 m. Depth within this segment increased in a
downstream direction, with depth ranges of 1 m to 2 m, and 2 m to 3 m dominating upstream, while 3 m to 4 m, and 4 m to 5 m dominating downstream. The
dominant turbidity within this segment was 60 cm to 80 cm. The most turbid part of this section was towards the western bank of its central portion, where
turbidity ranged between 20 cm and 60 cm. The least turbid area occurred upstream, as small patches of 80 cm to 100 cm turbidity. Bottom water
temperature within this section generally cooled in the downstream direction, with temperatures values of 27°C to 29°C occurring exclusively upstream. The
dominant temperature ranges of the facies were 26°C to 27°C, and 25°C to 26°C. pH ranged between 6 to 7, and 7 to 8 in the upstream region, while the
downstream area was predominantly composed of a pH range of 6 to 7. Salinity gradually increased in the downstream direction, with this facies. It
predominantly ranged between 0.019‰ and 0.024‰, with ranges of 0.014‰ to 0.019‰, and 0.024‰ to 0.029‰ featuring prominently upstream and
downstream, respectively.

The Lower Facies occurred towards the mouth of the channel and was the most proximal to Cross River estuary. It covered a stretch of 4.73 km, and an area
of 3.49 km2. The dominant depth range within this segment was 2 m to 3 m, and the maximum depth was 5.9 m. Turbidity dominantly ranged between, 60
cm and 80 cm, with a smaller turbid area of 40 cm to 60 cm, occurring upstream. Temperature was dominantly between 25°C and 26°C. pH, in equal
proportions, ranged from 7 to 8, upstream, and 6 to 7, downstream. Based on salinity, the Lower Facies association was divided into three subfacies. The
upstream subfacies was composed predominantly of a salinity range of 0.029‰ and 0.034‰, with a minor occurrence of 0.034‰ and 0.039‰. The central
subfacies occupied 70% of the Lower Facies association and was 90% composed of a salinity range between 0.024‰ and 0.029‰. The lower sufacies was
exclusively composed of a salinity range of 0.029‰ and 0.034‰.
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Table 1: Maximum flood and ebb-tidal current velocities in Great Kwa River

Tidal Cycles Flood current velocity (cm/s) Ebb current velocity (cm/s)

Obufa Esuk Orok Esuk Mba Obufa Esuk Orok Esuk Mba

Spring 68 76 81 84

Mean 61 66 75 78

Neap 49 58 61 64

Table 2
Descriptive statistics of Great Kwa River physicochemistry

N Depth
(m)

Secchi disc
transparency (cm)

Turbidity
(NTU)

Water temp
(⁰C)

pH Electrical
conductivity
(µS/cm)

Salinity
(‰)

TDS
(ppm)

50 50 50 50 50.00 50 50 50

Min 0.9 26 1.51 25 6.00 22 0.01408 12.1

Max 7 106 12.71 28 7.50 58 0.03712 31.9

Mean 2.8 68.28 5.3138 26.4 6.90 33.5 0.02144 18.425

Std. error 0.2671 2.3455 0.3336 0.1457 0.06 1.1892 0.0008 0.6540

Variance 3.5673 275.0629 5.5632 1.0612 0.15 70.7041 2.90E-05 21.3880

Stand. dev 1.8887 16.5850 2.3586 1.0302 0.39 8.4086 0.0054 4.6247

Median 1.6 70 4.82 26 6.90 30.5 0.0195 16.7750

Geom. mean 2.2404 65.7904 4.8993 26.3803 6.88 32.5478 0.0208 17.9013

Coeff. var 67.4551 24.2897 44.3871 3.9021 5.70 25.1002 25.1002 25.1002

World Health
Organization (2011,
2022)

    1   6.5–
8.5

    600

Nigerian Industrial
Standard, (2007, 2015)

    5 Ambient 6.5–
8.5

1000   500

Table 3: Pearson moment correlation of Great Kwa physicochemistry
(a) Coefficient of correlation (r)

Depth (m) Secchi disc transparency (cm) Turbidity (NTU) Water temp (�C) pH Electrical conductivity (µS/cm) Salinity (
Secchi disc transparency (cm) 0.497
Turbidity (NTU) -0.475 -0.982
Water temp (�C) -0.233 0.010 -0.023
pH -0.262 -0.104 0.102 0.332
Electrical conductivity (µS/cm) -0.153 -0.360 0.310 -0.231 -0.011
Salinity (‰) -0.153 -0.360 0.310 -0.231 -0.011 1
TDS (ppm) -0.153 -0.360 0.310 -0.231 -0.011 1

(b) Probability of significance (P)
Secchi disc transparency (cm) Turbidity (NTU) Water temp (�C) pH Electrical conductivity (µS/cm) Salinity (‰) TDS 

Depth (m) 0.00024 0.00049 0.10367 0.06588 0.29029 0.29029 0.2
Secchi disc transparency (cm) 3.14E-36 0.94487 0.47300 0.01020 0.01020 0.0
Turbidity (NTU) 0.87642 0.48018 0.02829 0.02829 0.0
Water temp (�C) 0.01854 0.10670 0.10670 0.1
pH 0.94228 0.94228 0.9
Electrical conductivity (µS/cm) 1.92E-234 1.92
Salinity (‰) 1.92

 
* Highlighted data are significant at p ≤ 0.05
4. Discussion

4.1 Tidal Processes
The Great Kwa River exhibits a mesotidal, semi-diurnal regime (Fig. 3; Table 1), consistent with tidal systems along the southeastern Nigerian coast (Davies,
1964; Flemming, 2012; Hayes, 1979; Nigerian Navy, 2018; Sexton & Murday, 1994). The observed ebb dominance reflects strong tidal–fluvial coupling, where
river discharge enhances ebb velocities and promotes net seaward sediment transport. This asymmetry has been reported in coastal channels proximal to
the Great Kwa River (Antia et al., 2012; Emeka et al., 2010; C. N. Emeka et al., 2024a, 2024b; C. N. Emeka, V. I. Emeka, E. K. Agi-Odey, et al., 2023; C. N. Emeka,
V. I. Emeka, E. B. Akpan, et al., 2023; C. N. Emeka, V. I. Emeka, E. D. Ebong, et al., 2023; V. I. Emeka et al., 2023; V. I. Emeka, C. N. Emeka, A. E. Itam, A. Ambo, et
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al., 2024) and is widely reported in tide-influenced channels and is a primary mechanism controlling sediment export and channel morphodynamics
(Dalrymple et al., 2012; Davis & Dalrymple, 2012; Gong et al., 2016; Guo, 2014; Guo et al., 2014; Li & Gong, 2016; Uncles, 2002).

The weak wave climate indicates that hydrodynamics is primarily current-driven rather than wave-dominated. Consequently, sediment transport and bedform
development are governed by tractional processes, including ripple migration and channel scouring. Similar conditions have been reported in tropical
mesotidal estuaries where tidal currents dominate over wave energy (Asp et al., 2018; C. N. Emeka, V. I. Emeka, E. D. Ebong, et al., 2023; V. I. Emeka et al.,
2023; Freitas et al., 2012).

Bathymetric characteristics (Fig. 6) further confirm tidal control. The downstream increase in depth and concentration of maximum depths along the thalweg
reflect enhanced tidal scouring, lateral accretion along channel margins, and increasing accommodation space toward the estuary. These features are typical
of tidally influenced fluvial systems undergoing downstream hydraulic adjustment (Asp et al., 2018; Whitehouse et al., 2000)

4.2 Hydrochemistry

4.2.1 Salinity, Electrical Conductivity, and Total Dissolved Solids
The extremely low salinity range (0.014–0.039‰) (Table 4) indicates negligible marine intrusion during the study period, classifying the system as
freshwater-dominated despite tidal influence. This is attributed to high freshwater discharge during the rainy season, which suppresses saline penetration (C.
N. Emeka, V. I. Emeka, E. K. Agi-Odey, et al., 2023).

The progressive downstream increase in salinity, conductivity, and TDS (Table 4) reflects incipient estuarine mixing. The strong correlation among these
parameters is consistent with their shared dependence on ionic concentration (Hem, 1985; Rahman et al., 2022). Compared to the Calabar River, Cross River
estuary and Qua-Iboe River estuaries, the Great Kwa River shows significantly lower salinity values, likely due to differences in channel morphology, tidal
exchange efficiency, and anthropogenic disturbance (C. N. Emeka et al., 2024a, 2024b; C. N. Emeka, V. I. Emeka, E. K. Agi-Odey, et al., 2023).

4.2.2 Temperature
The downstream decrease in temperature (Table 4) reflects increased mixing, depth-related heat distribution, and reduced solar heating due to turbidity. Such
trends are typical of well-mixed tidal rivers where stratification is weak (Geyer & MacCready, 2014; MacCready et al., 2018; Uncles, 2002).

4.2.3 pH Distribution
The near-neutral pH (6.0–7.5) of the Great Kwa River indicates a well-buffered system controlled by carbonate equilibria and organic matter decomposition.
The slight downstream decrease in pH suggests increased microbial respiration and CO₂ production toward the estuarine interface (Kaselowski & Adams,
2013). The pH of the Great Kwa River falls within the permissible limits of portable water. Pure water has a pH of 7.00 at 25°C (Hem, 1985). The permissible
limits of pH in portable water as 6.5 to 8.5 (World Health Organization, 2011, 2022).

4.2.4 Secchi Disc Transparency and Turbidity
Transparency and Turbidity distributions (Fig. 6a and 6b; Table 4) show localized minima and maxima (respectively) at the central sand bar, reflecting
sediment resuspension due to flow convergence and turbulence. The positive and negative relationships between transparency and turbidity, and depth
(respectively) suggests that deeper sections sustain stronger currents capable of maintaining suspended sediments (Dijkstra et al., 2018; Ubuoh et al., 2024;
Winterwerp, 2007; Winterwerp & Wang, 2021).

Overall, the hydrochemical regime reflects a tidally mixed freshwater system transitioning toward estuarine conditions, with strong coupling between
physical and chemical processes.

4.3 Environmental Sustainability
The physicochemical conditions (Table 4) indicate a relatively stable and ecologically supportive estuarine system. Observed near-neutral pH and moderate
tropical temperatures (≈ 25–30°C) are consistent with conditions reported for the Cross River estuary, where warm, shallow waters promote biological
productivity and regulate dissolved oxygen dynamics. The predominance of low salinity (oligohaline conditions) reflects strong fluvial influence and favours
freshwater to brackish biodiversity typical of the upper and middle estuarine zones (Otogo et al., 2021; Ukpong et al., 2015).

However, localized environmental concerns include: elevated turbidity zones (Fig. 6), or turbidity maxima zones, which may reduce light penetration and
primary productivity (Burchard et al., 2004; Grasso et al., 2025), slight downstream acidification, possibly linked to organic loading, and Increasing
conductivity, which may indicate early-stage contamination or estuarine influence

Given the hydrological connectivity of the Great Kwa River to the Cross River estuary, it is susceptible to saline intrusion, particularly under conditions of
reduced freshwater discharge when tidal forces become dominant. This vulnerability is further intensified by anthropogenic disturbances such as channel
dredging and increased urban runoff, which alter hydrodynamic regimes, enhance saltwater penetration, and degrade water quality (Matsoukis et al., 2022;
Odigie & Obayagbona, 2025).

Sustainable management should prioritize continuous monitoring of salinity intrusion, regulation of upstream inputs, and control of sediment disturbance.

4.4 Facies Differentiation
The longitudinal variation in physicochemical parameters (Table 4) defines three distinct hydro-physicochemical facies, consistent with classical estuarine
models (Dalrymple et al., 1992).
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Table 4
Integrated downstream trend

Parameter Upper Facies (Distal) Middle Facies (Transitional) Lower Facies (Proximal)

Salinity Lowest Increasing Highest

Depth Moderate Highest Moderate

Turbidity Highest clarity Moderate Moderate

Temperature Highest Decreasing downstream Lowest

pH Neutral Variable Slightly higher

4.4.1 Upper Facies (Fluvial-Dominated)
This facies is characterized by low salinity, shallow water depth, high water transparency, and near-neutral pH (Fig. 7; Table 4), indicating strong fluvial
dominance within the upper estuarine reach. Such conditions are typical of high-energy river-influenced zones, where increased flow velocity promotes
sediment entrainment and transport. In these settings, sediments are commonly dominated by fine- to medium-grained sands, mobilized primarily through
tractional processes such as rolling and saltation along the channel bed. Consequently, this zone functions largely as a sediment transport pathway with
minimal net deposition, consistent with hydrodynamic sorting and sediment bypass observed in upper estuarine environments (Dalrymple et al., 1992;
Nichols, 2009; Reineck & Singh, 1986).

4.4.2 Middle Facies (Transitional Zone)
The middle facies (Fig. 7; Table 4) is characterized by greater water depth and pronounced variability in physicochemical parameters, reflecting its position
within the fluvial–estuarine transition zone where riverine and marine processes interact. These fluctuating hydrodynamic conditions promote the
development of heterolithic facies, expressed as alternating sand–mud successions typical of tidally influenced environments. Increasing salinity within this
transitional zone enhances the flocculation of fine-grained suspended sediments, leading to the formation of larger aggregates with higher settling velocities.
This process contributes to the development of an estuarine turbidity maximum (ETM), a zone of elevated suspended sediment concentration that functions
as a dynamic and temporary sediment sink within the estuary (Abascal-Zorrilla et al., 2020; Abril et al., 2000; Burchard et al., 2004; Dyer et al., 2004; Geyer &
MacCready, 2014; Grasso et al., 2025; MacCready et al., 2018; Park et al., 2008; Uncles et al., 2006).

4.4.3 Lower Facies (Tidally Influenced)
This facies is characterized by the highest salinity and relatively stable turbidity (Fig. 7; Table 4), reflecting a stronger marine and tidal influence within the
estuarine system. Under such conditions, reduced current velocities during slack water, coupled with increased salinity-driven flocculation of suspended
particles, enhance the settling of fine-grained sediments. Consequently, the deposits are typically mud-dominated, often exhibiting laminated structures and
tidal rhythmites, which are indicative of cyclic tidal deposition and mark this zone as a major sedimentary sink within the estuary (Dalrymple et al., 1992; Dyer
et al., 2004; Nichols, 2009; Winterwerp, 2007). This is supported by the results of C. N. Emeka, V. I. Emeka, E. D. Ebong, et al. (2023), who showed that this
part of the channel was predominantly composed of mud.

4.5 Sedimentological Significance
Results from this study indicate that hydrodynamic and hydrochemical processes play a fundamental role in controlling sediment transport pathways and the
development of facies architecture in estuarine environments. In particular, ebb-dominated tidal regimes enhance net seaward sediment transport, leading to
channel deepening and incision, as well as the preferential export of fine-grained sediments from the estuary to the adjacent shelf (Allen et al., 1980; Aubrey,
1986; Burchard et al., 2018; Ginsberg & Aliotta; Winterwerp et al., 2013).

Therefore, the system is expected to exhibit a classical downstream facies succession (Fig. 7; Table 4): sandy fluvial facies (Upper), heterolithic transitional
facies (Middle), and mud-dominated estuarine facies (Lower). This is supported by results obtained in the sedimentological study of the Great Kwa River by
C. N. Emeka, V. I. Emeka, E. D. Ebong, et al. (2023), and corresponds to the model of (Dalrymple et al., 1992).

Salinity gradients play a critical role in estuarine sediment dynamics by promoting flocculation of suspended particles, thereby enhancing the settling and
deposition of fine-grained sediments. Variations in water depth further influence hydrodynamic energy conditions and the availability of accommodation
space, which together control sediment transport pathways and depositional patterns. Turbidity, as an indicator of suspended sediment concentration,
reflects both sediment load and the efficiency of transport processes within the estuarine system (Dalrymple, 2010; Winterwerp, 2007; Winterwerp et al.,
2013)

The middle estuarine facies represents the most dynamic segment of the system, characterized by strong hydrodynamic variability, sediment resuspension,
and active reworking driven by tidal mixing processes. In contrast, the lower estuarine facies functions predominantly as a sediment accumulation zone,
where reduced flow velocities promote deposition and the development of fine-grained deposits. The upper estuarine facies is largely transport-dominated,
as low salinity conditions and limited flocculation reduce sediment cohesion, enhancing sediment mobility and downstream transport. These insights are
supported by the observations of several authors who studied similar environments (Dalrymple et al., 1992; Winterwerp & van Kesteren, 2004).

4.6 Implications for Environmental Sustainability
The physicochemical characteristics and tidal dynamics of the Great Kwa River reveal a system that is presently stable but environmentally sensitive. The
narrow ranges of temperature, pH, salinity, and conductivity indicate water quality conditions suitable for freshwater ecosystems. However, the observed
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downstream gradients and facies transitions highlight the strong influence of tidal forcing and sediment reworking, which could be easily disrupted by
anthropogenic activities or hydrological changes.

From a sustainability perspective, three key implications emerge:

4.6.1 Water Quality Preservation
The current physicochemical parameters fall within acceptable limits, but increasing salinity and conductivity downstream suggest potential vulnerability to
saltwater intrusion, especially under scenarios of reduced fluvial discharge or climate-driven sea-level rise. Continuous monitoring is essential to safeguard
water quality for ecological and human use.

4.6.2 Sediment Dynamics and Habitat Integrity
Turbidity and transparency patterns reflect localized sediment resuspension linked to channel morphology. Any alteration of flow regimes (e.g., dredging,
sand mining, or dam construction) could intensify sedimentation, degrade habitats, and reduce biodiversity. Sustainable management must therefore
regulate sediment extraction and maintain natural hydrodynamic processes.

4.6.3 Anthropogenic Sensitivity
Early signs of environmental sensitivity underscore the need for proactive management. Pollution from urban runoff, agricultural inputs, or industrial
activities could rapidly alter ionic concentrations and turbidity, undermining ecological balance. Integrating community-based conservation with regulatory
enforcement will be critical to maintaining sustainability.

Overall, the study provides a baseline for long-term environmental monitoring of tropical mesotidal rivers. By linking hydrodynamic controls to
physicochemical variability, it emphasizes that sustainability in such systems depends on balancing natural tidal processes with responsible human activity.
Effective management strategies should prioritize water quality monitoring, sediment regulation, and adaptive responses to climate change, ensuring that the
Great Kwa River continues to support ecological integrity and human livelihoods.

4.7 Relevance to Coastal Conservation, Planning, and Management
The findings of this study have important implications for coastal conservation, environmental planning, and sustainable management of tropical estuarine
systems within the Gulf of Guinea. The Great Kwa River forms part of the larger Cross River estuarine network and functions as a critical ecological and
hydrological corridor supporting freshwater supply, sediment transport, fisheries, navigation, and biodiversity conservation. Understanding the interaction
between tidal dynamics and physicochemical conditions therefore provides an essential scientific basis for evidence-based coastal management.

The delineation of hydro-physicochemical facies within the river highlights zones of varying environmental sensitivity and sedimentary behaviour. The middle
transitional facies, characterized by active sediment reworking and elevated turbidity, represents a particularly dynamic zone that may be highly vulnerable to
dredging, sand mining, shoreline modification, and infrastructure development. Identifying such sensitive zones is valuable for coastal zoning and
environmental impact assessments, enabling planners to regulate anthropogenic activities in areas prone to ecological disturbance or geomorphic
instability.

The observed downstream increase in salinity and conductivity also provides an early indication of potential saline intrusion pathways under changing
hydrological conditions. This is especially relevant in the context of climate change and projected sea-level rise, which may intensify tidal penetration into
freshwater systems. Consequently, the study offers baseline environmental data that can support adaptive coastal planning strategies aimed at protecting
potable water resources, wetlands, and estuarine habitats from future salinization.

Furthermore, the study demonstrates that sediment transport and water quality in the Great Kwa River are strongly controlled by tidal asymmetry and channel
morphology. These findings are directly applicable to river engineering, shoreline stabilization, dredging regulation, and sediment management programs.
Maintaining natural hydrodynamic processes is essential for preserving channel stability, reducing excessive sedimentation, and sustaining habitat integrity
within the estuarine system.

From a conservation perspective, the relatively stable physicochemical conditions observed in the river indicate that the system presently retains good
ecological quality. However, increasing urbanization, industrial expansion, and catchment disturbance around Calabar may rapidly alter this balance if not
properly managed. The study therefore emphasizes the importance of continuous environmental monitoring, integrated watershed management, pollution
control, and community-based conservation initiatives as key components of sustainable coastal governance.

Overall, this research contributes valuable baseline information for integrated coastal zone management (ICZM) in southeastern Nigeria. By linking
hydrodynamic behaviour with hydrochemical variability and sedimentary processes, the study provides a framework for predicting environmental change,
guiding sustainable resource utilization, and improving resilience of tropical coastal systems under increasing anthropogenic and climatic pressures.

5. Conclusion
This study provides a comprehensive assessment of the physicochemical characteristics of the Great Kwa River and establishes clear linkages between
hydrochemistry, tidal dynamics, and environmental sustainability within a tropical meso-tidal system. The river exhibits a semi-diurnal, ebb-dominated tidal
regime, where the interaction between fluvial discharge and tidal forcing exerts a primary control on both hydrodynamic behavior and water quality
distribution.
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The physicochemical parameters—temperature (25–28°C), pH (6.0–7.5), salinity (0.014–0.039‰), electrical conductivity (20–58 µS/cm), and transparency
(0.3–1 m)—fall within acceptable limits for freshwater systems, indicating that the Great Kwa River remains largely unpolluted and suitable for domestic use.
The persistently low salinity confirms a freshwater-dominated tidal channel, despite its connectivity to the Cross River estuary, highlighting the dominance of
fluvial input during the study period.

Distinct downstream gradients in salinity, conductivity, temperature, and pH reflect progressive tidal influence and incipient estuarine mixing. These gradients
underpin the delineation of three hydro-physicochemical facies—upper (fluvial-dominated), middle (transitional), and lower (tidally influenced)—which
collectively define the spatial organization of the river system. The middle facies emerges as the most dynamic zone, characterized by maximum variability in
physicochemical conditions and active sediment reworking, while the lower facies serves as a zone of enhanced fine sediment deposition due to increased
tidal influence and flocculation processes.

From a sedimentological perspective, the system exhibits a classic downstream facies succession from sandy fluvial deposits to heterolithic transitional
units and mud-dominated estuarine facies. This organization is strongly governed by tidal asymmetry, salinity-induced flocculation, and channel bathymetry.
Ebb dominance promotes net seaward sediment transport, reinforcing the role of the river as both a sediment conduit and a selective depositional
environment.

Environmentally, the river system is relatively stable and supportive of aquatic life; however, emerging concerns such as localized turbidity maxima, slight
downstream acidification, and increasing ionic concentrations suggest early signals of environmental stress. Given the river’s strategic importance as a
freshwater resource for Calabar and its vulnerability to anthropogenic pressures—including dredging, urban runoff, and potential saline intrusion—proactive
management is essential.

In terms of environmental sustainability, the findings highlight the need for preventive action to safeguard water quality, regulate sediment dynamics, and
mitigate anthropogenic impacts before stress signals escalate. The study establishes a critical baseline for adaptive monitoring and resource management,
ensuring that the Great Kwa River continues to function as a resilient freshwater system and ecological corridor. Integrating these insights into regional
coastal policies will be vital for balancing human use with ecological integrity in the Gulf of Guinea.

Overall, this study demonstrates that physicochemical dynamics in tidal rivers are tightly coupled with hydrodynamic processes and sedimentary regimes.
The results not only enhance understanding of tropical meso-tidal systems but also provide a scientific framework for sustainable monitoring, conservation,
and future environmental impact assessments in similar coastal settings.

6. Limitations of the Study
Despite providing important insights into the physicochemical dynamics and hydrodynamic controls of the Great Kwa River, this study has several limitations
that should be considered when interpreting the results.

First, the study was conducted during the rainy season (August–September 2020) only. As a result, the observed physicochemical conditions primarily reflect
wet-season hydrological processes characterized by high freshwater discharge and reduced saline intrusion. Seasonal variations associated with dry-season
conditions, when tidal influence and salinity penetration may become more pronounced, were not evaluated. Consequently, the results represent a temporal
snapshot rather than a full annual characterization of the river system.

Second, tidal current measurements were restricted to two monitoring stations along the channel. Although these stations captured the general ebb–flood
dynamics of the river, they may not fully represent spatial variations in hydrodynamic behaviour across the entire estuarine system, particularly in zones
affected by channel curvature, tributary inflow, or localized sediment accumulation.

Third, the study focused primarily on basic physicochemical parameters and hydrodynamic observations. Important environmental indicators such as
dissolved oxygen, nutrients, chlorophyll concentration, suspended sediment concentration, heavy metals, hydrocarbons, and microbiological contaminants
were not analyzed. Inclusion of these parameters would provide a more comprehensive assessment of ecosystem health and anthropogenic impact.

Another limitation relates to the absence of continuous long-term monitoring data. Parameters such as salinity, turbidity, and tidal velocity are highly dynamic
and can vary significantly over tidal cycles, seasonal transitions, and extreme weather events. The lack of automated time-series measurements limits the
ability to assess short-term variability and long-term environmental trends.

In addition, sedimentological interpretations were inferred largely from hydrodynamic and physicochemical patterns, supported by previous regional studies,
rather than from direct sediment core analysis or laboratory grain-size characterization conducted concurrently with this investigation. Future studies
integrating sediment cores, mineralogical analyses, and stratigraphic data would strengthen interpretations of facies development and sediment transport
processes.

Finally, the study did not incorporate numerical hydrodynamic modelling or climate-change projections. Such approaches would improve understanding of
future responses of the Great Kwa River to sea-level rise, altered freshwater discharge, dredging, and increasing anthropogenic pressure.

Notwithstanding these limitations, the study establishes an important baseline dataset for the Great Kwa River and provides valuable insights into the
interactions between tidal dynamics, physicochemical variability, sedimentary processes, and environmental sustainability in tropical mesotidal systems.
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Figure 1

Map of the Cross River estuary system showing the studied segment of Great Kwa River and the geology of the environs
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Figure 2

Great Kwa River sample distribution map
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Figure 3

Surface tidal current velocity at Great Kwa River (a) Esuk Orok (Spring tide, Mean tide, and Neap tide) and (b) Esuk Mba (Spring tide; Mean tide; and Neap
tide)
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Figure 4

(a) Bathymetric map of Great Kwa River relative to mean tide low water slack (b) across channel sections (c) resolved along channel linear trends (d) along
channel sections
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Figure 5

Spatial distribution of (a) Secchi disc transparency, (b) turbidity, (c) bottom water temperature, and (d) pH, in Great Kwa River
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Figure 6

Spatial distribution of bottom water (a) electrical conductivity (b) salinity, and (c) total dissolved solids in Great Kwa River
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Figure 7

Hydro-physicochemical facies of the Great Kwa River
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