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ARTICLE INFO ABSTRACT

Surface water is exposed to contaminants which change the natural hydrological parameters and consequent

contaminant dispersion. Water self-depuration is an ecological process aiming to restore the natural watercourse

Basin balance, which depends on the quality and quantity of topical and diffuse contributions. The main goal of this

Fresh water research is the evaluation of surface water quality in the Agueda River (Portugal-Spain transboundary wa-

Portugal-Spain tershed) and its self-depuration ability considering different predicted scenarios. Biochemical oxygen demand

SQelizldzeI;Zration (BODs), dissolved oxygen (DO), dry residue, Ptotal, Ntotal, pH, temperature and microbiological parameters
were analyzed, in thirty-six surface water samples.

Simulation of different quality scenarios was undertaken using Qual2Kw software and the river's self-de-
puration ability discussed. The obtained model's calibration achieved a score of 95% confidence interval, for
almost analyzed parameters. The calibrated model was used for two prediction scenario construction. The first
one, intending to assess the influence of topical contaminated discharge and the second one, aiming to evaluate
the influence of minimum flow rates, representing an extremely dry year. The two considered scenarios revealed
that self-depuration capacity is more affected by the presence of minimum flow rates than topical discharges,
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attesting a large potential for self-depuration along the Agueda River.

1. Introduction

Stream water quality is regulated by a complex suite of anthro-
pogenic activities and natural processes, which could be directly or
indirectly influenced by surface activities (e.g., Pratt and Chang, 2012;
Ai et al., 2015). Watershed characteristics are also core factors in af-
fecting stream water quality, as related to the importance of spatial
features as causes or moderators of observed instream conditions
(Johnson et al., 1997).

Variations in watershed characteristics and stream inflows often
result in variations of hydrological conditions, thereby altering con-
taminant production, tape drive, and its delivery into streams (Xiao and
Ji, 2007). As a result, watershed characteristics and stream inflows have
been increasingly considered as factors affecting water quality in a
variety of environments and different scales (e.g., Lecomte et al., 2009;
Sullivan et al., 2010; Zhou et al., 2012; Antunes et al., 2016).

Exploring the relationship between watershed characteristics and
seasonal variability of stream water contaminants has a considerable
importance for watershed management. Seasonal variations of pre-
cipitation and surface runoff have a strong effect on flow rates and

hence on the concentration of contaminants in the stream water (Vega
et al., 1998).

The ability to predict the transport of contaminants in open chan-
nels (streams) is a major topic in many environmental projects, ranging
from the accidental release of pollutants to the transport of non-point
sources (Abderrezzak et al., 2015). Solute transport is controlled by a
suite of hydraulic and geochemical processes, such as mixing, exchange
with storage zones and biogeochemical reactions.

Water quality models are useful tools for determining contaminant
plume behavior and impacts on water quality. Simulated scenarios are
especially useful for accessing multiple possibilities and proactively
developing response plans for rapid and appropriate actions if a con-
taminant event occurred (e.g., Henderson-Sellers, 1991; DiGiano and
Grayman, 2014). Water quality models can be used to simulate hy-
drodynamics, heat transfer, and water quality processes in watersheds
in order to predict the fate and transport of water constituents or
contaminants. The models simulate contaminant concentrations and
their spatial distribution together with natural water physical-chemical
parameters, based on analytical or numerical procedures (Jeznach
et al., 2016).
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Fig. 1. Geographical setting of the Agueda transboundary watershed.
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Fig. 2. Hypsometric map of the Agueda watershed.

A contaminant may enter in the watercourse as a topical or diffuse
contribution. Topical contaminant sources are inputs occurring at a
single location and may include inflows, such as those from a tributary
or an accidental contaminant spill (Jeznach et al., 2016). Diffuse
sources of contaminants can include surface contributions from a
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watershed, subsurface flow or atmospheric inputs. Diffuse pollution in
agricultural watersheds is often significant sources of nutrients in the
watercourse with considerable effects on water quality (e.g., Sharpley
et al., 1994; Vorosmarty et al., 2007; Smith et al., 2017).

This case study introduces a framework based in water quality
models to a better understanding of potential contaminant transport in
surface water and to work as a tool for the development of appropriate
emergency response and remediation actions, in a transboundary wa-
tershed (Portugal and Spain). The main objectives are: (1) characterize
the Agueda river's spatial self-depuration ability; (2) simulate two dif-
ferent quality scenarios under the influence of a contaminant accidental
topical discharge and a minimum flow rate condition (extremely dry
year).

2. Study area and data

The Agueda transboundary watershed is in the central west of the
Iberian Peninsula, extended between Portugal and Spain, and including
the Spanish provinces of Salamanca and Céceres (2290 km?) and the
Portuguese municipality of Guarda (310km?), with a total area of
2600 km? (Fig. 1). The watershed covers 79 local municipalities and a
population of 49,000 inhabitants, with Ciudad Rodrigo (Spain; 13,800
inhabitants) as the most significant urban area. The agriculture is the
dominant activity (Albuquerque et al., 2013).

The Agueda River is a tributary of the Douro River, with about
144 km long (Fig. 1) and materializes the natural border between Spain
and Portugal. Water flows heading north (Douro River), with a general
SW-NE to S-N runoff direction and altitude varying between 1733 m
(south) and 122 m (north) (Fig. 2). Three geomorphological units can
be identified: a) southern steep area (slope” 18%), corresponding
mainly to granitic rocks and to the highest hydrographic network's
density; 2) central flat zone, constituted by sedimentary materials, and
occupied mainly by agricultural activities; 3) northern zone of higher
altitude, downstream the river catchment, with dominantly meta-
morphic rocks (Fig. 2). Almost the area is occupied by the Tertiary
Ciudad Rodrigo's sedimentary aquifer (Instituto Geografico Nacional,
2009).
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Fig. 3. Surface water sampling points.

The annual average temperature varies between 11.3 °C and 16.0 °C.
The higher total annual precipitation occurs in the south (about
1400 mm) and overlaps the zones of higher altitude. The lower pre-
cipitation rate is observed in the central flat area, showing an average
annual around 540 mm (Ninyerola et al., 2005).

Anthropogenic activities observed an exponential increase in the
last 60years. Natural resources' exploitation together with drastic
changes in consumer habits induced significant environmental changes
and deferred direct effects on natural habitats. The temporal land use
evolution shows nowadays a distribution corresponding to 36.0%
farms, 63.0% forests, pastures, and crags and 1% of urban areas and
water bodies (Albuquerque et al., 2013).

Mineral resources occur distributed throughout the watershed and
play a crucial role in environmental contamination. The main miner-
alization corresponds to sulfide and uranium minerals associated with
granitic intrusions and a detrital iron material in a sedimentary rock
(Sanchez-Gonzalez et al., 2013). Mining activities constituted one of the
principal human activities in the Agueda watershed area. Nowadays,
almost all the mining activities have ceased, and there has not been any
significant recovery processes. Tailings and rejected materials remain in
open-pit accumulations, exposed to the atmospheric agents and water,
triggering environmental geochemistry changes in surface streams and
groundwater systems.
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3. Methods
3.1. Surface water sampling

Along the Agueda transboundary watershed, thirty-six surface water
samples were selected and collected (Fig. 3). The sampling sites are
located along the Agueda River and its principal tributaries. For each
surface water sample, temperature, pH, dissolved oxygen (DO), elec-
trical conductivity (EC), oxidation-reduction potential (ORP) and total
dissolved solids (TSD) were determined “in situ” using a multi-
parametric portable meter. Chlorides, nitrites, nitrates, inorganic
phosphates, sulfates, biochemical oxygen demand (BODs), chemical
oxygen demand (COD) and trace element contents were analyzed by
ultra-high liquid chromatography, in the Natural Resources and Agro-
biology Institute (IRNASA, Salamanca; Spain). Selected parameters and
chemical elements were applied to the surface water quality model.
Biochemical oxygen demand, DO and microbiological parameters were
selected as indicators for the presence of organic matter and used as
parameters for evaluating water quality of the Agueda River and con-
taminant dispersion.

3.2. Model data and calibration

Self-purification or auto-depuration mechanisms are natural
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Fig. 4. Agueda River segmentation with topical inflows (—) and water sampling points (@).

recovery processes of stream water, occurring under the influence of
biodegradable organic matter discharges (Von Sperling, 1995; Sharma
and Kansal, 2013). These mechanisms include physical (dilution and
sedimentation), chemical (oxidation) and biological (decomposition of
organic matter) processes. Persistent organic and inorganic compounds,
such as metals, cannot be destroyed by auto-depuration mechanisms.
Auto-depuration can thus be classified as a sequent ecological phe-
nomenon, with a natural restoration of the watercourse (Von Sperling,
1995). The ability for auto-depuration varies with water body char-
acteristics, amount of topical and/or diffuse discharges and type of
contaminant (Oliveira, 2014).

The prediction model for contaminant dispersion characterization
along a river is a crucial framework for water quality assessment.
Computational methodologies allowed a huge increase in models
complexity. The simulation of water quality is nowadays possible in 1D,
2D, and 3Dimentions. Some examples could be indicated: AQUATOX,
BLTM (Branched Lagrangian Transport Model), EPD-RIV1 (One
Dimensional Riverine Hydrodynamic and Water Quality Model), WASP
7 and WQRRS (Quality for River-Reservoir Systems) and QUAL2kw one
of the most effective tools for modelling river water quality (Sharma
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and Kansal, 2013; Oliveira, 2014) and the adopted in the herein study
case. QUAL2kw can simulate numerous parameters such as tempera-
ture, pH, biochemical oxygen demand, dissolved oxygen, coliforms,
among others (Pelletier and Chapra, 2008). The method starts with the
river segmentation in sections with similar characteristics (e.g., slope,
bottom's width, channel roughness, etc.) and numbered in ascending
order. The first section located at the river spring and increasing
downstream. All the tributaries are represented as topical inputs
(Fig. 4). The Agueda River was modelled along all its course (about
140 km), from spring to mouth, and considering 55 sections with a
constant value of 2.5km (Fig. 4).

The calibration was acceptable for all the analyzed parameters, with
punctual variability in some water samples (e.g., A13, A15, and A20;
Fig. 5) mainly due to the presence of outliers, such as the observed in
temperature, DO, EC and N, results (Fig. 5).

4. Results

Two hypothetical scenarios were computed for contaminant dis-
persion characterization to test the Agueda River auto-depuration
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Fig. 5. Downstream calibrated model.

ability in face of the imposed changes. The first scenario - scenario 1 -
intended to assess the influence of contaminant accidental topical dis-
charge, and the second one - scenario 2 - intended to assess the river
behavior under minimum flow rates, representing an extremely dry
year.

In scenario 1, the model was “forced” with a topical accidental
discharge around Ciudad Rodrigo, corresponding to the most vulner-
able area within the Agueda watershed (Albuquerque et al., 2013). The
obtained simulated results for temperature, electrical conductivity, DO,
pH, BODy,, and BOD,;iyac are presented in Fig. 6. Almost all results
show a change of behavior around the 84 km, which is close to Ciudad
Rodrigo and uranium mines. The more noticeable is concerning elec-
trical conductivity, with the water's mineralization increase due to to-
pical contaminant discharge (Fig. 6). However, there is not a significant
impact on the water quality downstream river.

In scenario 2, a minimum flow rate, representing an extremely dry
year, was considered. In this situation, even if a parameter variability,
in water quality, can be observed downstream, globally water quality is
not very significant change (Fig. 6).

The two considered scenarios revealed that self-depuration ability is
more conditioned by the presence of minimum flow rates than by
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topical discharges, attesting a large potential for self-depuration along
the Agueda River.

5. Conclusions

The water quality in the transboundary Agueda watershed was
evaluated considering spatial contaminant dispersion under local var-
iations. After reaching the optimum model calibration, it was possible
to construct two prediction scenarios, imposing changes in the water
quality parameters and in the fluvial system hydrology. With these two
scenarios, it was possible to compute different images of the long-
itudinal water quality evolution under imposed stress. The model works
as a predictive tool for water management support, allowing the im-
plementation of corrective measures, in the short or in the long term,
for a healthy ecosystem balance achievement, based on the evaluation
of the simulated scenarios (Pelletier et al., 2006; Vieira et al., 2013).

In a future work, a more accurate data sampling will increase model
calibration and therefore the water quality spatial distribution predic-
tion under different expected stress scenarios in the Agueda River and
its tributaries.
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Fig. 6. Characteristics of surface water in two different simulated scenarios.
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