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Abstract. The knowledge of water source contributions to
streamflow is important for understanding chemical contam-
ination origins and the status of biogeochemical cycling in
stream networks of catchments. In this study, we evaluated
whether a limited number of spatially distributed geochemi-
cal tracer data sampled during different hydrological seasons
were sufficient to quantify water flow pathways and nitrate
sources in a catchment. Six geochemical water constituents
(δ2H, δ18O, Cl−, SO2−

4 , Na+, NO−

3 and K+) of precipita-
tion, stream water, alluvial sediment pore water and shal-
low groundwater of a 352 km2 agricultural catchment in the
Alentejo region of Portugal were analysed. Exploratory data
analysis and end-member mixing analysis (EMMA) were
performed to estimate the water source mixing proportions.
Residual analysis of principal components was used to iden-
tify the appropriate geochemical tracers and the number of
end-members (water sources and flow paths), and their pro-
portional contributions to streamflow were quantified. Spear-
man’s rank correlation analysis was further used to identify
nitrate origins in the streamflow. Results showed that, when
using data from both wet and dry seasons, streamflow chem-
istry was strongly influenced by shallow groundwater. When
only wet season data were modelled, streamflow chemistry
was controlled and generated by three end-members: shal-
low groundwater, alluvial sediment pore water and precipita-
tion. Isotope signatures of stream water were located mostly
below the local meteoric water line (LMWL) and plotted
along a local evaporation line (LEL), reflecting the perma-
nence in the streamflow of shallow groundwater subjected to
prior evaporation. Interpretation of isotope signatures during
summer showed an isotopic enrichment in both streamflow
and shallow groundwater. Measured and historical stream
nitrate concentrations appeared to be strongly related to shal-
low groundwater. In addition, two hydrochemical data out-
liers for almost every solute from two sample points were
identified by the analysis and could be related to local waste

water outfalls. The results of this study have improved our
understanding of water source contributions to streamflow in
the catchment, and also yielded indications of nitrate con-
sumption related to biogeochemical processes in the stream-
flow network. Moreover, we could conclude that the rela-
tively limited geochemical spatial sample database used in
this study was an adequate input for the end-member mixing
analysis and diagnostic tools to quantify water sources and
nitrate origins in the streamflow of the catchment.

1 Introduction

Identification of flow pathways and mechanisms for stream-
flow generation is necessary in order to better understand the
interactions between land and aquatic systems in catchments
(Uhlenbrook et al., 2008). Characterizing nutrient transports
in water environments is an equally important challenge be-
cause of the multiple options and pathways that a nutrient
might follow in a watershed (Mulholland and Hill, 1997).
Many studies have been carried out regarding the role of in-
stream processes as decisive factors of stream water chem-
istry. Such processes can be strongly related to hydrological
conditions such as connectivity among streams, temperature
regime, rainfall occurrence and intense evaporation (Dunn et
al., 2006; Y. Liu et al., 2008; Meredith et al., 2009). Recent
studies have linked hydrological and geochemical aspects in
order to better understand the role of water pathways in nu-
trient transport by streamflow (McHale et al., 2002; Bernal
et al., 2006; Ocampo et al., 2006; Tesoreiro et al., 2009).

To identify streamflow components and nutrient releases at
the catchment scale, water isotope approaches in conjunction
with geochemical tracers have regained importance (Bernal
et al., 2006; Mul et al., 2008; F. Liu et al., 2008; Mered-
ith et al., 2009; Hrachowitz et al., 2010). Hence the use
of conservative chemical tracers is again increasing rapidly

Published by Copernicus Publications on behalf of the European Geosciences Union.



788 M. A. Yevenes and C. M. Mannaerts: Untangling hydrological pathways and nitrate sources

and is nowadays considered highly suitable for conduct-
ing hydrograph separation and exploring streamflow origins
and hydrological or geochemical processes occurring in the
aquatic environments of watersheds (Ocampo et al., 2006;
Didszun and Uhlenbrook, 2008).

An effective analytical tool to help recognize the impor-
tance of various streamflow components is the use of end-
member mixing analysis (EMMA) through principal com-
ponents analysis (PCA), developed by Christophersen and
Hooper (1992). A water sample taken from different wa-
ter origins or hydrological flow paths such as precipitation,
runoff or streamflow, sediment or soil pore water, and shal-
low or deep groundwater represents a mixture of water that
contributes to generating the streamflow. If these distinct wa-
ter flow paths are considered as end-members assumed to be
conservative and constant over time, it is possible to define
a system of simple linear equations for calculating the mix-
ing proportions between water flow paths. When more than
two tracers are considered, EMMA can be used, with reli-
able results, to identify end-member values and to help to
build a conceptual understanding of the streamflow genera-
tion process.

The possibility of analysing water hydrochemistry on a
continuous basis and for longer time periods in larger catch-
ments requires a very significant budget and considerable
time and effort, and was beyond the scope of this research.
Therefore, the aims of this study were to see whether a spa-
tial sample-based analysis, using several seasonal observa-
tion campaigns, could be used as a data source for conducting
end-member mixing analysis, using isotope and hydrochem-
ical signatures to decipher the water and dissolved chemical
(nitrate) origins in the streamflow of a catchment and the in-
flow in a reservoir.

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
(352 km2) drains into the Roxo reservoir (volume capacity
108 m3), which has an average surface area of 11.9 km2. The
stream network (20 km2) is composed of three intermittent
streams: Chamińe-Pisoes, located in the northern section of
the catchment; Juliana, located in the middle part; and Vic-
toria, located in the southern branch of the stream network.
All these small streams flow into the main reservoir of the
catchment (Fig. 1). The streamflow varies strongly depend-
ing on the season. It is common to find low flow connectivity
in the streams during summer periods, especially from July
to September. The area is dominated by dry Mediterranean,
almost semi-arid, conditions, with a mean annual tempera-
ture of 20◦C, and the long-term mean annual rainfall in the
catchment area is estimated in the range of 500 to 550 mm.

Precipitation occurs mainly between November and March.
This winter period typically generates about 80 % of the an-
nual precipitation.

The Roxo reservoir was built in the early sixties and
is used for supplying water to Beja city (approximately
161 000 inhabitants), the local mining industry in Aljustrel
and several large irrigation perimeters (ABROXO, 2009).
The municipal waters from Beja city are channelled through
sewers to a waste water treatment plant, and effluent is re-
leased into the Chaminé-Pisoes catchment tributary.

Hydrogeological investigations have revealed that the
main productive aquifers of the upper Roxo catchment are
located in the Beja-Acebuches and Beja Gabbro geotectonic
complexes. These geological formations consist mainly of
gabbro-dioritic rocks. The altered bedrock varies locally and
can reach 30 m in thickness. It creates an unconfined aquifer
with a shallow water table, which drains naturally into the
Roxo stream network (Paralta and Oliveira, 2005). The main
drainage runs from the north and north-east to the south-west
and into the reservoir. The other catchment drainage origi-
nates in the south-west and drains to the north-east to finally
reach the reservoir (Fig. 1).

The topography varies from nearly flat to gently sloping
terrain with elevations ranging from 123 m at the catchment
reservoir outlet to 280 m a.s.l. near Beja city. Soil classifi-
cation, according to the FAO-UNESCO system, identified
four main soil types in the catchment: Luvisols, Lithosols,
Planosols and Vertisols (Sen and Gieske, 2005). Luvisols ac-
count for about 64 % of the study area’s soils, which makes it
the dominant soil type. They are predominantly soils with pH
around 6.0, with loam to clay loam textures, and are located
in the central and southern parts. Vertisols are dominant in
the northern part, overlaying the geological Gabbros of Beja
formation, and have a higher pH and high clay content.

Land use in the Roxo catchment is dominated by agricul-
tural activities. The main crops produced in the region are
winter wheat, maize, alfalfa and sunflower as rotation crops,
and olives, vineyards (grapes) and cork oak as perennial agri-
cultural crops. Agricultural land covers more than 80 % of
the catchment. In addition, mining activities for zinc (Zn)
and pyrite (FeS2) from volcanogenic massive sulphide de-
posits are also present in the southern part of the Roxo area.

2.2 Water sampling and analysis

For this study, 27 sampling sites were chosen in the stream
network. The sampling points were divided over three larger
streams covering the north, middle and south of the catch-
ment (Fig. 1). In total, 87 water samples (stream water, sed-
iment pore water and shallow groundwater from wells) were
collected during three periods. Sampling in wet conditions
was conducted in two periods: the first during of autumn in
October 2008 and the second during late winter in March
and April 2009. Sampling in dry conditions took place from
August to September 2009.
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Fig. 1. Map of the study area of Roxo catchment with the principal pollution sources. Circles are the 27 sampling sites, including stream
water (A), shallow groundwater (W) and pore water samples (P).

To avoid contact with the atmosphere, stream water, shal-
low groundwater and sediment pore water samples were
taken in duplicate, using a vacuum pump technique. Pore
water samples were collected by inserting a rhizon sampler
syringe (Seeberg-Elverfeldt et al., 2005) into drill holes in a
core 52 cm long located in the bottom of the stream in sites
A3, A4 and A5. Samples were stored in 10-ml glass vials.
Ten rhizon samplers were then inserted horizontally into the
core at depths of 0, 1, 2, 3, 5, 7, 10 and 20 cm below the
sediment-water interface. For this study, we considered only
four depths (0, 5, 10 and 20). To measure several physico-
chemical parameters (Cl−, SO2−

4 , Na+, NO−

3 and K+) and
stable isotopes (δ2H andδ18O), samples were filtered in situ
using Millipore 0.45 µm filter pore size and a vacuum pump.
After filtration, all samples were immediately stored at 4◦C
in a dark environment for subsequent chemical and isotopic
analyses.

Shallow groundwater samples were taken at depths rang-
ing from 2 to 5 m from private and municipal wells at several
locations. This water table is considered representative of
the natural drainage of the groundwater aquifer towards the
stream network and ultimately the Roxo reservoir.

Anion concentrations were analysed using a Hach UV-Vis
spectrometer at the Faculty of Geosciences of Utrecht Uni-
versity. Precipitation chemistry data were extracted from the
Global Atmosphere Watch (GAWSIS)1. Isotope signatures
for δ2H and δ18O were determined by isotope ratio mass
spectrometry in the Environmental Isotope Laboratory in Vi-
enna, a facility certified by the International Atomic Energy
Agency (IAEA). Isotope results are expressed in deviations
from the Vienna Standard Mean Ocean Water (VSMOW)
standard per mil, using the usual delta notation. Stable iso-
topes in precipitation were obtained from the IAEA and the
Global Network of Isotopes in Precipitation (GNIP), using
measured data for Beja city, which is located in the upper
northeast of the catchment2.

1http://www.wmo.int/pages/prog/arep/gaw/gawhomeen.html.
2http://www-naweb.iaea.org/napc/ih/IHSresourcesgnip.html.
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2.3 Data analysis

2.3.1 Hydrological data

Daily records of rainfall data (2008–2009) were obtained
from automatic weather stations located near Beja and Aljus-
trel. In addition, a 2008–2009 dataset of daily evapotran-
spiration, reservoir storage volume, historical reservoir wa-
ter levels and water abstraction data was available from
ABROXO (2009). An inverted reservoir water balance
method was used to estimate the total catchment streamflow
into the main reservoir water body. This mass balance tech-
nique consisted of estimating the reservoir inflow from the
variation over time in the reservoir storage volume and the
total sum of outflows from the reservoir. This method proved
to give reliable estimates of catchment total streamflow and
inflow in the reservoir (Vithanage, 2009). Streamflow was
also measured at sampling locations in the catchment during
the three sampling campaigns, using the chemical dilution
technique (Hershy, 1995).

2.3.2 Isotopic framework

The conventional isotope hydrology concept introduced by
Craig (1961) uses the relationship betweenδ2H and δ18O
concentrations in natural waters from different places in the
world and compares isotopic enrichment relative to ocean
water. This relationship shows a linear correlation over the
entire range of waters that have not undergone 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,
and is defined by the best-fit lineδ2H = 8δ18O + 10. Monthly
precipitation samples of any region give rise to a local mete-
oric water line (LMWL) and, together with the relationship to
the GMWL, are useful in explaining the relationship between
the water and respective hydrological processes (Karim and
Veizer, 2002). The LMWL is useful for interpreting local
water movements, sources, and processes to which the water
has been subjected (Dansgaard, 1964).

Our isotopic framework was based on the interpretation
of local evaporation lines (LEL) as described by Wolfe et
al. (2007). The LEL is useful for determining the evaporation
processes that have occurred in the various water sources.
It is defined by a regression line through isotopic composi-
tions of evaporating water surfaces in the catchment such as
shallow groundwater. Regarding theδ* symbol shown in the
LEL plot (Fig. 4), it corresponds to the isotopic composition
of mean weighted local precipitation and refers to water input
from precipitation.

2.3.3 End-member mixing analysis (EMMA)

Contributions of different end-members to streamflow were
determined using geochemical tracers based on EMMA in
combination with diagnostic tools of mixing models. In

brief, EMMA (Christophersen and Hooper, 1992) entails a
mixing model for identifying potential water flow paths (end-
members) and their proportions that contribute to streamflow.
EMMA embraces a principal component analysis (PCA), a
commonly applied technique that is used to reduce the di-
mensionality of a multivariate database. The aims of PCA
were (i) to find a lower dimensional space (PCA space orU -
space) in which the stream water is found and, (ii) to describe
the variability of the data. The dimensionality of the PCA
space is determined by the number of principal components
or eigenvectors obtained from the PCA (Eq. 1). Christo-
phersen and Hooper (1992) proposed that the number and
identification of the potential end-members could be deter-
mined by plotting the end-members in the PCA mixing space
defined by stream water and defining the end-members rep-
resented in the stream water. More recently, Hooper (2003)
suggested that the number (or rank) of the end-members
could also be determined from stream chemistry data, using
only diagnostic tools.

U = X∗VT (1)

whereU represents a (n × m) matrix of stream chemical data
consisting ofn samples andm one less than the number of
end-members.X∗ represents an (n × p) matrix, wherep rep-
resents the geochemical tracers.V has a dimension (m × p).

Diagnostic tools of mixing models can be used to de-
termine the geochemical tracers and the number of end-
members in streams (F. Liu et al., 2008). Stream data are
used to develop a correlation matrix, followed by PCA to de-
termine eigenvectors. The standardized stream data are pro-
jected intoU -space by multiplying the data by the eigenvec-
tors, and then the PCA residuals are computed. If the resid-
uals show a random pattern in a 1-D eigenvector and a high
p probability is found, then this means two end-members are
needed (Hooper, 2003). The aim of using this combination
of diagnostic tools instead of a simple mixing model is to re-
duce the uncertainty in choosing the number of end-members
and selecting conservative geochemical tracers.

X̂∗
= X∗VT

1 (V1VT
1 )−1V1 (2)

whereX̂∗ is the standardized stream data andX∗ is the pro-
jection of the standardized data using eigenvectors ofV1. V1
was extracted using a correlation matrix of the stream data.

We generated four scenarios with solutes (Cl−, SO2−

4 ,
Na+, NO−

3 and K+) and two stable water isotopes (δ2H and
δ18O) obtained from 87 samples of stream water, sediment
pore water and shallow groundwater from wells, and addi-
tional chemistry data of precipitation in the 352 km2 catch-
ment during 2008–2009.

1. Using the streams dataset in Matlab (R2011b version
7.13.0.564), we applied diagnostic tools such as PCA
residual analysis andp probability to estimate the num-
ber of end-members from stream water and the con-
servative tracers to be used (Hooper, 2003). Residual
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analysis was used to examine the variability of water
chemistry (difference between predicted and observed
tracer concentrations), which was plotted against the
observed sample. A random pattern of residuals indi-
cates a conservative mixing subspace, while a structure
in the residuals can be attributed to non-conservative
behaviour or poor selection of end-members (Hooper,
2003).

2. End-member mixing analysis was then used with geo-
chemical tracers determined earlier to identify end-
members and to quantify the contributions of end-
members to streamflow. The identification of end-
members was evaluated using the distance between the
original chemical compositions andU -space projec-
tions (PCA scores). The firstU -space projection was
used to select the end-members and examine whether
the projections of end-members were different from
streamflow.

3. The validation of end-member contributions (shallow
groundwater, pore water and precipitation) was calcu-
lated with the distance shown as a percentage, and by
dividing distance by the original chemical composition.
The shorter distance the better the fit of an end-member
to EMMA. This methodology is mathematically compa-
rable to a common mixing model, for example hydro-
graph separation using one tracer for two components
whereas we used the firstU -space projection (U1) in a
two-end-member solution (F. Liu et al., 2008).

2.3.4 Spearman’s rank correlation

Once the end-member mixing analysis had been performed,
we used a non-parametric Spearman’s rank correlation test
to investigate whether there was a relation between stream
nitrate concentration (mg N l−1) and the percentage contri-
bution of end-members or water sources to the streamflow.

3 Results

3.1 Streamflow and rainfall for 2008–2009

Streamflow in the catchment shows a strong seasonal fluc-
tuation, with several smaller creeks of the stream network
having an intermittent flow regime. Figure 2 illustrates the
precipitation and streamflow response of the catchment, us-
ing a 10-day (decade) time interval. Lowest precipitation was
recorded during spring and summer, typical of dry Mediter-
ranean areas. Major rainfall events were registered during
winter, particularly at the end of January 2009, reaching
54.6 and 44.3 mm. Stream flows were generally low, around
0.05 m3 s−1 during summer months, mainly in August and
September 2009, while the highest 10-day time-averaged
value reached 1.89 m3 s−1 at the beginning of February 2009.

Fig. 2. Decade (10-day) time interval for precipitation and stream-
flow of Roxo catchment during the study period (October 2008 to
September 2009).

3.2 Spatial variation of stable water isotopes

The stable water isotope composition (expressed asδ-values)
revealed systematic differences in the streams and wells, es-
pecially during September 2009 (Table 1). For the entire pe-
riod (2008–2009), minimum (−24.8 and−3.92) and max-
imum (28.5 and 8.78) composition (δ2H and δ18O) values
were recorded in streams. Isotopic measurements ofδ2H
andδ18O in shallow groundwater from wells showed a mean
of −16 ‰ and−2.58 ‰ and−11.9 ‰ and−1.17 ‰, re-
spectively (VSMOW scale). Isotopic signatures of histori-
cal Beja’s station precipitation data (Paralta et al., 2007) has
been typically located near to the global meteoric water line
(GMWL), showing a calculated LMWL ofδ2H = (7.6± 1.2)
δ18O + (8.3± 9.1) on Fig. 3. Most of the stream water sample
points were located below the LMWL although some were
approaching the LMWL. The LEL is shown along the re-
gression line (δ2H = 4.6δ18O + 1.5), with a coefficient of de-
termination (R2) of 0.9 (Fig. 4). The LEL connects the sam-
ples from stream water, shallow groundwater and the Roxo
reservoir to precipitation samples. Low water flow is shown
to be enriched in the heavy isotopes in streams and shal-
low groundwater, and typically more depleted in the case of
precipitation.
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Fig. 3. Distribution of stream water isotope chemistry along the
global (GMWL) and local meteoric water lines (LMWL).

3.3 Hydrochemistry

Figure 5a, b and c indicates the field measurements forδ2H,
δ18O, Cl−, K+, Na+, NO−

3 and SO2−

4 in the streamflow, shal-
low groundwater and sediment pore water, respectively. So-
lute concentrations in streamflow did not vary significantly
over the three sample periods, while spatial variation was al-
ways presented (Fig. 5a). Sites corresponding to A1, A8–
A17 showed important peaks in stable isotopes and solute
concentrations. Higher chloride and sulphate concentrations
were detected in the streamflow at site A1, which is close
to the outfall of a municipal waste water treatment plant
(Fig. 5a). Figure 5c relating to sediment pore water showed
a clear trend of increasing nitrate concentration nearer to the
surface water. In addition, nitrate concentration in the top
of the sediment is much larger than the concentration in the
surface water.

3.4 Diagnostic tools and end-member mixing analysis

3.4.1 Geochemical tracers and number of end-members

Scenario A1: We included all the data from wet and dry
seasons, with five solutes as geochemical tracers (Cl−, K+,
Na+, NO−

3 and SO2−

4 ) of sediment pore water, shallow
groundwater and precipitation samples.

PCA residual analysis using five solutes was highly struc-
tured against measured concentrations in streamflow in the
1-D mixing space, withR2 usually higher than 0.3 and
p = 0.07. The degree of randomness significantly increased

Fig. 4. Local evaporation line (LEL) of streamflow and shallow
groundwater for the wet (April) and dry (September) campaigns.

in the 2-D mixing space, but only for Cl− and SO2−

4 .
The residuals in the 2-D mixing space were, however, still
correlated with streamflow solute concentrations for most
tracers, withR2 > 0.3. Therefore, there was no random
pattern between predicted and observed values, and the well-
structured residual distribution indicated that there was no
conservative mixing in this scenario. Hence, using dry and
wet sampling data indicated a non-conservative behaviour
and also no conservative mixing of end-members. Therefore,
only one single end-member is considered in the streams.
Further EMMA was therefore not relevant with regard to this
dataset.

Scenario A2: We included all the data from Scenario A1
and we added stable isotope data (δ2H andδ18O) of shallow
groundwater and precipitation.

Residuals from all solutes and isotopes were also well
structured against measured concentrations in streamflow in
the 1-D mixing space, withR2 usually higher than 0.4 and
p = 0.08. The residuals in the 2-D mixing space were also
correlated with streamflow solute concentrations for most so-
lutes, withR2 near 0.6 andp < 0.01. In conclusion, this sce-
nario using dry and wet season data also indicated a non-
conservative behaviour and no conservative mixing of end-
members. Hence, only one single end-member was found in
the streams. We therefore split the datasets and removed the
dry season samples from the analysis.

Scenario B1: We used only the wet season samples gath-
ered during October 2008 and March 2009 and we used five
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Table 1. Measured values and descriptive statistics of chemical variables in the stream water, shallow groundwater and pore water samples
during the studied period (October 2008, March 2009 and September 2009).

October 2008 March 2009 September 2009

δ2H δ18O Cl− SO2−

4 Na+ K+ NO3 DO δ2H δ18O Cl− SO2−

4 Na+ K+ NO3 DO δ2H δ18O Cl− SO2−

4 Na+ K+ NO3 DO

Streams

Max −1.30 0.45 657 126 203 6.50 16.5 9.3 −7.60 −0.88 891 313 235 19.1 15.2 11.4 28.5 8.78 630 62.1 201 8.92 10 9.8
Min −21.5 −3.54 199 56.0 27.0 0.30 1.27 2.2 −21.1 −3.52 121 13.3 61.9 3.11 0.04 5.5 −24.8 −3.92 21.9 19.6 13.6 4.20 0.02 2.1
Average −16.4 −2.68 283 82.3 98.0 2.41 7.24 6.0 −16.4 −2.58 243 59.7 157 7.60 5.70 7.6 −6.17 0.30 178 45.5 112 6.19 3.36 6.7
St. dev. 6.82 1.40 166 24.2 56.0 2.70 5.45 1.7 4.09 0.85 217 85.4 105 4.64 5.49 1.74 20.8 5.10 187 13.8 69.0 1.39 3.57 1.9
Median −18.1 −3.25 220 79.0 82.0 1.20 4.81 5.7 −16.3 −2.33 197 40.2 119 6.27 5.80 7.4 −18.2 −2.25 120 49.9 130 6.18 2.71 6.9
N 15 15 15 15 15 15 15 15 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17

Wells

Max 102 68.0 145.0 4.70 20.2 9.3 −10.00 −0.41 886 114 403 9.40 25.5 10 −1.70 2.16 523 57.2 441 4.40 18.2 8.3
Min 29.0 28.0 45.0 0.20 1.70 3.4 −21.40 −3.65 104 7.60 78.0 1.00 2.21 2.18 −21.3 −3.42 20.4 16.4 37.0 0.20 0.03 4.5
Average 50.4 51.0 75.2 2.10 10.3 5.9 −16.56 −2.58 453 57.5 172 4.43 9.82 6.46 −11.9 −1.17 136 38.8 135 2.04 6.79 6.18
St. dev. 26.9 15.7 36.0 1.99 8.18 2.2 4.64 1.17 400 50.8 106 2.58 8.58 2.56 9.2 2.33 195 16.0 134 1.64 8.40 1.45
Median 39.6 57.9 65.0 1.35 9.91 6.1 −16.1 −2.87 159 30.1 140 4.60 7.11 6.35 −12 −1.32 52.9 39.2 77.0 2.30 2.49 6.1
N 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

Pore water

Max 177 17.0 263 4.07 5.43 197 58.3 172 5.02 1.55 326 82 246 8.9 2.48
Min 63.0 7.90 124 3.17 1.96 173 39.7 77.0 1.20 0.13 21.0 4.7 4.5 4.2 0.28
Average 115 11.5 165 3.83 3.76 187 52.0 111 3.81 0.87 191.9 69.4 121.6 6.5 0.85
St. dev. 40.4 3.39 49.2 0.34 1.27 9.10 5.35 34.0 1.36 0.50 105.0 72.1 90.2 1.6 0.70
Median 114 10.6 150 3.97 4.02 186 52.8 97.0 4.30 0.80 232.5 44.8 160.0 6.8 0.55
N 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20

solutes as geochemical tracers (Cl−, K+, Na+, NO−

3 and
SO2−

4 ) of streamflow.
Figure 6a shows the distributions of residuals of Cl−, Na+

and SO2−

4 in a random pattern in the 1-D mixing space, with
R2 values less than 0.2 andp = 0.4. In contrast, NO−3 showed
a highly structured pattern, withR2 of 0.90 andp < 0.001,
and K+ with R2 of 0.42 andp = 0.03 and which was not
enough for it to be taken into account in the next analysis.
The variability increased in the 2-D mixing space, withR2

less than 0.1 andp > 0.2. Therefore, according to this vari-
ability in the first and secondary components, the streamflow
chemistry was controlled by the three solutes Cl−, Na+ and
SO2−

4 and defined by conservative 2-D mixing space, which
means three end-members and can give us signals of flow-
path proportional contributions.

Therefore, a new PCA was made using only Cl−, Na+ and
SO2−

4 , which are conservative upon mixing, and these solutes
were employed in EMMA using the three end-members (sed-
iment pore water, shallow groundwater and precipitation).
PCA scores asU -space projections were calculated using the
eigenvectors extracted from these conservative tracers.

Scenario B2: We used the data from Scenario A1 and
available stable isotopes (δ2H andδ18O) of streamflow. Fig-
ure 6b shows the distributions of residuals between origi-
nal concentrations, and predicted values for the 1-D and 2-
D mixing spaces referred to the main two principal com-
ponents. This figure shows that the distributions of residu-
als of Cl−, SO2−

4 , δ2H and δ18O show a near-random pat-
tern in the 1-D mixing space, withR2 values less than 0.2
and p > 0.3. The variability increased in the 2-D mixing
space for the four tracers, withR2 less than 0.1 andp > 0.4.
In contrast, in this scenario Na+, NO−

3 and K+ presented
more structured values forR2 of 0.25, 0.96 and 0.54 and

p < 0.1, respectively, which was not enough to take them
into account in the next analysis. Therefore, according to
this variability the streamflow chemistry was primarily con-
trolled by conservative 2-D mixing space, and then three end-
members can give us signals of flowpath proportional con-
tributions. The geochemical tracers (Cl−, SO2−

4 , δ2H and
δ18O) detected with the residual analysis were used to run a
new PCA for the studied period, EMMA and streamflow sep-
aration. Two eigenvectors were adequate (indicating three
potential end-members) for shallow groundwater, pore water
and precipitation.

A closer look at the residual plots from Scenarios B1 and
B2 (Fig. 6a and b) permitted two outliers to be detected (orig-
inating in the two field campaigns from sample point A1 and
A9). Confrontation with field observations and evidence in-
dicated point source contamination from a waste water treat-
ment plant outfall (A1) releasing residual waste water di-
rectly into the stream network (Fig. 1). This waste outfall
typically increases salt concentrations as Cl− and SO2−

4 as
well as nitrogen levels i.e. ammonia and organic-N, but not
nitrate concentrations as shown in Fig. 6a and b. The PCA
and residual analysis therefore proved to be good diagnostic
tools for the detection of contamination as well. The prac-
tical use of outliers in diagnostic analysis and EMMA was
also suggested by Hooper (2003).

3.4.2 Identification and validation of end-members

A new PCA was made for Scenarios B1 and B2, considering
the three potential end-members and with only the geochem-
ical tracers that had passed the residual analysis: Cl−, SO2−

4
and Na+ for Scenario B1 andδ2H, δ18O, Cl−, SO2−

4 for B2.
PCA scores asU -space projections were calculated using the
eigenvectors extracted from these geochemical tracers using
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Fig. 5. Chemical composition ofδ2H, δ18O, Cl−, SO2−

4 , Na+, NO−

3 and K+ in: (a) surface water (squares indicate the Chaminé river to
the reservoir, inverted triangles indicate the reservoir to Victoria river),(b) shallow groundwater and(c) pore water during the three periods.
Sampling points (A1 to A17) are numbered from 1 to 17 in the plots.
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Fig. 6a. Plot of residuals versus original concentrations of solutes
and stable isotopes for wet and dry seasons from the 1-D mixing
space and 2-D mixing spaces for Scenario B1 (outliers are identified
in the plots).

the correlation matrix indicated in Sect. 2.3.3. The difference
between the first (U1) and secondary (U2) U -space was pro-
jected for the appraisal of end-members.U1 andU2 values of
shallow groundwater samples were slightly higher than those
of streamflow and similar to those of pore water.

Finally, end-members were identified using the orthogonal
distance between their original compositions andU -space
projections from the PCA. For Scenario B1, a hydrograph
separation permitted the proportional contributions from the
end-members to be derived: groundwater 52 %, sediment
pore water 38 % and precipitation 10 %. For Scenario B2,
this data scenario analysis led to the following proportional
contributions from the end-members: groundwater 56 %,
sediment pore water 32 % and precipitation 12 % – which
is similar to Scenario B1.

Fig. 6b. Plot of residuals versus original concentrations of solutes
and stable isotopes for wet and dry seasons from the 1-D mixing
space and 2-D mixing spaces for Scenario B2 (outliers are identified
in the plots).

3.5 Sources of nitrate

Once we had obtained the estimated water source contribu-
tions through EMMA, we then correlated the end-member
contributions with the stream nitrate concentrations for the
wet season. Here we used a Spearman’s rank correlation
test to assess relations between stream nitrate concentration

www.hydrol-earth-syst-sci.net/16/787/2012/ Hydrol. Earth Syst. Sci., 16, 787–799, 2012



796 M. A. Yevenes and C. M. Mannaerts: Untangling hydrological pathways and nitrate sources

and the percentage of streamflow for the main end-members.
Shallow groundwater and sediment pore water percentages
showed a good correlation with stream nitrate values (ρwells
andρporewater0.56 and 0.79, respectively). Apparently pore
water is playing an important role in the exchange of nitrate
with the stream water. An additional Spearman’s rank cor-
relation test using historical nitrate data of June 2003 and
December 2004 from shallow groundwater and stream water
yielded similar results (ρwells:0.52 and 0.65) and confirmed
our hypothesis on nitrate source origins (Table 2). Moreover,
if we compared our highest Cl− concentrations in stream wa-
ter and shallow groundwater, the concentrations of chloride
showed synchronicity between concentrations of streamflow
and shallow groundwater. This implies that chloride con-
centrations in the stream depend upon the relative contribu-
tion from shallow groundwater, where Cl− concentrations
are more stable than in the stream waters.

4 Discussion

4.1 Water isotopes and solutes abundance in Roxo
catchment

Over the entire study period, a low streamflow regime pre-
vailed and isotope signatures were below the LMWL and
close to, but slightly different from, the LEL, reflecting a
mixture of shallow groundwater and a small influence of
rainfall sources (Figs. 3 and 4). The precipitation values de-
fine the LMWL, which is only marginally above the GMWL
(see Fig. 3). The slight deviation of the LMWL from the
GMWL is a confirmatory point, since such behaviour of pre-
cipitation composition has been commonly observed in sim-
ilar drier regions (Meredith et al., 2009). The data from the
LEL (Fig. 4) provided information on the secondary pro-
cesses acting on the water as it travels from its source into the
surface water. However, the LEL for stream water and shal-
low groundwater,δ2H = 4.6δ18O + 1.5 (Fig. 4), indicated that
these waters have experienced evaporation. These enriched
or higherδ-values forδ2H andδ18O isotopes can be observed
during September 2009 (Table 1). Stream waters (8.78 ‰)
were enriched in heavy isotopes as a consequence of evap-
oration with respect to shallow groundwater (from−3.42 ‰
to 2.16 ‰). It is known that during low-flow periods in semi-
arid areas evaporation generates characteristically heavy iso-
tope enrichment in residual surface waters above +3 ‰ (Gon-
fiantini, 1986). The difference in stable isotope composition
between the shallow groundwater and the stream water can
be used for tracing the contributions of water to the streams.
This is hinted in Fig. 4, where shallow groundwater samples
are not that close to the stream samples in summer sampling
in the LEL. This fractional contribution is confirmed by the
EMMA in the next sections.

Heavier isotopic values were also related to higher anion
concentrations. Chloride and sulphate, as suitable indicators

of the concentration of salt in the water due to their conserva-
tive nature showed high concentrations (Table 1). In general,
Cl− concentrations were largest in the streams, ranging from
21.9 to 891 mg l−1 and from 13.3 to 313 mg l−1, respectively.
These values are due mainly to the shallow depth and inter-
mittent pools in several sections in the stream network that
permit water stagnation and evaporation. Major values were
observed in the first sampling point (A1; corresponding to
the stream location downstream of the waste water treatment
plant outfall) (Figs. 1 and 5a). It is known that NaCl contri-
butions from households can thoroughly change water qual-
ity (Appelo and Postma, 2007). High chloride and sulphate
concentrations in wells showed high correlation (r = 0.97),
indicating an evaporative mechanism in combination with
a longer residence time. Outliers corresponding to site A1
were identified using the residual plots from Scenarios B1
and B2 (Fig. 6a and b). This indicated either errors in the
data or different processes controlling the chemistry of the
water samples.

4.2 Evaluation of end-member mixing analysis

The numbers of end-members and conservative geochem-
ical tracers were determined by combining chemical and
isotope data from stream water, based on Christopher and
Hooper (1992) and Hooper (2003). The selection of end-
members and number of conservative tracers was quantita-
tively evaluated using diagnostic tools of mixing models as
residual analysis from PCA (Fig. 6a and b). Two scenarios
for the wet season campaign with different combinations of
solutes and isotopes were well reproduced (Fig. 6a and b).

We agree that the seasonal campaigns using approximately
30 points for hydrochemistry and isotopes and additional in-
formation on continuous streamflow can be criticized for us-
ing a small sample size in time. However, this data analysis
permitted us to verify to what extent relatively limited spatial
samples and a few discrete but well-chosen sample periods
could indicate source contributions of water and nitrate to a
catchment stream network.

4.3 Biogeochemical control

Hydrological flow paths have significant functions in con-
trolling catchment-scale biogeochemical processes. Con-
tributions of water flow paths identified using geochemical
tracers can be used to distinguish hydrological and biogeo-
chemical control of nitrogen (Mulholland and Hill, 1997).
Therefore, nitrate levels in streamflow can be predicted using
several flow components determined by geochemical trac-
ers, and then compared with measured values. Over- and
under-estimation of nitrate concentrations in stream water
suggest gain or loss of nitrate during streamflow generation,
and thus identify the dominant processes controlling this nu-
trient (Mulholland, 2004). In our study, shallow groundwater
is the main contributor to the streamflow and shows a positive
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Table 2. Historical levels (mg N l−1) and the Spearman’s Rho coefficient (ρ) between measured nitrate concentrations in shallow groundwa-
ter and the proportion of water from the space projection of EMMA.

Date
Water NO−

3 Spearman
N Reference

sample range rank (ρ)

June 2003
streams 0.78–16.6 – 25 Historical campaign from Water Resources

wells 3.5–17.7 0.52 25 Department*

December 2004
streams 0.29–12 – 2

Paralta et al. (2007)
wells 0.61–14.2 0.65 11

May 2006
streams – –

Paralta et al. (2007)
wells 7.9–33 – 11

October 2008 wells 1.7–20.2 0.49 10
Our study

March 2009 wells 2.2–25.6 0.56 10

∗ Faculty of Geo-information Science and Earth Observation, University of Twente.

relation with stream nitrate concentrations. However, indi-
rect evidence of the importance of in-stream processes also
comes from the analysis, showing that nitrate concentrations
in the streams are lower than in the shallow groundwater.
This difference cannot be explained by a simple mixing of
water coming from the small tributaries to the main stream. It
can be most probably attributed to nitrate consumption such
as denitrification in the stream water or streambed. This can
be demonstrated for instance by lower (<5 mg l−1) dissolved
oxygen concentrations (DO) in the streams (Table 1). How-
ever, it would be necessary to quantify the in-stream assimi-
lation, nitrification or denitrification processes in the stream
water and sediment.

Preliminary experimental analysis and the results of this
study in sediment pore water also suggest that in-stream pro-
cesses are occurring in the streambed. Pore water values
show that nitrate concentrations decreased below the inter-
face stream water-sediment and later slightly increased with
depth, which is likely involving biogeochemical reactions
(Fig. 5c). As well, conservative solutes such as Cl− varied
only slightly with depth in the sediment. One explanation of
the low nitrate concentration at the water-sediment interface
is the nitrate consumption and the microbial activity at the
interface and in the top layer of the sediment (Curie et al.,
2009). The limited length (20 cm) of the sediment core per-
mitted us to identify the biogeochemical interactions at the
sediment water interface, but not the full pathway towards
the groundwater (Pfenning and McMahon, 1996).

The higher nutrient concentrations in some points of the
streams appear to come from the localized organic-rich ma-
terials and sediments transported by superficial slope runoff
and deposited naturally near the stream network. In addi-
tion, the presence of livestock, such as herds of cattle, sheep
breeding or goats and intensive pig farming (Fig. 1) that use

the stream network as a source of drinking water, may in-
duce additional fertilization and local differences in stream
chemistry.

5 Conclusions

This study of the intermittent stream network of the upper
Roxo catchment in South Portugal involved three seasonal
spatial sampling campaigns and quantitative hydrochemical
and isotope analysis. Our objective was to see whether a spa-
tial sample-based analysis, using seasonal observation cam-
paigns, could be used as a data source for conducting end-
member mixing analysis to identify water and nitrate sources
to the streamflow. The non-parametric Spearman’s rank anal-
ysis was used to correlate source contributions to nitrate lev-
els in the streamflow. End-member mixing analysis in com-
bination with exploratory analysis was used to identify and
quantify the proportional contributions of the main water
sources to the streamflow. The analysis used geochemical
tracer data from precipitation, stream water, alluvial sedi-
ment pore water and shallow groundwater.

The use of a relatively limited number (∼30 points) of
spatially distributed sampling points in one dry and two
wet seasons permitted us to distinguish shallow groundwa-
ter as the major contributor to streamflow in all analysis pe-
riods. Proportional contributions in the two scenarios were
around 50 % for groundwater, followed by sediment pore
water (∼40 %) and rainfall (∼10 %). The largest hydrologi-
cal source contributor, shallow groundwater, appears also di-
rectly related to stream nitrate concentrations. A high pore
water proportion in the streamflow means that it contributes
significantly to the control of the water chemistry of the
streams. A relation between stream nitrate and precipitation
and also direct surface runoff could not be derived from the
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datasets. The analysis suggests that the main nitrate pathway
to the stream network in this catchment is through soil leach-
ing and re-appearance in the shallow aquifer baseflow. This
biogeochemical aspect, together with the other nitrogen cycle
components in the catchment, is currently being 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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