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Abstract

Stable water isotopes and water hydrochemistry of a catchment in the Alentejo region,
south Portugal, were analysed to investigate source origins of water and nitrate flows
towards a reservoir. The 353 km2 headwater catchment of Roxo river, is strongly influ-
enced by agricultural impacts, and high variations in water and chemical inflows into5

an important drinking and irrigation water supply (108 m3) are observed. This leads to
regular disputes on water quantity and quality amongst local authorities and population.

Three sampling campaigns in different seasons were used to address the temporal
and spatial variations in stream and groundwater hydrochemistry and water isotopic
signatures. A total of 27 sampling points from the stream network, shallow groundwa-10

ter and reservoir were used. Isotopic signatures and chemistry of precipitation were
obtained from local data of the Global Network of Isotopes in Precipitation (GNIP) and
the Global Atmosphere Watch (GAWSIS) network. Other meteorological, hydrological
and environmental datasets were obtained from local authorities.

The stable water isotopes deuterium (δ2H), oxygen-18 (δ18O) together with chlo-15

ride (Cl−) and sulphate (SO2−
4 ) were used as environmental tracers in the hydrological

pathways. Water pathways were then related with nitrate concentrations to elucidate
potential relationships between the water and nutrient sources.

Interpretation of isotope signatures showed a high degree of isotope enrichment
in both surface (stream flow) and shallow groundwater. For the entire period, most of20

stream waters were located right of the global meteoric water line or GMWL and plotted
along a local evaporation line (LEL) established for the study area. The LEL showed
slopes similar to stream systems in other dry environments.

Monthly stream flow and precipitation, seasonal isotope compositions and major ion
chemistry data were used for an evaluation of the relative contribution of water sources25

using an end-member mixing analysis. An extensive PCA or principal component anal-
ysis preceded the mixing analysis. Contributions of the three water end-members in
the catchment: groundwater, surface runoff and precipitation to stream flow could be
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identified based on their 2H, 18O and Cl− signatures. Also two hydro chemical data
outliers for Cl− and NO−

3 from two sample points were identified by the analysis and
could be related to local waste water outfalls, giving the method also diagnostic value
for pollution source allocation.

The shallow groundwater source could be related to stream nitrate concentrations5

during the wet seasons, indicating a linkage between hydrological flow paths, nitrate
sources and season. Conversely, weak links between precipitation, and surprisingly
also surface water runoff and nitrate levels were found. In this catchment, we found
a consistent pattern of the particular groundwater end member, being main source of
nitrate to the stream water and reservoir, based on conservative mixing of the different10

water sources.

1 Introduction

Identification of flow pathways and mechanisms for streamflow generation are neces-
sary in order to better understand the interactions between land and aquatic systems
in catchments (Uhlenbrook et al., 2008). Characterising nutrient transports in water15

environments is an evenly important challenge because of the multiple options and
pathways that a nutrient might follow in a watershed (Mulholland and Hill, 1997). Many
studies were carried out regarding the role of in-stream processes as decisive fac-
tors of stream water chemistry. Such processes can be strongly related to hydrological
conditions as connectivity among streams, temperature regime, rainfall occurrence and20

intense evaporation (Dunn et al., 2006; Liu et al., 2008a; Meredith et al., 2009). Recent
studies have linked hydrological and geochemical aspects to better understand the role
of water pathways in nutrient transport by stream flow (McHale et al., 2002; Bernal et
al., 2006; Ocampo et al., 2006a; Tesoreiro et al., 2009).

To identify streamflow components and nutrient releases at the catchment scale,25

water isotope approaches in conjunction with geochemical tracers have regained
importance (Bernal et al., 2006; Mul et al., 2008; Liu et al., 2008b; Meredith
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et al., 2009; Bohte et al., 2010). Hence the use of conservative chemical trac-
ers is regaining strength and today is considered highly suitable to conduct hydro-
graph separation, explore stream flow origins and hydrological or geochemical pro-
cesses occurring in aquatic environments of watersheds (Ocampo et al., 2006a;
Didszun and Uhlenbrook, 2008).5

An effective analytical tool to help recognizing the importance of various stream-
flow components is the use of end member mixing model analysis or EMMA (Christo-
phersen and Hooper, 1992; Hooper 2003; Liu et al., 2008a). When more than two
tracers are used, EMMA can be used with reliable results to identify end member val-
ues and help to build a conceptual understanding of the stream flow generation pro-10

cess. It can also reduce the uncertainties through determination of the number of end
members and conservative tracers (Liu et al., 2008b). Liu et al. (2008a) combined
diagnostic tools of mixing models and EMMA analysis to determine the streamflow
contributions in three semi-arid catchments from United States and remarked that hy-
drological pathways play an important role in the control of watershed scale biogeo-15

chemical processes and nutrient transport.
Mulholland (2004) has shown that at least during baseflow recession conditions, wa-

ter chemical relationships could be altered occurring in the riparian and in-stream zone
by processes such as denitrification, uptake by aquatic vegetation, or by in-stream and
other hyporheic processes. Certainly, it remains important to know more about the hy-20

drological and biogeochemical controls of nitrate transport and movement in streams.
Consequently, the aim of this study is to identify the source and fate of nitrate in the
main flowpaths and drainage network of the Roxo catchment. This was achieved by
addressing the water source contributions to stream flow from rainfall, direct surface
runoff and groundwater in the catchment, and subsequently coupling this to nitrate25

data. To realize this we used meteorological and hydrometrical data, and measured
hydrochemical and isotope data. The experimental data were then submitted to use
an EMMA, in order to reveal the main streamflow components and sources of nitrate in
the catchment.
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2 Data and methods

2.1 Site description

The Roxo catchment is located west of the town of Beja in the province of Alentejo,
South Portugal. The catchment (353 km2) drains into the Roxo reservoir (volume ca-
pacity 108 m3) with average surface area of 13.8 km2. The stream network is composed5

of three intermittent major small streams; Chaminé – Pisoes, located in the northern
section of the catchment, Juliana located in the middle part and Victoria located in
the south branch of the stream network. All these small streams flow into the main
reservoir of the catchment (Fig. 1). The stream flow varies strongly depending on the
season. It is common to find low connectivity in the small streams during summer peri-10

ods, especially from June to September. The area is dominated by semiarid conditions
with a mean annual temperature of 20 ◦C and the long term mean annual rainfall in
the catchment is estimated about 500 mm. Winter precipitation from October to April
represents approximately 80% of annual precipitation.

The Roxo reservoir was built in the early sixties and is used for municipal water15

supply to Beja city (approx. 161 000 inhabitants), the local mining industry in Aljustrel
and irrigation water supply to several large irrigation perimeters (ABROXO, 2009). The
residual municipal waters from Beja city are channelled to a waste water treatment
plant (WWTP), and residual waters are released into the Chaminé – Pisoes stream
in the north part of the catchment. This yields an additional and relatively constant20

nitrogen input on that part of the catchment stream network. The reservoir and riparian
stream network cover an average area of 13.8 and 20 km2 respectively, and represent
the 3.9% and 10.2% of the total area catchment.

The topography varies from nearly flat to a gently sloping terrain with elevations
ranging from 123 m at the catchment reservoir outlet to 280 m a.s.l. near Beja city. Soil25

classification, according to the FAO-UNESCO system identified four main soil types
in the catchment: Luvisols, Litosols, Planosols and Vertisols (Sen and Gieske, 2005).
Luvisols make up 64% of the study area’s soils which make them the dominant soil
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type. These are predominantly more acidic soils around pH 6.0. They spread from
the central to the southern part and have loam to clay loam textures. Vertisols are
dominant in the northern part, overlying the geological Gabros of Beja formation, and
have higher pH and high clay contents.

Hydrochemical monitoring for nitrate indicated a large range but consistently high5

values between 20–60 mg l−1 for groundwater in the northern section (Gabros of Beja)
of the catchment (Paralta et al., 2003, 2005, 2006) and from 2.0 to 80 mg L−1 for surface
waters along the Chaminé stream (ITC field study datasets).

The land use of Roxo catchment is dominated by agricultural activities. Major crops
produced in the region are winter wheat, maize, alfalfa, sunflower as rotation crops, and10

olives, vineyards and cork oak, as perennial agricultural crops. Agricultural land covers
more then 80% of the catchment. However, also mining activities from volcanogenic
massive sulphide deposits for Zn and pyrite (FeS2) are present in the southern part of
the Roxo area, historically near the Roxo reservoir (Mina de Juliana) and actually near
the town of Aljustrel.15

2.2 Water sampling and analysis

For this study 27 sampling sites were chosen in or near the stream network and reser-
voir. The sampling points were divided over three larger streams which cover the total
area (North, middle and south of the catchment, Fig. 1). The sampling points were
monitored during three campaigns covering the different seasons. All water samples20

were collected using a water pump using a water collector and stored in non reac-
tive plastic bottles with double sealed caps. Sampling for wet season conditions was
conducted in two periods, the first at the beginning of the autumn from 5 to 12 Octo-
ber 2008 and the second sampling after the winter from 15 March through 4 April in
2009. Sampling for the dry season took place from 30 August until 15 September 2009.25

Several parameters were analysed in situ in the field such as chloride, sulphate,
nitrate, alkalinity, pH, EC, Temperature and dissolved oxygen. Chloride, sulphate and
nitrate were corroborated later by laboratory analysis. Samples were filtered in the
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field with a Millipore 0.45 µm filter pore size with a vacuum pump at the moment of
collection. Groundwater well samples were collected using a Teflon bailer of 30 cm
length and 75 ml capacity.

Anion Concentrations (Cl−, SO2−
4 , NO−

3 ) were analysed using a Hach UV-Vis spec-
trometer at the Faculty of Geosciences at the Utrecht University. Precipitation chem-5

istry data were extracted from the Global Atmosphere Watch (GAWSIS) http://www.
wmo.int/pages/prog/arep/gaw/gaw home en.html.

Isotope signatures for δ2H and δ18O were determined by isotope ratio mass spec-
trometry, in the Environmental Isotope Laboratory in Vienna, a facility certified by the
International Atomic Energy Agency (IAEA). Isotope results are expressed in per mil10

using the usual delta notation. Stable isotopes in precipitation were obtained from the
Global Network of Isotopes in Precipitation (GNIP) using measured data from Beja city
(http://www-naweb.iaea.org/napc/ih/IHS resources gnip.html).

2.3 Data analysis

Non parametric statistical analysis (Kruskall Wallis) of the spatial and temporal vari-15

ations of the tracers was done in order to test the significance of the variations, at a
0.05 significance level using R package version 2.10.0 (R Development Core Team,
2009; http://www.r-project.org/). A non-parametric test was used because the data
sets showed a non-normal distribution (Walden and Guttorp, 1992).

2.3.1 Hydrological data20

Daily records of rainfall data (2008–2009) was obtained from automatic weather sta-
tions located nearby Beja and Aljustrel. Daily and monthly stream flow for the en-
tire period 2008–2009 was estimated following the methodology of Vithanage (2008),
and based on detailed historical reservoir level and other data. Stream flow was
also measured during the sampling campaigns using the chemical dilution technique25

(Hershy, 1995).
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2.3.2 Isotopic framework

The conventional isotope hydrology concept introduced by Craig (1961) uses the rela-
tionship between δ2H and δ18O concentrations in natural waters from different places
in the world and relates isotopic enrichment relative to ocean water. This relationship
shows a linear correlation over the entire range for waters which have not undergone5

excessive evaporation and is defined by the Global Meteoric Water Line (GMWL). The
GMWL was generated from isotope data of rivers, reservoirs and precipitation from
various countries that fitted on a best fit line of δD=8δ18O+10. Monthly precipitation
samples of any region give rise to a Local Meteoric Water Line (LMWL) and together
with the relationship to GMWL are useful in explaining the relationship between the10

water and respective hydrological processes (Karim and Veizer, 2002). The LMWL is
useful and a convenient way for interpreting local water movements and sources or
origins and processes to which the water has been subjected (Dansgaard, 1964).

In this study, the deviation of the LMWL from the global meteoric water line was also
analysed and interpreted. To determine the LMWL, a least square regression line of15

the regional GNIP rainfall station isotope data was plotted. Most of the further anal-
yses were done using secondary information obtained from literature (Nunes et al.,
2004). The isotopic framework was based on the interpretation of Local Evaporation
Lines (LEL) as described by Wolfe et al. (2007). A LEL is a useful way for determin-
ing the evaporation processes that would have occurred in the various water sources.20

LEL is defined by a regression line through isotopic compositions of evaporating water
surfaces in the catchment like e.g. shallow groundwater.

2.3.3 End member mixing analysis (EMMA)

The end member mixing analysis or EMMA model was developed by Christophersen
and Hooper (1992). In this study, EMMA was used to determine end members and pro-25

portions of end-members to determine contributions to stream flow, using δ2H, δ18O,
Cl− and SO2−

4 as geochemical tracers. A principal component analysis (PCA) was
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initially performed on the correlation matrix where the concentrations of the potential
end-members were standardized and projected into a mixing space defined by the
stream PCA, by multiplying the standardized values by the matrix of the eigenvectors
(Liu et al., 2008a).

U =X ·V T (1)5

U was defined as the orthogonally projected data matrix (n×m), in which n represents
the number of samples and m one less than the number of end-members. X ∗ has a
dimension of n×p, where p is the number of conservative tracers used to extract the
eigenvectors V with a dimension m x p (Liu et al., 2008a).

The eligibility of end-members was evaluated using distance between original chemi-10

cal compositions and U-space orthogonal projections of end-members (Christophersen
and Hooper, 1992)

dj = ‖bj −bj ∗‖ (2)

bj ∗ =bjV T (V V T )−1V (3)

dj means the Euclidean distance of end-member b for tracer j between original com-15

position (bj ) and U-space projection (bj ∗) calculated by Eq. (2) using the eigenvector
V extracted from conservative tracers. The distance was expressed as percentage in
this study by dividing distance by the original chemical composition. The shorter the
distance the better fit of an end-member to EMMA.

Standardized Residual Principal Components were used to determine the number of20

end-members and conservative tracers for EMMA using stream flow chemistry (Hooper
2003; Liu et al., 2008a). These analyses were used to examine the appropriate rank
of stream flow chemistry data set through a PCA and determine the dimensions that
the data span in a Euclidean S space. Geometrically, this analysis is similar to the
orthogonal projection (Eqs. 4 and 5).25

X̂ ∗ =X ∗V T
1 (V1V

T
1 )−1V1 (4)
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E= X̂ −X (5)

Where X ∗ is the standardized stream flow data, X̂ ∗ is the projection of the standardized
data using eigenvectors of V1 (Hooper 2003; Liu et al., 2008a). Residual (E ) was made
between projected and measured concentrations for each chemical (Hooper, 2003).
All the equations described before were built in R software.5

After the exploratory analysis, we determined the end-members (m+1) based on
the distance between their original compositions and U space projections calculated in
the PCA analysis. After that, the quantification of end-members contributions (water
contributions) was done using a hydrograph separation analysis which depended of
the numbers of end-members that we found.10

Once we obtained the estimated water flowpaths, using a Spearman correlation,
we related them with stream nitrate concentrations to infer the possible sources of
nitrate in the catchment and to look for a link between hydrological and nitrate sources.
The hypothesis was: if nitrate comes from one particular source in the catchment,
there might be a positive relationship between one or more water contributors (surface15

runoff or groundwater) and the measured stream water nitrate concentration. A weak
relationship may indicate that the origin of nitrate is not clearly related to any of the
considered sources.

3 Results

3.1 Rainfall and runoff for 2008–200920

Stream flow generally behaved in an intermittent way in the stream network of Roxo
catchment and was highly variable throughout the study period. Daily flows ranged
from low values of 0.6 m3 s−1 observed in October 2008 and September 2009, to high
64.1 m3 s−1 during March 2009, with an average of 8.37±16.8 m3 s−1 (Table 1). The
major daily rainfall events were registered in January and March of 2009 reaching 12125
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and 36.40 mm respectively. During the summer period in July and August of 2009,
nero zero stream flow or reservoir inflow values were observed , which is a common
occurrence of a semi-arid environment. The trend of the sum of monthly runoff was
consistent with the sum of monthly precipitation, which indicates that rainfall is the
main reason of runoff variation. Especially the rain was one of the main supplying5

sources of streams water during the wet season. The amounts of precipitation and
runoff in January and February were the highest among the twelve months (Fig. 2).

3.2 Spatial variation of stable water isotopes

The stable water isotope composition in the streams and wells revealed systematic
differences with respect to season and location (Table 1). For the whole period10

(2008–2009), in the streams and wells, oxygen isotopes deltas ranged from 10.23‰
to −3.65‰ and 36.6‰ to −21.4‰, and Deuterium isotopes scoped from 36.60‰ to
−24.80‰, and 10.2‰ to −3.4‰, respectively. There were significant variations be-
tween samples of the three seasons (p> 0.05), especially for the autumn season in
2008 (Table 1). Stream water isotope compositions were found lowest during March–15

April (i.e., late winter-early spring) due to the input of rainfalls with low δ18O and
δ2H. The isotope composition increased afterwards and reached the highest values
in September–October.

Isotopic signatures of precipitation were typically located near to the global meteoric
water line (GMWL), showing a calculated LMWL of δD=7.26δ18O+6.3 (δD= (7.26±20

1.2) δ18O+ (6.3 ± 9.1) for Roxo catchment using historical Beja station precipita-
tion data (IAEA, 2006). The LMWL slope (7.2) determined in this study agrees
with the LMWL lines calculated for Beja area during a long term record 1988–2001,
δD=7.67δ18O+8.93, by Paralta et al. (2005) and δD= (7.67±0.44) δ18O+ (8.93±
2.3) by Carreira et al. (2005). Comparable slope (δD=7.15δ18O+7.92) was also ob-25

tained for a research in Algiers, where precipitation was influenced by the southern
Mediterranean Sea (Saighi, 2005).
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Distribution of the precipitation isotopic composition located to the right of the GMWL
line and might be related to the differences in the inputs and the isotopic composi-
tion of rain forming clouds and potential partial evaporation (Fig. 3). The deviation of
LMWL from GMWL is a confirmatory remark since such a behaviour of the precipita-
tion composition has been commonly observed in similar semiarid regions (Meredith5

et al., 2009). Seasonal fluctuations that are observed as the smallest deviation when
the plotted as LMWL against the GMWL can be attributed to variations in the vapour
source as well as evaporation to which light storm raindrops are subjected as they pass
through the atmosphere (Araguás-Araguás et al., 2000).

In waters that have undergone evaporation, the residual water becomes progres-10

sively enriched in heaver isotopes (δ18O and δ2H) and their composition does not
follow the GMWL. The isotopic signatures of river waters exposed to evaporation and
receiving input waters of similar isotopic composition typically lie along lines in the δ18O
and δ2H space, called Local evaporation line (LEL). The linear LEL regression lines fits
well and shows that the plot of the data points above the LEL indicates rainfall events15

in the wet season (Wolfe et al., 2007) and evaporation effects are evident when some
streams plot below the LEL thus indicating flow from evaporation enriched sources.

In this study, the trajectory of the local evaporation line (LEL) during the wet and dry
seasons was obtained by regression analysis plotted in the 2H–18O space. The slopes
ranged from 5.9 for October 2008, to 4.86 in March 2009 and 4.63 in September 2009,20

with most of the stream water lying to the right of the GMWL and plot along a LEL for
the catchment (Fig. 4). The average isotopic composition of the stream water in the
dry season (September) was similar for the 2009 and the 2008 season. In the wet
season all the water samples almost fall onto the same LEL representing similar com-
positions. An overlap in the isotopic compositions for some of the stream and well sam-25

pling points, displays the possibility of similar sources (Liu et al., 2008a) for this water
or an interaction (fast hydraulic connection) between them. This interaction is possibly
because of mixing in some of the rivers and some shallow groundwater sources that
plot closely together. During the dry season, the isotopic variation in streams shown by
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the graphical comparison, is larger and some of the streams have isotopic composition
similar to the reservoir this makes evaporation an important process in this season.
Evaporation is less important in the wet season as the isotopic water compositions are
less variable from the LEL. In the wet season therefore the contributions of incoming
precipitation are the contributing factor; however with some evaporation as evidenced5

by the recorded temperatures which even in these winter seasons remain relatively
high in the region.

3.3 Hydrochemistry

Concentrations of δ2H and δ18O, Cl− and SO2−
4 in stream flow in the three periods

showed similar spatial and temporal patterns, with exceptions for the 8, 9, 10, 11 sites10

corresponding to the A4, A7, A22 and A23 sampling points with peaks in some samples
in early spring and late summer and the lowest values in late summer, respectively
(Fig. 5a). Cl− concentrations were about in 283±166 mg L−1 in October, peaking at
243±217 mg L−1 in March, and then gradually decreasing to approximately 166±177
through September. SO2−

4 concentrations were about 55±56 mg L−1 for the entire15

period; however the A4 site in proximity of the outfall of the municipal waste water
treatment plant showed a high average value during the entire period 219±132 mg L−1

(Table 1).
Concentrations in wells were much higher than in stream flow and also fewer vari-

ables over time (Fig. 5b). Therefore, the temporal variation of isotopic and hydrochem-20

ical tracers at the sampling points located along the catchment seemed closely related
to changes in water flows and water residence time conditions.

3.4 End member mixing analysis

Given the significant differences between wet (October 2008, March 2009) and dry sea-
son (September 2009), an EMMA analysis was only developed for the wet season data25

of October 2008 and March 2009. This criterion was based on the main assumptions of
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the mixing model approach of constant composition of source waters (Christophersen
and Hooper, 1992). Most of the concentration differences were found at the A4 (near
to the treatment plant) and A29 sites. If we would remove these two sites, there would
not be a significant difference between seasons. Despite the variations found in these
two sampling points, we kept the entire dataset to develop the EMMA analysis.5

The distributions of residuals between measurements and predictions of stream flow
chemistry and wells for a 1-D and 2-D dimensional mixing space (1st and 2nd com-
ponent from PCA analysis) are shown in Fig. 6. The slopes are usually positive with
R2 < 0.1. In Roxo catchment the residuals of δ2H and δ18O show a near random
pattern in 1-D mixing space, with p> 0.4. The variability increased in the 2-D mixing10

space for the four tracers and R2 were less than 0.1, Therefore, the stream flow and
well chemistry was primarily controlled by conservative mixing of three end members
(2-D mixing space) for δ2H and δ18O and Cl−. SO2−

4 sulphate presented also a low

value of R2 but high p, which was not enough to cross this tracer to the next analysis.

3.4.1 Determination of end-members15

Therefore, a new PCA was made only with δ2H and δ18O and, Cl− which are con-
servative upon mixing, and these were used in the EMMA. U-space projections (PCA
scores) were made using the extracted eigenvectors from these conservative tracers
using a correlation matrix.

Temporal variation of the first end-members and examined by the projections of end20

members were distinct from stream flow. Well samples collected were treated as end
members to account for their spatial variation. Stream flow was relatively homoge-
neous, and well samples were higher than all stream water samples (Fig. 5a and b).

End-members were further evaluated using the orthogonal distance, based on the
distance between their original compositions and U space projections from the PCA25

(Table 2). The distance of A28M09, W2M09 and PO08 was at Roxo catchment (reser-
voir). This distance of A28M09 was only 1% for δ2H, 3% for δ18O and 0% for Cl−. The
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distance of W2M09 was −4%, −5% and 0% for δ2H and δ18O and, Cl. For PO08 the
lower distances were −7, −6 and 3.

3.4.2 Quantification of end-members

Groundwater, precipitation and surface runoff contributed on average, respectively
78%, 14% and 9% to the catchment streamflow and Roxo reservoir inflow. Stream5

flow chemistry was reproduced using the EMMA results and chemical compositions
in end-members. Concentrations of δ2H, δ18O and Cl− were successfully reproduced
with a slope close to 1, in all the cases.

Stream water and wells samples from October 2008 and March 2009 fell within the
mixing space defined by the three selected end-members: groundwater from wells,10

precipitation and runoff. Therefore, the proportion of water contributed by each end
member was calculated to determine the relative importance of the different compo-
nents. In the catchment the groundwater was the dominant contributor to the stream
flow. This result is coincident with others studies in similar environments (Pinol et al.,
1992; Bernal et al., 2006; Meredith et al., 2009).15

3.4.3 Sources of Nitrogen during the studied period

In the stream network of Roxo catchment, a positive and significant relationship be-
tween stream nitrate concentrations and the proportion of water coming from wells,
apparently were the main sources of nitrate. Stream nitrate concentrations showed a
strong positive relationship with wells during the whole period.20

A28M09 and W2M09 samples showed a strong positive correlation between stream
NO−

3 concentration and percent contribution, from one or more of the end-members,
suggesting that the correlated end members were the most likely sources of nitrate in
the catchment. However, for 4 of the samples (A4O08, A4M09, A7O08 and A7M09)
there was presented a strong negative correlation between the contribution of one end-25

member and the NO−
3 concentrations.
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4 Discussion

4.1 Hydrological slopes

For the entire study period, stream waters and wells showed a high degree of enrich-
ment in stable water isotopes (Figs. 3 and 4). During this period, the delta values
become more negative, which means that evaporation process is relevant in the area.5

Although, this period corresponds to the wet season, apparently this is not a limiting
factor for water leaving the system, taken into account the dry conditions in the area.
In most of the stream network of Roxo catchment, flow is intermittent and we observe
low stream flow during almost the entire year, with some single rainfall related peak
flows during winter. It is known that during low flow periods in a semi-arid area, evap-10

oration generates characteristic heavy-isotope enrichment in residual surface waters
(Gonfiantini, 1986). It is a non-equilibrium process, because boundary layer conse-
quences prompt to kinetic fractionation of the oxygen and deuterium isotopes, which
acts unevenly on both stable isotopes (Gat, 1996). For instance, in waters that have
experimented evaporation, the remaining water is enriched in heavier isotopes and this15

constitution does not chase the GMWL line.
Most of the stream waters were located to the right of the GMWL and plotted along a

Local evaporation line (LEL) for the study area (Fig. 2). Although during these months
between October 2008 and March 2009 can be characterised by different flow regimes,
the LEL showed a similar slope for these months. These slopes (4.6–5.9) are consis-20

tent with those observed for other dry environments, such as Ethiopian stream water
systems, which range between 5.2 and 6.4 (Kebede et al., 2009). All the slopes of the
LELs of surface waters and the wells are lower that the LMWL because surface wa-
ters are more affected by evaporation. The entire points plot to the right of the LMWL
indicating that the Roxo water resources are subjected to substantialevaporation with25

subsequent plotting along the LEL. Some samples of the streams and wells in Octo-
ber 2008 plot away from the LEL yet closer to the LMWL, thus indicating some mixing
with isotopically depleted water. The LEL’s slope is consistent with those observed by
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Allison (1982) and Meredith et al. (2009) who found that the LEL for arid environments
generally have slope of around 4.

4.2 Hydrochemistry

A wide range of concentration levels in the water chemistry and of Cl− and SO2−
4 was

observed in the stream network of Roxo catchment, and mostly correlated to temporal5

variations in stream flow. It can be associated with the dilution effect of rainfall, disso-
lution of chemicals during wet periods and concentration of ions during drier phases.
These changes can influence significantly the water chemistry (Drever, 1997). Basi-
cally, in semiarid environments where evaporation is high, Cl− is a suitable indicator of
the concentration of salt in the stream water, which accumulates in the water system10

due to its conservative nature. Basically, its distribution depends on the availability in
rocks like evaporites, dissolved minerals and biological processes (Appelo and Postma,
2007). Chloride concentrations in streams and wells showed high levels in a number
of samples during the entire period, mainly in the sites A22, A28 and A4, the latter
corresponding to the stream location downstream the waste water treatment plant out-15

fall. It is known that NaCl contributions from households can thoroughly change water
quality (Appelo and Postma, 2007). Cl− concentrations were high indicating that the
residence time in these points was long. Also in wells the highest Cl− concentrations
were presented probably due to evaporative concentration. Stable isotopes varied si-
multaneously between them and showed similar variations mainly related with variation20

in stream flow.
The other major anion SO2−

4 showed high correlation with Cl− (r = 0.97) indicating a

similar source of these ions during evaporation and dissolution stages. When δ2H and
δ18O isotopes are used, a negative fractional contribution percentage indicated the
water is influenced by evaporation with the presence of more depleted isotope values25

in the semi arid catchment.

2305

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/8/2289/2011/hessd-8-2289-2011-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/8/2289/2011/hessd-8-2289-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
8, 2289–2322, 2011

Untangling
hydrological

pathways and nitrate

M. A. Yevenes-Burgos
and C. M. Mannaerts

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

4.3 End-member analysis

The end member considered in this study showed different tracer concentrations. Chlo-
ride concentration was high in stream water indicating that the residence time of this
water in the catchment was long in combination with a major source, the WWTP. How-
ever, these solutes also had their highest concentrations in wells, as so far we can5

check with stable isotopes due to evaporative concentrations. In contrast to these so-
lutes, isotopes values were higher in stream water than in groundwater samples.

We expected that the selected end members would bound the majority of stream
water samples at the stream network, and while this was true for most of the year it
was not the case in summer for example in September 2009. The EMMA analysis10

was made for early autumn and late winter. Indeed, during the summer period the
stream water chemistry was different from the rest of the year with the highest concen-
trations of both, anions and stable isotopes. Chloride and sulphate are predominantly
originating from alternate drying and wetting of streambed and sediments, some disso-
lution weathering and possible atmospheric sources. These solutes are concentrated15

by evapotranspiration, in particular during the driest part of the year (between May and
September). The high concentrations during early autumn (up to 100 mg L−1) could
respond to the soluble salts built up during the summer period as described in other
studies conducted at both semiarid and temperate catchments (Meredith et al., 2009).
Tracer concentrations likely changed during the late summer because of the progres-20

sive load of solutes during the dry period as also as showed by Avila et al. (1992)
for a perennial Mediterranean stream. Thus, with it was violated one of the main as-
sumptions of the mixing model approach that of constant composition of source waters
(Christophersen and Hooper, 1992). For that, in the EMMA analysis was considered
the sampling that presented not significant differences. Butturini et al. (2005) for one25

river in Spain have pointed out that a mixing model accounting for the release of so-
lutes from the riparian sediments into stream water during storms could explain better
than a conventional mixing model the variability of solute concentrations during low
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flow periods following summer drought. Also, other studies have indicated the inherent
difficulty to apply classical mixing models in highly heterogeneous systems where there
may not be end members of constant composition (Neal, 1997; Neal et al., 1997).

However, the responses observed during the wet period (October and March) would
explain why some events that occurred during similar climatologic and hydrological5

conditions produced some differences in the stream water chemistry depending upon
the time of the year. That is why; we can observe that for some samples, still we found
variations in their values during the wet season.

However, is known that the temporal and spatial variations can contribute a high
uncertainty in hydrograph separations (Liu et al., 2008a). In this study, the uncertainty10

caused by spatial variability of the chemicals composition in wells appears to be not
significant, except for W2M09. This well is located in the centre of the catchment where
the streams flow dry most of the year. The U-space projections of wells in most of the
stations were very similar between them. This proximity could be justified because the
soils of the catchment are characterized by the type Litosol.15

4.4 Interpretation of the source water contribution

EMMA results indicate that groundwater exert the major control on Roxo streamflow,
consistent with studies developed in the northern part of the catchment, the Pisoes
sub-catchment (Paralta, 2003).

For the entire study period, stream water samples collected from October 2008 to20

September 2009 fell within the mixing space defined by the three selected end mem-
bers: groundwater from shallow wells, precipitation and surface water in streams.
Therefore, the proportion of water contributed by each end member was calculated
for every period to determine the relative importance of the sources in the different
seasons during the studied period. In Roxo, the groundwater sources were the domi-25

nant contributor to the stream flow. This result is coincident with other researches carry
out in semi arid catchments (Liu et al., 2008a, b; Meredith, 2009).
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However, there was a clear relationship between the contribution of shallow ground-
water and the wet conditions in the catchment. In October and March, the contribu-
tion of wells was higher than September. This result is similar with other studies that
reported a greater contribution of groundwater under wet antecedent moisture condi-
tions (Christophersen and Hooper, 1990; Liu et al., 2008b). Besides, it is important to5

mention that precipitation and surface water contributions were also important but only
during the wet winter season.

4.5 Nitrate sources

The main aim to use the EMMA, in this study, was to investigate water flow paths
and source origins in the stream network of Roxo catchment. The aim was discerned10

the possible links between water and solute flowpaths. If in natural conditions, nitrate
comes to the catchment and is not completely transformed in the riparian and in-stream
zones, it might be possible to find a relationship between water and nitrate sources in
the catchment (Bernal et al., 2006). However, it is important to consider that nitrate is
readily transformed by biological activity, which confounds an effortless interpretation15

of its source and flowpaths. In the stream network of Roxo catchment, a positive
and significant relationship between stream nitrate concentrations and the proportion
of water coming from an end member was found in the two studied periods. A link
between shallow groundwater (wells) and the nitrate sources in the catchment could
be established in most of the samples. During the two water periods was apparently20

a source of nitrate suggesting that the nitrate could be attributed to the rise of the
groundwater to shallow levels in the stream network (Paralta, 2006). However, stream
nitrate concentrations showed less relationship with surface runoff and obviously with
precipitation (r <0.3).

During the wet period, nitrate would be incorporated from a determined source, but25

this depends on the frequency of events together with the net balance of processes
affecting nitrate concentrations as for instance, nitrification-denitrification and biologi-
cal uptake by plants. Several researches have shown that the consequence of these
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processes changes over time during the growing season, warm temperatures which
favour nitrification, while high demand for nitrate by the catchment reduces its accu-
mulation (Ocampo et al., 2006b). Our study confirms this hypothesis; the mineraliza-
tion rate in the organic soil layer (i.e., first 10 cm) was higher in summer than winter
(1.3 mg N and 0.7 kg−1 d−1, respectively), and the mean soil nitrate concentration in5

summer (1.4 mg NO3−N l−1) was half of that measured in winter (Cheshire et al., 1999;
Gamises, 2009).

Therefore, the good correlation between stream nitrate concentrations and wells dur-
ing March 2009 might be explained by (1) a large residence time (2) a high and constant
input of nitrate from agricultural fertilizer and urban sources, because we assumed a10

high demand by crops and (3) high soil nitrification rates. In the cases of precipitation,
the low connectivity with nitrate maybe was more moderate to exceed the infiltration
rate. Although the dominant water sources were shallow groundwater, nitrate sources
could not always be related to hydrological sources. In general, this research shows
that it is not easy to infer general hydrological trends and link to biogeochemical pro-15

cesses at the catchment scale from the sample-based analysis in a relatively short time
frame.

5 Conclusions

This study in the intermittent stream network of the upper Roxo catchment in South
Portugal involved three seasonal sampling campaigns and quantitative hydrochemical20

and isotope analysis. An exhaustive end member mixing analysis was used to identify
the main water source contributions to the stream flow, and establish linkages with
diffuse nitrate sources. This analysis using precipitation, stream water and groundwater
well samples, indicated that the first controller of the water flow paths was the shallow
groundwater. Direct surface runoff was not a significant contributor to overall stream25

flow. The main hydrologic source contributor groundwater was also strongly related to
stream nitrate concentrations, especially during the wet season. Nitrate concentrations
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could not be related with precipitation, and no clear link with surface runoff and nitrate
sources could also be established. Preliminary experimental analysis suggests that
nitrate denitrification in stream sediment and shallow water pools along the drainage
network can explain the poor connectivity between nitrate and surface waters. This
biogeochemical aspect together with the N cycle in the catchment is currently being5

investigated and will be reported in another research contribution. Further studies
would also be necessary in order to elucidate stream nitrate responses to extreme
storm events.
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Table 1. Measured values and descriptive statistics of chemical variables in the stream net-
work, groundwater and the reservoir during the entire study period (October 2008, March 2009
and September 2009).

Oct-08 Mar-09 Sep-09

streams 2H 18O Cl− SO4− NO3
2H 18O Cl− SO4− NO3

2H 18O Cl− SO4− NO3
Max −1.30 0.45 657 126 71.8 −7.60 −0.88 891 313 66.4 28.5 8.78 630 62.1 44.0
Min −21.5 −3.54 199 56.0 5.54 −21.1 −3.52 121 13.3 0.18 −24.8 −3.92 21.9 19.6 0.01
Average −16.4 −2.68 283 82.3 31.5 −16.4 −2.58 243 59.7 24.8 −6.17 0.30 178 45.5 14.6
St. dev. 6.82 1.40 166 24.2 23.7 4.09 0.85 217 85.4 23.9 20.8 5.10 187 13.8 15.5
Median −18.1 −3.25 220 79.0 20.9 −16.3 −2.33 197 40.2 25.2 −18.2 −2.25 120 49.9 11.8
N 15 15 15 15 15 17 17 17 17 17 17 17 17 17 17
wells
Max − − 102 68.0 88 −7.60 −0.88 886 114 111 −1.70 2.16 523 57.2 79.1
Min − − 29.0 28.0 7.41 −21.1 −3.52 104 7.60 9.62 −21.3 −3.42 20.4 16.4 0.12
Average − − 50.4 51.0 45 −16 −3 453 57.5 42.7 −11.9 −1.17 136 38.8 29.5
St. dev. − − 26.9 15.7 36 4.09 0.85 400 50.8 37.3 9.15 2.33 195 16.0 36.5
Median − − 39.6 57.9 43 −16.3 −2.3 159 30.1 30.9 −12.1 −1.3 52.9 39.2 10.8
N 10 10 10 10 10 10 10 10 10 10 10 10 10
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Table 2. Dimensions of End-members for the study period in surface water, wells and precipi-
tation data.

Sample δ2H δ18O Cl−

A4O08 104 −324 0
A7O08 −4 5 0
A22O08 −4 3 0
A23O08 −4 10 0
A24O08 −5 7 0
A25O08 −4 4 0
A26O08 −4 4 0
A4M09 13 291 0
A7M09 −5 4 0
A22M09 −5 3 0
A23M09 −2 −7 0
A24M09 −3 −2 0
A25M09 −3 2 0
A26M09 −5 5 0
A28M09 −4 0 0
A29M09 −5 −4 0
A33M09 −4 −13 0
A35M09 −3 −15 0
W2M09 −4 −5 0
W8OM09 −5 −5 0
W9M09 −3 −8 0
W13M09 −5 −7 0
W14M09 −1 84 0
W16M09 10 618 0
W17M09 5 150 0
PrecO08 −7 −6 3
PrecM09 −9 −8 5
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Fig. 1. Map of the study area of Roxo catchment. Circles are the 27 sampling sites including
stream water (A) and groundwater well samples (W).
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Fig. 2. Monthly rainfall and streamflow of Roxo catchment for the study period (September
2008–October 2009).
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Fig. 3. Distribution of stream water isotope chemistry along the global (GMWL) and local
meteoric water lines (LMWL). The local meteoric line (δD=7.26δ18O+6.3) during the wet and
dry season.
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Fig. 4. Local evaporation line of streamflow water and Roxo reservoir at: (a) wet season (April)
and (b) dry season (September).
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Fig. 5. (a) Chemical composition of main tracers δ18O, δ2H, Cl−, SO2−
4 and NO−

3 in surface
water and (b) shallow groundwater (wells) during the three seasons: October 2008, March
2009 and September 2009.
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Fig. 6. Plot of Residuals versus original concentrations of solutes and stable isotopes for wet
and dry season from the 1-D mixing space and 2-D mixing spaces.
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