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Abstract. The knowledge of water source contributions to water outfalls. The results of this study have improved our
streamflow is important for understanding chemical contam-understanding of water source contributions to streamflow in
ination origins and the status of biogeochemical cycling inthe catchment, and also yielded indications of nitrate con-
stream networks of catchments. In this study, we evaluatedumption related to biogeochemical processes in the stream-
whether a limited number of spatially distributed geochemi-flow network. Moreover, we could conclude that the rela-
cal tracer data sampled during different hydrological seasonsively limited geochemical spatial sample database used in
were sufficient to quantify water flow pathways and nitrate this study was an adequate input for the end-member mixing
sources in a catchment. Six geochemical water constituentanalysis and diagnostic tools to quantify water sources and
(62H, 5180, CI~, sof;, Na*, NO; and K") of precipita- nitrate origins in the streamflow of the catchment.

tion, stream water, alluvial sediment pore water and shal-
low groundwater of a 352 kfnagricultural catchment in the
Alentejo region of Portugal were analysed. Exploratory datal Introduction
analysis and end-member mixing analysis (EMMA) were

perfprmed to espmate _the_ water source mixing pmport'.ons'ldentification of flow pathways and mechanisms for stream-
Residual analysis of principal components was used to iden;

tify the appropriate geochemical tracers and the number 0;Iow generation is necessary in order to better understand the
pprop 9 Interactions between land and aquatic systems in catchments

endTmembers_(wqter sources and flow paths), "?“_‘d their prO('Uhlenbrook et al., 2008). Characterizing nutrient transports
portional contributions to streamflow were quantified. Spear-

man’s rank correlation analysis was further used to identifyin water environments is an equally important challenge be-
. L y cause of the multiple options and pathways that a nutrient
nitrate origins in the streamflow. Results showed that, whe

r}night follow in a watershed (Mulholland and Hill, 1997).

using data from b(.)th wetand dry seasons, streamflow ChemMany studies have been carried out regarding the role of in-
istry was strongly influenced by shallow groundwater. Whenstream processes as decisive factors of stream water chem-

\?vr;g g)er:trs;;s dognd datae\r']\/:rr:tégogeI:ﬁ?éeSZiztanf]lgxqvbceﬁimfga stry. Such processes can be strongly related to hydrological
ge d by "~ “conditions such as connectivity among streams, temperature
low groundwater, alluvial sediment pore water and precipita-

tion. Isotope signatures of stream water were located mostl;éegime’ rainfall occurrence and intense evaporation (Dunn et
i . i I, 2006; Y. Liu et al., 2008; Meredith et al., 2009). Recent
below the local meteoric water line (LMWL) and plotted )

along a local evaporation line (LEL), reflecting the perma- studies have linked hydrological and geochemical aspects in

. h order to better understand the role of water pathways in nu-
nence in the streamflow of shallow groundwater subjected tc{rient transport by streamflow (McHale et al., 2002; Bernal
prior evaporation. Interpretation of isotope signatures durin N '

Yet al., 2006; Ocampo et al., 2006; Tesoreiro et al., 2009).

summer showed an isotopic enrichment in both streamflow . ) X
o To identify streamflow components and nutrient releases at
and shallow groundwater. Measured and historical stream

: ) }he catchment scale, water isotope approaches in conjunction
nitrate concentrations appeared to be strongly related to ShaWith eochemical tracers have regained importance (Bernal
low groundwater. In addition, two hydrochemical data out- 9 9 P

liers for almost every solute from two sample points were et al., 2006; Mul et al,, 2008; F. Liu et al., 2008; Mered-
. o y'S pie b ith et al., 2009; Hrachowitz et al., 2010). Hence the use
identified by the analysis and could be related to local waste : : . g . .

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-Precipitation occurs mainly between November and March.
ing hydrograph separation and exploring streamflow originsThis winter period typically generates about 80 % of the an-
and hydrological or geochemical processes occurring in thewual precipitation.

aquatic environments of watersheds (Ocampo et al., 2006; The Roxo reservoir was built in the early sixties and
Didszun and Uhlenbrook, 2008). is used for supplying water to Beja city (approximately

An effective analytical tool to help recognize the impor- 161000 inhabitants), the local mining industry in Aljustrel
tance of various streamflow components is the use of endand several large irrigation perimeters (ABROXO, 2009).
member mixing analysis (EMMA) through principal com- The municipal waters from Beja city are channelled through
ponents analysis (PCA), developed by Christophersen andewers to a waste water treatment plant, and effluent is re-
Hooper (1992). A water sample taken from different wa- leased into the Cham@aPisoes catchment tributary.
ter origins or hydrological flow paths such as precipitation, Hydrogeological investigations have revealed that the
runoff or streamflow, sediment or soil pore water, and shal-main productive aquifers of the upper Roxo catchment are
low or deep groundwater represents a mixture of water thatocated in the Beja-Acebuches and Beja Gabbro geotectonic
contributes to generating the streamflow. If these distinct wacomplexes. These geological formations consist mainly of
ter flow paths are considered as end-members assumed to pabbro-dioritic rocks. The altered bedrock varies locally and
conservative and constant over time, it is possible to definecan reach 30 m in thickness. It creates an unconfined aquifer
a system of simple linear equations for calculating the mix-with a shallow water table, which drains naturally into the
ing proportions between water flow paths. When more tharRoxo stream network (Paralta and Oliveira, 2005). The main
two tracers are considered, EMMA can be used, with reli-drainage runs from the north and north-east to the south-west
able results, to identify end-member values and to help tcand into the reservoir. The other catchment drainage origi-
build a conceptual understanding of the streamflow generanates in the south-west and drains to the north-east to finally
tion process. reach the reservoir (Fig. 1).

The possibility of analysing water hydrochemistry on a  The topography varies from nearly flat to gently sloping
continuous basis and for longer time periods in larger catchterrain with elevations ranging from 123 m at the catchment
ments requires a very significant budget and considerabléeservoir outlet to 280 ma.s.l. near Beja city. Soil classifi-
time and effort, and was beyond the scope of this researchtation, according to the FAO-UNESCO system, identified
Therefore, the aims of this study were to see whether a spafour main soil types in the catchment: Luvisols, Lithosols,
tial sample-based analysis, using several seasonal observRlanosols and Vertisols (Sen and Gieske, 2005). Luvisols ac-
tion campaigns, could be used as a data source for conductingpunt for about 64 % of the study area’s soils, which makes it
end-member mixing analysis, using isotope and hydrochemthe dominant soil type. They are predominantly soils with pH
ical signatures to decipher the water and dissolved chemicairound 6.0, with loam to clay loam textures, and are located

(nitrate) origins in the streamflow of a catchment and the in-in the central and southern parts. Vertisols are dominant in
flow in a reservoir. 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-

2 Data and methods tural activities. The main crops produced in the region are
winter wheat, maize, alfalfa and sunflower as rotation crops,
2.1 Site description and olives, vineyards (grapes) and cork oak as perennial agri-

cultural crops. Agricultural land covers more than 80 % of
The Roxo catchment is located west of the town of Beja inthe catchment. In addition, mining activities for zinc (Zn)
the province of Alentejo, South Portugal. The catchmentand pyrite (Fe® from volcanogenic massive sulphide de-
(352 knt) drains into the Roxo reservoir (volume capacity posits are also present in the southern part of the Roxo area.
108 m?), which has an average surface area of 11.9.Krhe
stream network (20 kR) is composed of three intermittent 2.2 Water sampling and analysis

streams: Cham&Pisoes, located in the northern section of ) ) ) ]
the catchment; Juliana, located in the middle part; and vic-For this study, 27 sampling sites were chosen in the stream

toria, located in the southern branch of the stream network"€tWork. The sampling points were divided over three larger
All these small streams flow into the main reservoir of the Stréams covering the north, middle and south of the catch-

catchment (Fig. 1). The streamflow varies strongly dependMent (Fig. 1). In total, 87 water samples (stream water, sed-
ing on the season. Itis common to find low flow connectivity IMeNt pore water and shallow groundwater from wells) were

in the streams during summer periods, especially from Julycolléctéd during three periods. Sampling in wet conditions
to September. The area is dominated by dry Mediterranean!V@S conducted in two periods: the first during of autumn in
almost semi-arid, conditions, with a mean annual tempera-ocmber, 2008 and the second during late winter in March
ture of 20°C, and the long-term mean annual rainfall in the @"d April 2009. Sampling in dry conditions took place from

catchment area is estimated in the range of 500 to 550 mnt Ugust 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- Anion concentrations were analysed using a Hach UV-Vis
low groundwater and sediment pore water samples werepectrometer at the Faculty of Geosciences of Utrecht Uni-
taken in duplicate, using a vacuum pump technique. Poreversity. Precipitation chemistry data were extracted from the
water samples were collected by inserting a rhizon sampleGlobal Atmosphere Watch (GAWSIS)Isotope signatures
syringe (Seeberg-Elverfeldt et al., 2005) into drill holes in afor §2H and §180 were determined by isotope ratio mass
core 52cm long located in the bottom of the stream in sitesspectrometry in the Environmental Isotope Laboratory in Vi-
A3, A4 and A5. Samples were stored in 10-ml glass vials.enna, a facility certified by the International Atomic Energy
Ten rhizon samplers were then inserted horizontally into theAgency (IAEA). Isotope results are expressed in deviations
core at depths of 0, 1, 2, 3, 5, 7, 10 and 20cm below thefrom the Vienna Standard Mean Ocean Water (VSMOW)
sediment-water interface. For this study, we considered onlystandard per mil, using the usual delta notation. Stable iso-
four depths (0, 5, 10 and 20). To measure several physicotopes in precipitation were obtained from the IAEA and the
chemical parameters (C| SO}[, Na*, NO; and K") and  Global Network of Isotopes in Precipitation (GNIP), using
stable isotopesitH ands'80), samples were filtered in situ  measured data for Beja city, which is located in the upper
using Millipore 0.45 um filter pore size and a vacuum pump. northeast of the catchmeént
After filtration, all samples were immediately stored &C4
in a dark environment for subsequent chemical and isotopic
analyses.

Shallow groundwater samples were taken at depths rang-
ing from 2 to 5m from private and municipal wells at several
locations. This water table is considered representative of
the natural drainage of the groundwater aquifer towards the http:/iwww.wmo.int/pages/prog/arep/gaw/giemeen.html
stream network and ultimately the Roxo reservoir. 2http://www-naweb.iaea.org/napc/ih/IHBsourcegynip.html
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2.3 Data analysis brief, EMMA (Christophersen and Hooper, 1992) entails a
. mixing model for identifying potential water flow paths (end-
2.3.1 Hydrological data members) and their proportions that contribute to streamflow.

, , . EMMA embraces a principal component analysis (PCA), a
Daily records of rainfall data (2008—-2009) were obtained commonly applied technique that is used to reduce the di-
from automatic weather stations located near Beja and Aljus'mensionality of a multivariate database. The aims of PCA

tre_l. !n addition, a 2008-2009 datas_et of_ daily evap(_)tran-Were (i) to find a lower dimensional space (PCA spac® or
spiration, reservoir storage volume, historical reservoir wa-

) > space) in which the stream water is found and, (ii) to describe
ter levels and water abstraction data was available frompe yariability of the data. The dimensionality of the PCA
ABROXO (2009). An inverted reservoir water balance gh506 js determined by the number of principal components
method was used to estimate the total catchment streamfloyy, eigenvectors obtained from the PCA (Eq. 1). Christo-
into the main reservoir water body. This mass balance teChbhersen and Hooper (1992) proposed that the number and
nique consisted of estimating the reservoir inflow from the ;yantification of the potential end-members could be deter-
variation over time in the reservoir storage volume and theyined by plotting the end-members in the PCA mixing space
total sum of outflows from the reservoir. This method proved yofined by stream water and defining the end-members rep-

to give reliable estimates of catchment total streamflow anqaganted in the stream water. More recently, Hooper (2003)
inflow in the reservoir (Vithanage, 2009). Streamflow was suggested that the number (or rank) of the end-members

also measured at sampling locations in the catchment during, 14 also be determined from stream chemistry data, using
the three sampling campaigns, using the chemical diIutionomy diagnostic tools.

technique (Hershy, 1995).
U=x*vT (1)

2.3.2Isotopic framework whereU represents ai(x m) matrix of stream chemical data

The conventional isotope hydrology concept introduced byCONSisting ofn s:;tmples andh one less than the number of
Craig (1961) uses the relationship betwer ands180  €nd-membersX* represents am(x p) matrix, wherep rep-

concentrations in natural waters from different places in the'€Sents the geochemical tracevshas a dimension{ x p).

world and compares isotopic enrichment relative to ocean Diagnostic tools of mixing models can be used to de-
water. This relationship shows a linear correlation over thel€'mine the geochemical tracers and the number of end-
entire range of waters that have not undergone excessivB€mbers in streams (F. Liu et al., 2008). Stream data are
evaporation and is defined by the global meteoric water lingiSed to develop a correlation matrix, followed by PCA to de-
(GMWL). The GMWL was generated from isotope data of 'termlne.: eigenvectors. The.stalndardlzed stream dgta are pro-
rivers, reservoirs and precipitation from various countries,/€ctéd intoU-space by multiplying the data by the eigenvec-
and is defined by the best-fit li#éH = 85180 + 10. Monthly tors, and then the PCA reS|d_uaIs are cpmputed. If the res_|d-
precipitation samples of any region give rise to a local mete-Uals show a random pattern in a 1-D eigenvector and a high
oric water line (LMWL) and, together with the relationship to » Probability is found, then this means two end-members are
the GMWL, are useful in explaining the relationship between "€€ded (Hooper, 2003). The aim of using this combination
the water and respective hydrological processes (Karim an@f diagnostic tools instead of a simple mixing model is to re-
Veizer, 2002). The LMWL is useful for interpreting local duce the u_ncertalntym c_hoosmg the r_lumberof end-members
water movements, sources, and processes to which the wat8Pd Selecting conservative geochemical tracers.
has been subjected (Dansgaard, 1964). X* = x*v{(vlv{)—lvl 2)

Our isotopic framework was based on the interpretation R
of local evaporation lines (LEL) as described by Wolfe et whereX* is the standardized stream data afidis the pro-
al. (2007). The LEL is useful for determining the evaporation jection of the standardized data using eigenvectok&olV
processes that have occurred in the various water source¥/as extracted using a correlation matrix of the stream data.
It is defined by a regression line through isotopic composi- We generated four scenarios with solutes(C8Q;,
tions of evaporating water surfaces in the catchment such afla”, NO; and K*) and two stable water isotope¥’H and
shallow groundwater. Regarding tbesymbol shown inthe  §180) obtained from 87 samples of stream water, sediment
LEL plot (Fig. 4), it corresponds to the isotopic composition pore water and shallow groundwater from wells, and addi-
of mean weighted local precipitation and refers to water inputtional chemistry data of precipitation in the 352%watch-
from precipitation. ment during 2008—2009.

2.3.3 End-member mixing analysis (EMMA) 1. Using the streams dataset in Matlab (R2011b version
7.13.0.564), we applied diagnostic tools such as PCA
Contributions of different end-members to streamflow were residual analysis ang probability to estimate the num-
determined using geochemical tracers based on EMMA in ber of end-members from stream water and the con-
combination with diagnostic tools of mixing models. In 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 observec
tracer concentrations), which was plotted against the v
observed sample. A random pattern of residuals indi- Z
cates a conservative mixing subspace, while a structurt

in the residuals can be attributed to non-conservative 8

behaviour or poor selection of end-members (Hooper, ,
2003). o

Streamflow (m® s') Z777///% precipitation (mm)
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2. End-member mixing analysis was then used with geo-« B
chemical tracers determined earlier to identify end- 3
members and to quantify the contributions of end-
members to streamflow. The identification of end- §
members was evaluated using the distance between th® 4 _| L
original chemical compositions antl-space projec-
tions (PCA scores). The firdf-space projection was
used to select the end-members and examine whethe
the projections of end-members were different from
streamflow.
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groundwater, pore water and precipitation) was calcu- 3 8 ¢ 2 8 § & 2 £ 2 3 2 2 8 ©
i - S B IJI QIR IR NRge?
lated with the distance shown as a percentage, and b Time (10-day).

dividing distance by the original chemical composition.

The shorter distance the better the fit of an end-membeg;y 5 pecade (10-day) time interval for precipitation and stream-
to EMMA. This methodology is mathematically compa- fiow of Roxo catchment during the study period (October 2008 to
rable to a common mixing model, for example hydro- september 2009).

graph separation using one tracer for two components

whereas we used the firgt-space projectionl(y) in a

two-end-member solution (F. Liu et al., 2008). 3.2 Spatial variation of stable water isotopes

2.3.4 Spearman’s rank correlation The stable water isotope composition (expresseédwatues)
revealed systematic differences in the streams and wells, es-

Once the end-member mixing analysis had been performedyecially during September 2009 (Table 1). For the entire pe-

we used a non-parametric Spearman’s rank correlation tegiod (2008—2009), minimum—<24.8 and—3.92) and max-

to investigate whether there was a relation between strearfimum (28.5 and 8.78) compositioa’H and §'80) values

nitrate concentration (mgNF#) and the percentage contri- were recorded in streams. Isotopic measuremen@&ldf

bution of end-members or water sources to the streamflow. ands80 in shallow groundwater from wells showed a mean
of —16 %0 and —2.58 %0 and—11.9 %0 and—1.17 %o, re-
spectively (VSMOW scale). Isotopic signatures of histori-

3 Results cal Beja’s station precipitation data (Paralta et al., 2007) has
) been typically located near to the global meteoric water line
3.1 Streamflow and rainfall for 2008—-2009 (GMWL), showing a calculated LMWL 0§2H = (7.6 1.2)

8180 + (8.34+9.1) on Fig. 3. Most of the stream water sample

Streamflow in the catchment shows a strong seasonal ﬂucf)oints were located below the LMWL although some were

tuat.ion, wi'Fh sevgral smaller creeks qf the stream networ pproaching the LMWL. The LEL is shown along the re-
having an intermittent flow regime. Figure 2 illustrates the gression line {2H = 4.65180 + 1.5), with a coefficient of de-

precipitation and streamflow response of the catchment, Usga mination ®?) of 0.9 (Fig. 4). The LEL connects the sam-
ing a 10-day (decade) time interval. Lowest precipitation Waspes from stream water, shallow groundwater and the Roxo
recorded during spring and summer, typical of dry Mediter- oo oir to precipitation samples. Low water flow is shown
ranean areas. Major rainfall events were registered dunngO be enriched in the heavy isotopes in streams and shal-

winter, particularly at the end of January 2009, reachingyq, groundwater, and typically more depleted in the case of
54.6 and 44.3 mm. Stream flows were generally low, aroun%recipitation.

0.05n? st during summer months, mainly in August and
September 2009, while the highest 10-day time-averaged
value reached 1.89%s 1 at the beginning of February 2009.
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Fig. 3. Distribution of stream water isotope chemistry along the

global (GMWL) and local meteoric water lines (LMWL). Fig. 4. Local evaporation line (LEL) of streamflow and shallow

groundwater for the wet (April) and dry (September) campaigns.

3.3 Hydrochemistry
in the 2-D mixing space, but only for Cland scj—.

Figure 5a, b and c indicates the field measurements?tdy The residuals in the 2-D mixing space were, however, still
8180, CI, K+, Na, NOj and S(ﬁ‘ in the streamflow, shal-  correlated with streamflow solute concentrations for most
low groundwater and sediment pore water, respectively. Sotracers, withR?>0.3. Therefore, there was no random
lute concentrations in streamflow did not vary significantly pattern between predicted and observed values, and the well-
over the three sample periods, while spatial variation was alstructured residual distribution indicated that there was no
ways presented (Fig. 5a). Sites corresponding to Al, A8—conservative mixing in this scenario. Hence, using dry and
A17 showed important peaks in stable isotopes and solutevet sampling data indicated a non-conservative behaviour
concentrations. Higher chloride and sulphate concentrationand also no conservative mixing of end-members. Therefore,
were detected in the streamflow at site Al, which is closeonly one single end-member is considered in the streams.
to the outfall of a municipal waste water treatment plant Further EMMA was therefore not relevant with regard to this
(Fig. 5a). Figure 5c relating to sediment pore water showeddataset.

a clear trend of increasing nitrate concentration nearer to the Scenario A2: We included all the data from Scenario Al

surface water. In addition, nitrate concentration in the topand we added stable isotope data{ ands80) of shallow
of the sediment is much larger than the concentration in theyroundwater and precipitation.

surface water. Residuals from all solutes and isotopes were also well

structured against measured concentrations in streamflow in
the 1-D mixing space, witlR? usually higher than 0.4 and

3.4.1 Geochemical tracers and number of end-members  ?=0-08. The residuals in the 2-D mixing space were also
correlated with streamflow solute concentrations for most so-

Scenario Al: We included all the data from wet and dry lutes, withR? near 0.6 angb < 0.01. In conclusion, this sce-

3.4 Diagnostic tools and end-member mixing analysis

seasons, with five solutes as geochemical tracers, (Ct, nario using dry and wet season data also indicated a non-
Nat, NO; and sci—) of sediment pore water, shallow Cconservative behaviour and no conservative mixing of end-
groundwater and precipitation samples. members. Hence, only one single end-member was found in

PCA residual analysis using five solutes was highly struc-the streams. We therefore split the datasets and removed the
tured against measured concentrations in streamflow in théry season samples from the analysis.
1-D mixing space, withR? usually higher than 0.3 and Scenario B1: We used only the wet season samples gath-
p=0.07. The degree of randomness significantly increaseered during October 2008 and March 2009 and we used five

Hydrol. Earth Syst. Sci., 16, 787499, 2012 www.hydrol-earth-syst-sci.net/16/787/2012/



M. A. Yevenes and C. M. Mannaerts: Untangling hydrological pathways and nitrate sources 793

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

524 s c s~ Nat Kt NOz DO 8?H s c s~ Nat  K* NO3 DO $2H s c- sz~ Nat K* NOz DO
Streams
Max -130 045 657 126 203 650 165 93 -7.60 -088 891 313 235 191 152 114 285 878 630 621 201 892 10 938
Min -21.5 -354 199 560 270 030 127 22 -21.1 -352 121 133 619 311 004 55 -248 -392 219 196 136 420 002 21
Average  —164 -268 283 823 980 241 724 60 -164 -258 243 597 157 760 570 7.6 -617 030 178 455 112 619 3.36 6.7
St. dev. 682 140 166 242 560 270 545 17 409 085 217 854 105 464 549 174 208 510 187 138 69.0 139 357 19
Median ~ -181 -3.25 220 790 820 120 481 57 -163 -233 197 402 119 627 580 74 -182 -225 120 499 130 618 271 6.9
N 15 5 15 15 15 15 15 15 17 717 17 1w 17 17 17 17 7w 17 17 17 17 17
Wells
Max 102 680 1450 470 202 93 -1000 -041 886 114 403 940 255 10 -170 216 523 572 441 440 182 83
Min 290 280 450 020 170 34 2140 -365 104 760 780 100 221 218 -21.3 -342 204 164 370 020 003 45
Average 504 510 752 210 103 59 -1656 -258 453 575 172 443 982 646 -119 -117 136 388 135 204 679 6.18
St. dev. 269 157 360 199 818 22 464 117 400 508 106 258 858 256 92 233 195 160 134 164 840 145
Median 39.6 579 650 135 991 61 -161 -287 159 301 140 460 711 635 -12 -132 529 392 770 230 249 61
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 177 170 263 407 543 197 583 172 502 155 326 82 246 89 248
Min 630 7.90 124 317 196 173 397 770 120 0.3 210 47 45 42 028
Average 115 115 165 383 3.76 187 520 111 381 087 1919 694 1216 65 0.85
St. dev. 404 339 492 034 127 910 535 340 136 050 1050 721 902 16 070
Median 114 106 150 397 4.02 186 528 970 430 080 2325 448 1600 68 055
N 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20

solutes as geochemical tracers (CK*, Naf, NO; and  p <0.1, respectively, which was not enough to take them

So}l*) of streamflow. into account in the next analysis. Therefore, according to
Figure 6a shows the distributions of residuals of Ma* this variability the streamflow chemistry was primarily con-

and S(if in a random pattern in the 1-D mixing space, with trolled by conservative 2-D mixing space, and then three end-

R? values less than 0.2 and= 0.4. In contrast NQ showed members can give us signals of flowpath proportional con-
) L ’ tributions. The geochemical tracers (CISC}~, §2H and

a highly structured pattern, witR“ of 0.90 andp < 0.001, 18 g : ,

and K- with R? of 0.42 andp=0.03 and which was not 31°0) detected with the res@ual analysis were used to run a

enough for it to be taken into account in the next analysis."€W PCA for the studied period, EMMA and streamflow sep-

The variability increased in the 2-D mixing space, Wit arat|op. Two eigenvectors were adequate (indicating three

less than 0.1 ang > 0.2. Therefore, according to this vari- potential .end-_members) for shallow groundwater, pore water

ability in the first and secondary components, the streamflovxie‘nd precipitation. ) .

chemistry was controlled by the three solutes QVa*™ and A closer look at the residual plots from Scenarios B1 and

sof; and defined by conservative 2-D mixing space, which B2 (Fig. 6a and b) permitted two outliers to be detected (orig-

means three end-members and can give us signals of flownating infthe two field (r:]afmfdaigé]s from samplc(aj poizt Al and
path proportional contributions. A9). Confrontation with field observations and evidence in-

. dicated point source contamination from a waste water treat-
Therefore, a new PCA was m ing onl " an i : .
erefore, anew PCA was made using only (Na" and ment plant outfall (A1) releasing residual waste water di-

SC; ", which are.conservatlv.e upon mixing, and these SOIUteSrectly into the stream network (Fig. 1). This waste outfall
were employed in EMMA using the three end-members (sed- ~ . : X _

; - Ctypically increases salt concentrations as @hd Scﬁ as
iment pore water, shallow groundwater and precipitation).

L2 . well as nitrogen levels i.e. ammonia and organic-N, but not
PCA scores a¥-space projections were calculated using the . ; -
. . nitrate concentrations as shown in Fig. 6a and b. The PCA
eigenvectors extracted from these conservative tracers.

idual lysis theref i i
Scenario B2: We used the data from Scenario AL an and residual analysis therefore proved to be good diagnostic

. . : dtools for the detection of contamination as well. The prac-
available stable isotopes?H ands180) of streamflow. Fig- P

6b sh he distributi f residuals b .. tical use of outliers in diagnostic analysis and EMMA was
ure shows the distributions of residuals between origi-_ o suggested by Hooper (2003).

nal concentrations, and predicted values for the 1-D and 2-

D mixing spaces referred to the main two principal com-3 4.2 |dentification and validation of end-members
ponents. This figure shows that the distributions of residu-

als of CI, SG;~, 62H and$%0 show a near-random pat- A new PCA was made for Scenarios B1 and B2, considering
tern in the 1-D mixing space, witk? values less than 0.2 the three potential end-members and with only the geochem-
and p > 0.3. The variability increased in the 2-D mixing ical tracers that had passed the residual analysfs; SIDﬁ‘
space for the four tracers, witk? less than 0.1 ang > 0.4.  and N& for Scenario B1 and?H, 5180, CI-, SOfl‘ for B2.

In contrast, in this scenario Na NO; and K" presented PCA scores a&-space projections were calculated using the
more structured values fak? of 0.25, 0.96 and 0.54 and eigenvectors extracted from these geochemical tracers using
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Fig. 5. Chemical composition of?H, 5180, CI~, SOZ:’, Nat, NO; and KT in: (a) surface water (squares indicate the Chamimer to
the reservoir, inverted triangles indicate the reservoir to Victoria riygy)shallow groundwater an@) pore water during the three periods.

Sampling points (Al to A17) are numbered from 1 to 17 in the plots.
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the correlation matrix indicated in Sect. 2.3.3. The difference

between the firstl{;) and secondaryl{2) U-space was pro- 1 OAl 1
jected for the appraisal of end-membdrs.andU> values of 4 4
shallow groundwater samples were slightly higher than those 0 120 240 0 120 240

Measured solutes concentrations (mg L-1)

of streamflow and similar to those of pore water.

Finally, end-members were identified using the orthogonalrig_ g, Piot of residuals versus original concentrations of solutes
distance between their original compositions dhespace  and stable isotopes for wet and dry seasons from the 1-D mixing
projections from the PCA. For Scenario B1, a hydrographspace and 2-D mixing spaces for Scenario B2 (outliers are identified
separation permitted the proportional contributions from thein the plots).
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 proportional3.5 Sources of nitrate
contributions from the end-members: groundwater 56 %,
sediment pore water 32% and precipitation 12 % — whichOnce we had obtained the estimated water source contribu-
is similar to Scenario B1. 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
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and the percentage of streamflow for the main end-membersf the concentration of salt in the water due to their conserva-
Shallow groundwater and sediment pore water percentagetive nature showed high concentrations (Table 1). In general,
showed a good correlation with stream nitrate valuggifs Cl~ concentrations were largest in the streams, ranging from
and pporewater0.56 and 0.79, respectively). Apparently pore 21.9 to 891 mg1! and from 13.3 to 313 mgt, respectively.
water is playing an important role in the exchange of nitrateThese values are due mainly to the shallow depth and inter-
with the stream water. An additional Spearman’s rank cor-mittent pools in several sections in the stream network that
relation test using historical nitrate data of June 2003 andoermit water stagnation and evaporation. Major values were
December 2004 from shallow groundwater and stream wateobserved in the first sampling point (Al; corresponding to
yielded similar resultsdyels:0.52 and 0.65) and confirmed the stream location downstream of the waste water treatment
our hypothesis on nitrate source origins (Table 2). Moreoverplant outfall) (Figs. 1 and 5a). It is known that NaCl contri-
if we compared our highest Clconcentrations in stream wa- butions from households can thoroughly change water qual-
ter and shallow groundwater, the concentrations of chloridety (Appelo and Postma, 2007). High chloride and sulphate
showed synchronicity between concentrations of streamflonconcentrations in wells showed high correlation=0.97),
and shallow groundwater. This implies that chloride con-indicating an evaporative mechanism in combination with
centrations in the stream depend upon the relative contribua longer residence time. Outliers corresponding to site Al
tion from shallow groundwater, where Clconcentrations were identified using the residual plots from Scenarios B1
are more stable than in the stream waters. and B2 (Fig. 6a and b). This indicated either errors in the
data or different processes controlling the chemistry of the
water samples.
4 Discussion
4.2 Evaluation of end-member mixing analysis
4.1 Water isotopes and solutes abundance in Roxo
catchment The numbers of end-members and conservative geochem-
ical tracers were determined by combining chemical and
Over the entire study period, a low streamflow regime pre-isotope data from stream water, based on Christopher and
vailed and isotope signatures were below the LMWL andHooper (1992) and Hooper (2003). The selection of end-
close to, but slightly different from, the LEL, reflecting a members and number of conservative tracers was quantita-
mixture of shallow groundwater and a small influence of tively evaluated using diagnostic tools of mixing models as
rainfall sources (Figs. 3 and 4). The precipitation values deresidual analysis from PCA (Fig. 6a and b). Two scenarios
fine the LMWL, which is only marginally above the GMWL for the wet season campaign with different combinations of
(see Fig. 3). The slight deviation of the LMWL from the solutes and isotopes were well reproduced (Fig. 6a and b).
GMWL is a confirmatory point, since such behaviour of pre-  We agree that the seasonal campaigns using approximately
cipitation composition has been commonly observed in sim-30 points for hydrochemistry and isotopes and additional in-
ilar drier regions (Meredith et al., 2009). The data from the formation on continuous streamflow can be criticized for us-
LEL (Fig. 4) provided information on the secondary pro- ing a small sample size in time. However, this data analysis
cesses acting on the water as it travels from its source into theermitted us to verify to what extent relatively limited spatial
surface water. However, the LEL for stream water and shalsamples and a few discrete but well-chosen sample periods
low groundwaters?H = 4.6580 + 1.5 (Fig. 4), indicated that  could indicate source contributions of water and nitrate to a
these waters have experienced evaporation. These enrichedtchment stream network.
or highers-values fors?H ands'80 isotopes can be observed
during September 2009 (Table 1). Stream waters (8.78 %}4.3 Biogeochemical control
were enriched in heavy isotopes as a consequence of evap-
oration with respect to shallow groundwater (frem.42%0  Hydrological flow paths have significant functions in con-
t0 2.16 %o). It is known that during low-flow periods in semi- trolling catchment-scale biogeochemical processes. Con-
arid areas evaporation generates characteristically heavy iseributions of water flow paths identified using geochemical
tope enrichment in residual surface waters above +3 %o (Gontracers can be used to distinguish hydrological and biogeo-
fiantini, 1986). The difference in stable isotope compositionchemical control of nitrogen (Mulholland and Hill, 1997).
between the shallow groundwater and the stream water calherefore, nitrate levels in streamflow can be predicted using
be used for tracing the contributions of water to the streamsseveral flow components determined by geochemical trac-
This is hinted in Fig. 4, where shallow groundwater samplesers, and then compared with measured values. Over- and
are not that close to the stream samples in summer samplingnder-estimation of nitrate concentrations in stream water
in the LEL. This fractional contribution is confirmed by the suggest gain or loss of nitrate during streamflow generation,
EMMA in the next sections. and thus identify the dominant processes controlling this nu-
Heavier isotopic values were also related to higher aniontrient (Mulholland, 2004). In our study, shallow groundwater
concentrations. Chloride and sulphate, as suitable indicatoris the main contributor to the streamflow and shows a positive
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Table 2. Historical levels (mg NT1) and the Spearman’s Rho coefficien) between measured nitrate concentrations in shallow groundwa-
ter and the proportion of water from the space projection of EMMA.

Date Water NG, Spearman N Reference
sample range ranko{
streams 0.78-16.6 - 25 Wi ; i
June 2003 Historical campaign from Water Resources

wells 3.5-17.7 0.52 25 Department*

streams  0.29-12 - 2
December 2004 Paralta et al. (2007)
wells 0.61-14.2 0.65 11

streams - -
May 2006 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-the stream network as a source of drinking water, may in-
rect evidence of the importance of in-stream processes alsduce additional fertilization and local differences in stream
comes from the analysis, showing that nitrate concentrationghemistry.

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. 1t5  Conclusions

can be most probably attributed to nitrate consumption such

as denitrification in the stream water or streambed. This car;rhIS study of the intermittent stream network of the upper

be demonstrated for instance by lowess(mg 1) dissolved Roxo catchment in South Portugal involved three seasonal

oxygen concentrations (DO) in the streams (Table 1). How_spatial sampling campaigns and quantitative hydrochemical

ever, it would be necessary to quantify the in-stream assimi-and isotope analysis. Our objective was to see whether a spa-

lation, nitrification or denitrification processes in the stream t|a! sample-?dasbed anzlyss, l:js'?g season]:al obsec;va:!on car(r;-
water and sediment. paigns, could be used as a data source for conducting end-

o ] ) _ member mixing analysis to identify water and nitrate sources
Preliminary experimental analysis and the results of thisy, the streamflow. The non-parametric Spearman’s rank anal-
study in sediment pore water also suggest that in-stream praygis was used to correlate source contributions to nitrate lev-

cesses are occurring in the streambed. Pore water valugss in the streamflow. End-member mixing analysis in com-
show that nitrate concentrations decreased below the intelination with exploratory analysis was used to identify and

face stream water-sediment and later slightly increased Wit"huantify the proportional contributions of the main water

depth, which is likely involving biogeochemical reactions gqoyces to the streamflow. The analysis used geochemical
(Fig. 5¢c). As well, conservative solutes such as @aried  acer data from precipitation, stream water, alluvial sedi-
only slightly with depth in the sediment. One explanation of ot pore water and shallow groundwater.
the low nitrate concentration at the water-sediment interface The use of a relatively limited number-80 points) of
is the nitrate consumption and the microbial activity at the spatially distributed sampling points in one dry and two
interface and in the top layer of the sediment (Curie et al.,yet seasons permitted us to distinguish shallow groundwa-
2Q09). The I|_m|tec_j length _(20 cm) of t_he s_edlmen_t COre Per-tar as the major contributor to streamflow in all analysis pe-
mitted us to identify the biogeochemical interactions at thejogs. proportional contributions in the two scenarios were
sediment water interfac.e, but not the full pathway towardsg.q,nd 50 % for groundwater, followed by sediment pore
the groundwater (Pfenning and McMahon, 1996). water (~40 %) and rainfall 10 %). The largest hydrologi-
The higher nutrient concentrations in some points of thecal source contributor, shallow groundwater, appears also di-
streams appear to come from the localized organic-rich marectly related to stream nitrate concentrations. A high pore
terials and sediments transported by superficial slope runoftvater proportion in the streamflow means that it contributes
and deposited naturally near the stream network. In addisignificantly to the control of the water chemistry of the
tion, the presence of livestock, such as herds of cattle, sheegireams. A relation between stream nitrate and precipitation
breeding or goats and intensive pig farming (Fig. 1) that useand also direct surface runoff could not be derived from the
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datasets. The analysis suggests that the main nitrate pathwaierschy, R. W.: Streamflow Measurement, E. & F. N. Spon, 2nd
to the stream network in this catchment is through soil leach- Edn., London, UK, 524 pp., 1995.

ing and re-appearance in the shallow aquifer baseflow. Thiglooper, R. P..  Diagnostic tools for mixing models of
biogeochemical aspect, together with the other nitrogen cycle Stream water chemistry, \Water Resour. Res. 39, 1055,
components in the catchment, is currently being investigated do':10;1029/2002WR001528003- .
and will be reported in another research contribution. Furthef "achowitz, M., Bohte, R., Mul, M. L., Bogaard, T. A., Savenije,

studies would also be necessary in order to elucidate stream H. H. G., and Uhlenbrook, S.: On the value of combined event
) y runoff and tracer analysis to improve understanding of catchment
nitrate responses to extreme storm events.

functioning in a data-scarce semi-arid area, Hydrol. Earth Syst.
Sci., 15, 2007-202410i:10.5194/hess-15-2007-2Q2D11.
AcknowledgementsThis study was supported by the Faculty karim, A. and Veizer, J.: Water balance of the Indus river basin
of Geo-Information Science and Earth Observation (ITC) of the  5nd moisture source in the Karakoram and Western Himalayas:
University of Twente, which financed fieldwork campaigns through  jmpjications from hydrogen and oxygen isotopes in river water, J.

a PhD research grant. We gratefully acknowledge the help and data Gegphys. Res.-Atmos., 107, 436®i:10.1029/2000JD000253
support of Jorge Maia of COTR, Rui Nobre of Escola Agraria de  5gq2.

Beja, and Carlos Marques of the ABROXO lIrrigation Authority. |y F. Bales, R. C., Conklin, M. H., and Conrad, M. E.: Stream-
We thank RafaeI_Bermudez for I(_)gistic and technical support in  fiow generation from snowmelt in semi-arid, seasonally snow-
the 2008-2009 fieldwork campaigns and the ITC MSc student cqyered, forested catchments, Valles Caldera, New Mexico, Wa-

Chenai Madabombe from Zimbabwe for her contribution to the o Resour. Res., 44, W124480i:10.1029/2007WR006728
data collection and preliminary analysis work. The authors would 58,

like to thank David Rossiter and the anonymous reviewers for their j, v, Fan, N., An, S., Bai, X., Liu, F., Xu, Z., Wang, Z., and Liu,

valuable comments and suggestions to improve the manuscript.  s.: Characteristics of water isotopes and hydrograph separation
during the wet season in the Heishui River, China, J. Hydrol.,
Edited by: A. D. Reeves 353’ 314_321] 2008.

McHale, M. R., McDonnell, J. J., Mitchell, M. J., and Cirmo, C. P.:
A field-based study of soil water and groundwater nitrate release
References in an Adirondack forested watershed, Water Resour. Res., 38,
1031,d0i:10.1029/2000WR000102002.
ABROXO: Meteorological data of Roxo reservoir station, Assoc. Meredith, K. T., Hollins, S. E., Hughes, C. E., Cendon, D. I, Han-
Water Users of Roxo, Technical bulletin, 2009 (in Portuguese). kin, S., and Stone, D. J.: Temporal variation in stable isotopes
Appelo, C. A. J. and Postma, D.: Geochemistry, Groundwater (180 and2H) and major ion concentrations within the Darling
and Pollution, 2nd Edn., A.A. Balkema Publishers, Leiden, The river between Bourke and Wilcania due to variable flows, saline
Netherlands, 649 pp., 2007. groundwater influx and evaporation, J. Hydrol., 378, 313-324,
Bernal, S., Butturini, A., and Sabater, F.: Inferring nitrate sources 2009.
through end-member mixing analysis in an intermittent Mediter- Mul, M., Mutiibwa, R. K., Uhlenbrook, S., and Savenije, H.: Hy-
ranean stream, Biogeochemistry, 81, 269-289, 2006. drograph separation using hydrochemical tracers in the Makanya
Christophersen, N. and Hooper, R. P.: Multivariate analysis of catchment, Tanzania, Phys. Chem. Earth, 33, 151-156, 2008.
stream water chemical data: the use of principal componentsviulholland, P. J.: The importance of in-stream uptake for regulating
analysis for the end-member mixing problem, Water Resour. stream concentrations and outputs of N and P from a forested wa-

Res., 28, 99-107, 1992. tershed: evidence from long-term chemistry records for Walker
Craig, H.: Isotopic variations in meteoric waters, Science, 133, Branch Watershed, Biogeochemistry, 70, 403-426, 2004.

1702-1703, 1961. Mulholland, P. J. and Hill, W. R.: Seasonal patterns in streamwater
Curie, F., Ducharne, A., Sebilo, A., and Bendjoudi, M.: Denitrifi-  nutrient and dissolved organic carbon concentrations: separating

cation in a hyporheic riparian zone controlled by river regulation  catchment flow path and in-stream effects, Water Resourc. Res.,
in the Seine river basin (France), Hydrol. Process., 23, 655-664, 33, 1297-1306, 1997.

20009. Ocampo, C., Oldham, C. E., Sivapalan, M., and Turner, J.: Hy-
Dansgaard, W.: Stable isotopes in precipitation, Tellus (Sweden), drological versus biogeochemical controls on catchment nitrate
16, 436-468, 1964. export: a test of the flushing mechanism, Hydrol. Process., 20,

Didszun, J. and Uhlenbrook, S.: Scaling of dominant runoff 4269-4286, 2006.
generation processes: Nested catchments approach ugaralta, E. A. and Oliveira, M. M.: Assessing and modelling hard
ing multiple tracers, Water Resour. Res., 44, WO02410, rock aquifer recharge based on complementary methodologies: a
doi:10.1029/2006WR005242008. case study in the Gabbros of Beja aquifer system (South Portu-
Dunn, S. M., Vinogradoff, S. I., Thornton, G. J. P., Bacon, J. R.,  gal), 2nd Workshop of the Iberian Regional Working Group on
Graham, M. C., and Farmer, J. G.: Quantifying hydrological bud-  Hardrock Hydrogeology'zvora, Portugal, 15 pp., 2005.
gets and pathways in a small upland catchment using a combine@aralta, E. A., Carreira, P., and Ribeiro, L. F.: Assessing agriculture
modeling and tracer approach, Hydrol. Process., 20, 3049-3068, pollution in the Beja aquifer using nitrogen isotopes (South Por-
2006. tugal), International Symposium on Advances in Isotope Hydrol-
Gonfiantini, R.: Environmental isotopes in lake studies, in: Hand- ogy and its Role in Sustainable Water Resources Management,
book of Environmental Isotope Geochemistry, Vol. 2, Elsevier, |HS-2007, IAEA, Vienna, Austria, 6 pp., 2007.
Amsterdam, 13 pp., 1986.

Hydrol. Earth Syst. Sci., 16, 787499, 2012 www.hydrol-earth-syst-sci.net/16/787/2012/


http://dx.doi.org/10.1029/2006WR005242
http://dx.doi.org/10.1029/2002WR001528
http://dx.doi.org/10.5194/hess-15-2007-2011
http://dx.doi.org/10.1029/2000JD000253
http://dx.doi.org/10.1029/2007WR006728
http://dx.doi.org/10.1029/2000WR000102

M. A. Yevenes and C. M. Mannaerts: Untangling hydrological pathways and nitrate sources 799

Pfenning, K. S. and McMahon, P. B.: Effect of nitrate, organic car- Uhlenbrook, S., Didszun, J., and Wenninger, J.: Source areas and
bon, and temperature on potential denitrification rates in nitrate- mixing of runoff components at the hillslope scale: a multi-
rich riverbed sediments, J. Hydrol., 187, 283-295. 1996. technical approach, Hydrol. Sci. J., 53, 741-753, 2008.

Seeberg-Elverfeldt, J., Schkr, M., Feseker, T., anddfling, M.: Vithanage, I.: Analysis of nutrient dynamics in Roxo catchment
Rhizon sampling of porewaters near the sediment-water interface using remote sensing data and numerical modelling, MSc Thesis,
of aquatic systems, Limnol. Oceanogr.-Meth., 3, 361-371, 2005. ITC, Enschede, 103 pp., 2009.

Sen, P. and Gieske, A.: Use of GIS and remote sensing in identiWolfe, B. B., Karst-Riddoch, T. L., Hall, R. I., Edwards, T., English,
fying recharge zones in an arid catchment: a case study of Roxo M. C., Palmini, R., McGowan, S., Leavitt, P. R., and Vardy, S.
river basin, Portugal, J. Nepal Geol. Soc., 31, 25-32, 2005. R.: Classification of hydrological regimes of northern floodplain

Tesoreiro, A., Duff, J. H., Wolock, D., and Spahr, N.: Identifying basins (Peace-Athabasca Delta, Canada) from analysis of stable
pathways and processes affecting nitrate and orthophosphate in- isotopes ¥0 and?H) and water chemistry, Hydrol. Process., 21,
puts to streams in agricultural watersheds, J. Environ. Qual. — 151-168, 2007.

Technical Reports, Surface Water Quality, 38, 1892—-1900, 2009.

www.hydrol-earth-syst-sci.net/16/787/2012/ Hydrol. Earth Syst. Sci., 16, 78799, 2012



