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22 ABSTRACT:
23 . . . . . . . .
24 This study aims at evaluating sources and processes affecting nitrate concentrations in the Oglio
25 River. Five sampling campaigns considered the main watercourse, tributaries, point pollution
26 sources, springs, and groundwater. Physico-chemical parameters, N forms, B, Sr, stable isotopes
;; (8Hmz0, 8Om0, 8" Nno3, 8'*Onos, 8''B) and discharge were measured. Hydrological modelling
59 was performed using mass balance and End Member Mixing Analysis equations.
30 During the irrigation period, in the upstream reach, up to 90% of the natural river flow is diverted
31 for irtieati . . i . . .
35 or irrigation and industrial purposes; excess water drained from agricultural fields is returned to
33 river in the downstream reach.
34 Results evidenced, in the middle reach, a large input of nitrate-rich groundwater which could be
35 . . . . . .
36 quantified using hydrological modelling. Groundwater inputs are responsible for the sharp, tenfold
37 increase in nitrates in the river water, from 2.2-4.4 up to 33.7 mg L™, and are more evident in
38 summer, when discharge is lower. Nevertheless, river water preserves its natural boron isotopic
2(9) composition, indicating that the two tracers do not have a common origin and are not co-migrant.
41 In the lower plain, surface-groundwater interconnections and human disturbances in the water cycle
g favour the recycling of the compounds in the environment, and lead to the formation of similar
a1 chemical pools among the water compartments. The long lasting agronomical practices have
45 profoundly modified the surface-groundwater equilibrium and chemical characteristics, resulting in
46 a highly buffered system. Infiltrating irrigation water leaches down nitrates which are subsequently
47 denitrified; when returned to the river, groundwater modifies its composition by dilution, in the case
22 of nitrates, or by addition, for other constituents.
50 The results of this study have relevant implications for the management of nitrate pollution in this
o1 watershed, suggesting that, in order to reduce the nitrate transport towards the Adriatic Sea,
52 2 : :
53 groundwater contamination should be addressed first, with expected long recovery times.
54
55
56 Keywords: nitrate contamination, surface-groundwater interaction, stable isotopes, hydrological
2; modelling, Po Plain
59
60
6l
62
63
64 1

[e))
ul



O ~J o U b WN -

AT IUIOTOTOTOTE B D DD D DNSWOWWWWWWWWWRNNNRNONNNMNNONNNR R RR PR PR
B WNFROWOVWOJIONUDdWNRFR,OWO-JAUEd WNHFROWOJIAOEWNHEOWOW®-JOUEWNR OWOW-ToUd WN EFE O W

1. INTRODUCTION

The large excess of reactive nitrogen in aquatic bodies is increasingly documented worldwide
(Smith, 2003; Galloway et al., 2008) and brings to a number of negative impacts on ecosystems,
from eutrophication to anoxia, with relevant potential implications for human health (Smith et al.,
1999; Ward et al., 2005; Van Grinsven et al., 2006; Vitousek et al., 1997). Reactive nitrogen
originates from multiple sources, including partially treated or untreated sewage, and leaching or
runoff from agricultural areas (Erisman et al., 2011). Its way to surface or subsurface aquatic bodies
is facilitated by the absence of landscape elements such as riparian buffer strips, by the
disappearance of wetlands, by the industrial exploitation of areas unsuitable for agriculture such as
gravel soils and by irrigation practices based on flooding with large water volumes (Kato et al.,
2009; Durand et al., 2011; Racchetti et al., 2011; Perego et al., 2012). Agricultural and industrial
activities, together with civil water use, also heavily alter the hydrological cycle: increasing water
volumes are annually abstracted from surface and ground waters, modifying natural flows, retention
times, water table fluctuations and groundwater recharge (Dynesius and Nilsson, 1994; Rosenberg

et al., 1997; Vorosmarty and Sahagian, 2000).

Recent literature reports numerous studies on nitrogen dynamics at the catchment scale (Rock and
Mayer, 2006; Wollheim et al., 2008) and investigations on nitrate origin in surface water courses
(Neal et al., 2006, 2008; Ribbe et al., 2008; Lassaletta et al., 2009). Generally, great attention is paid
to surface-groundwater interaction (Pittman et al., 1997; Jones and Mulholland, 2000; Reichard and
Brown, 2009; Ouyang, 2012) and to the processes of assimilation and biological removal (Neal et
al., 2008; Alexander et al., 2009). Studies are mainly based on the combined interpretation of
chemical data with statistical techniques, GIS and mathematical models. Recently, the importance
of including also isotope geochemistry in environmental studies (Clark and Fritz, 1997; Kendall and
McDonnell, 1998; Michener and Lajtha, 2007) has been widely recognised, as reported in different

reviews (Nestler et al., 2011; Xue et al., 2009; Fenech et al., 2012).
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Stable isotopes of dissolved nitrates provide a tool enabling to distinguish between nitrates of
different origin, to recognize and quantify denitrification in lentic and lotic aquatic environments,
and to discuss the N budget in the soil-water system (Clark and Fritz, 1997; Bohlke et al., 2004;

Kendall et al., 2007; Mulholland et al., 2004; Mullholand et al., 2008).

The comparison between 8" Nyos and 80y values allows the discrimination between N sources
and main biological processes (i.e. nitrification, denitrification and assimilation) affecting nitrate
concentration (Mayer et al., 2002; Voss et al., 2006; Lee et al., 2008; Deutsch et al., 2009). Stable
isotopes, combined with NOs™ analyses, allowed to distinguish between benthic denitrification and
denitrification processes occurring in riparian or hyporheic zones of an artificial basin (Der Lake,
France) and in the entire hydrographic network of the Seine basin (Sebilo et al., 2003). Mass
balances of nitrate isotopes allowed to attribute to phytoplankton assimilation the main decrease of
nitrate concentration in a ~600 km long reach of the Elbe River, as also indicated by the increase of
chlorophyll a, while bacterial denitrification was comparatively less important (Deutsch et al.,
2009). Mayer et al. (2002) reported low nitrate concentrations in surface waters of forested north
American basins and identified by means of isotopic techniques soil nitrification as the main nitrate
source. They also evidenced an increase of 8'°Nyo, associated to anthropogenic organic matter (civil
waste and manure) in basins with increased urbanization and agricultural activities. Lee et al. (2008)
reported similar results for the Han River, with strong correlation between dominant land use and
isotopic signals of 8 Nyos. Nevertheless, the coupled analysis of 89 Nyos and 880y, does not allow
to distinguish manure derived from wastewater derived nitrates (Kendall et al., 2007). To
encompass this difficulty, other chemical or isotopic tracers were investigated (e.g. Otero et al.
2009; Fenech et al., 2012; Cary et al., in press; Saccon et al., in press), among which boron (SHB) is

the most promising (Widory et al., 2005; 2013).

In an agricultural basin of Flanders, the combined analysis of boron and nitrate isotopes assessed

the contribution of domestic sewage and greenhouse effluents to the observed nitrate contamination
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(Accoe et al., 2008), while in the Dommel river basin, the combined use of 8"'B, *’Sr/**Sr and
gadolinium permitted to distinguish the various sources of anthropogenic contamination (Petelet-

Giraud et al., 2009).

Several studies focused on small basins (Deutsch et al., 2006a, b; Burns et al., 2009; Petitta et al.,
2009; Di Lorenzo et al., 2012). These are generally characterized by one dominant land use type
(e.g. forest, agricultural, urban), hence nitrate origins and processes affecting concentrations are
more easily identified than in larger basins, where multiple contamination sources may coexist

(Burns et al., 2009).

Furthermore, the application of mixing models is another effective tool for determining nitrate
origin (Deutsch et al., 2006b; Accoe et al., 2008). The use of nitrate isotopes in a mixing model
with three different end-members (i.e. drainage water, groundwater and atmospheric deposition)
allowed for the quantification of the relative contributions of the three sources to nitrate in a river
situated in a small agricultural basin. The obtained percentages were also consistent with the results
obtained applying a model for the estimation of nutrient flows in surface watercourses (Deutsch et

al., 2006b).

In summary, the combined hydrochemical, hydrogeological, isotopic and modellistic approaches
has proven useful in identifying sources and processes affecting nitrate concentrations in small river
basins, where well constrained situations are present, or in large river basins, where a dominant land
use is present. Very few studies addressed large and heavily impacted river basins, where multiple
sources of nitrogen are present and where surface-groundwater interactions vary along the water
course. In order to deepen the knowledge of N dynamics in heavily impacted watersheds and altered
river courses, an holistic approach combining information from hydrochemical, isotopic and

hydrologic data is necessary, but is still missing.

The Oglio River basin is a good example of basin impacted by agricultural and livestock farming

and with an elevated density of inhabitants in the Po River plain (Northern Italy). Soana et al.
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(2011) demonstrated for this watershed a large excess of reactive nitrogen, together with a deep
alteration of the river course hydrology. Furthermore, the upstream reaches are fed by seasonally
variable amount of groundwater, with a pronounced effect on water chemistry in summer due to

lower flows and higher recharge.

In this paper we present hydrological, hydrochemical and isotopic results obtained in the lower
Oglio River combined together with a mass-balance approach, with the aim to evaluate the sources
and processes affecting nitrate concentrations in the river water, and to investigate the role of
groundwater as nitrogen sink or source along the water body. Based on previous investigations
(Racchetti et al.,, 2011; Soana et al., 2011; Bartoli et al., 2012; Sacchi et al., in press), we
hypothesized that i) manure and synthetic fertilizers are the dominant N sources in this agricultural
basin, ii) the upstream river portion, flowing on a gravel-rich substratum, accumulates nitrates due
to large river-(polluted) groundwater interactions and iii) the downstream river portion, flowing on

fine, organic rich sediments, is a N sink.

The understanding of nitrate sources and sinks in impacted European river basins is also implicitly
required by the Nitrates Directive (Directive 91/676/EEC) and Water Framework Directive
(Directive 2000/60/EC). The improvement of the water quality in the European countries is a goal
to be achieved by 2015 and nutrient monitoring is a mandatory tool to define the water quality
status. Nevertheless, in several impacted watersheds, the limitations imposed by the EC Directives
to the use of fertilizers in agriculture (especially manure) do not seem to be very effective in
preventing or attenuating contamination (EEA, 2010), indicating the need for an unambiguous

identification of the N sources and cycling.
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2. STUDY AREA

The lower Oglio River (from here onwards Oglio River) originates from the subalpine Iseo Lake,
and flows for about 156 km before entering the Po River (Fig. 1a). Its watershed lays in the central

part of the Po plain (northern Italy), covering an area of ~3,840 km®.

Intensive agriculture, industries and human settlements make the Po River watershed a key,
strategic area for the Italian economy, while generated and transported N loads have a recognised
impact on the Mediterranean ecosystem (Franco and Michelato, 1992; Zoppini et al., 1995;
Cinnirella et al., 2005). In this context, the Oglio River basin is representative of the most impacted
central areas of the Po plain, with nitrate pollution arising from multiple sources, often cumulative.
Soana et al. (2011) reported that arable land represents about 60% of the Oglio River watershed and
maize is the dominant crop, covering about 65% of the arable surface; urbanized land occupies
about 12% of the watershed area (~ 450 km?). The water cycle of Oglio River is altered by six
hydroelectric power plants that temporarily subtract relevant water volumes from the main course,
and by a large number of artificial diversions feeding an extensive network of irrigation canals,
developed some 500 years ago. During the irrigation period (from late April to early September)
large water volumes, up to 90% of the natural river flow, are diverted for watering and other
industrial purposes. Most water abstraction structures are located in the upstream reach (from km 0
to km 42), while excess water drained from agricultural fields is returned to the Oglio River, mostly

after km 66.
The water balance of the Oglio River results from these components:

1. Water flowing out of the Iseo Lake from the Sarnico dam. This amount is strictly regulated
to maintain a steady water level in the Lake, and retain water during non-irrigation periods

in order to release more water for agricultural needs during summer. Water release from
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Iseo Lake is 45+33 m’s™ during the non-irrigation period, and 67+32 m’s” during the

irrigation period (Oglio Consortium data, available at www.laghi.net/Oglio/).

2. The main natural tributaries, namely the Cherio River (confluence at km 15), the Strone
River (km 75), the Mella River (km 92), and the Chiese River (km 123). Due to the
geodynamic evolution of the Po valley, the main tributaries enter the Oglio River in the

downstream reach (Fig. 1b).

3. A series of small tributaries and artificial drainage channels. Among these, the more
quantitatively relevant are the Roggia Saverona at km 66, Dugale Aspice at km 95, Seriola
Gambara at km 104, Naviglio di Isorella at km 116, Scolo Cavata at km 132 and Canale
Acque Alte at km 142. During the crop growing season, in summer, they can reach up to 10

m’s™ of discharge each.

4. Groundwater. According to Lombardy Region (2006), the Oglio River is draining variable
amounts of groundwater for most of its length. As a reference, the Oglio Consortium,
managing the water release from the Sarnico dam, considers a groundwater input to the
Oglio River, from late spring to the beginning of autumn, of about 0.5 m® s km™ between

km 30 and km 40.

5. Direct precipitation. The climate is classified as temperate continental (mean annual
temperature about 13°C, mean precipitation about 800 mm), with cold winters and hot

summers, spring and autumn being characterised by the highest precipitation amount.

The Po plain is filled with sediments belonging to the continental depositional system of Plio-
Pleistocenic age (IRSA-CNR, 1981; Carcano and Piccin, 2002), overlying the marine depositional
sequence, and derived by erosion of the Alpine and Apennine ranges. The unconfined aquifer is
made of coarse gravels and sands, reaching a cumulative thickness of the water bearing layers from

30 to 150 m at the centre of the Po basin. The grain size decreases with increasing distance from the
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sediment source (i.e. from N to S and from W to E). Accordingly, the permeability of the aquifer in
the higher plain greatly exceeds that of the lower plain. The recharge area is located in the Alpine
foothills, but the unconfined aquifer is also recharged by direct infiltration of precipitation and
irrigation water all over the plain area. Groundwater flow is directed towards the Po River (i.e.
roughly oriented N-S in the pre-alpine sector) and is strongly controlled by draining action of the Po
River and its tributaries, including the Oglio River (Lombardy Region, 2006). The transition
between the higher and the lower plain is marked by numerous permanent outflows, the so-called
“springs belt”, that runs parallel to the Alps, approximately 30 km south (Fig. 1b). The outflows in
this area originate from the presence of buried structures of the Apennine front, constituting a
barrier to the natural groundwater flow towards the Po River (Burrato et al., 2003), or simply from a
difference in the aquifer permeability (Pellegrini and Vercesi, 2005). In particular, the sudden
change from a N-S to a NW-SE direction of the Oglio River course at about km 48, is related to the

presence of a buried Apennine thrust fault (Burrato et al., 2003).

Recently, Sacchi et al. (in press) investigated the origin and fate of nitrates in groundwater from the
Lombardy plain. The contamination is unevenly distributed: concentrations > 50 mg L are often
observed at the Alpine foothills, while values below 25 mg L™ characterise the lower plain. In the
higher plain, groundwater contamination is favoured by 1) the high permeability of the unsaturated
zone and of the aquifer; ii) the great depth of the water table; iii) intensive cattle raising and the
consequent manure effluents; iv) the large amount of water used for irrigation. Here, stable isotopes
of dissolved nitrates indicate the absence of denitrification, while the coupled use of boron isotopes
evidences, even in rural areas, a contribution from septic effluents. In the lower plain, denitrification
is evidenced both by hydrochemical (Fe, Mn) and isotopic tools, and is favoured by a shallow water

table, within 5 m from the surface.
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3. METHODS

3.1 Sampling campaigns and analyses

Five sampling campaigns were performed in August 2009 (summer), December 2009 (late autumn),
February 2010 (winter), July 2010 (summer) and December 2011 in order to evaluate the nitrogen
dynamics under different seasonal conditions, namely the non-irrigation and irrigation periods.
Each sampling campaign was conducted during several days (Tab. 1). We sampled the main Oglio
River water course, for its entire length, its tributaries, at the closing section, outflows of waste
water treatment plants (WWTPs) and fish farms (all indicated in figures as point sources), three
springs (S1, S2 and S3) discharging in the proximity of the water course, and a well (G1), for a total
number of samples ranging between 69 and 80 for each campaign (Fig. 1b and Fig. 2). Flow
measurements were also performed by Oglio Consortium, the authority managing water resources
in the Oglio River basin, at the same sampling stations. Samples were characterised for pH, T and
conductivity in the field. N species, sulphate and chloride contents were analysed in the laboratory
by means of standard spectrophotometric techniques (APHA, 1981). Dissolved inorganic carbon

was measured by 0.1N HCI titration (Anderson et al., 1986).

Several samples from selected campaigns were also analysed for B, Sr, and stable isotope ratios
(Tab. 1). B and Sr concentrations were determined by ICP-AES. 8"Hino (£1%0) and 8" 00
(£0.2%o0) were determined by Wavelength-Scanned Cavity Ring-Down Spectroscopy (WS-CRDS)
at ISO4 s.n.c., Italy, with results reported in the usual delta (6) notation vs V-SMOW. Nitrate
isotopes were determined by IRMS also at ISO4 s.n.c. Samples were prepared and purified
according to the method described by Silva et al., 2000. Results are expressed in the delta ()
notation vs AIR for 8'°Nnos and vs V-SMOW for 6180N03, with uncertainties (1o) of £0.5%o and
+1%o respectively. Boron isotopes (expressed as &' 'B%o vs NBS951) were determined by MC-ICP-

MS at ALS Scandinavia AB, Sweden, with an uncertainty of 0.4 to +1%o.
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3.2 Hydrological modelling

To evaluate the interaction between surface water and groundwater, a general mass-balance
approach was used. Calculations were conducted for the Oglio River between sampling stations
having a complete set of flow, hydrochemical and isotopic data, belonging to the sampling
campaign of July 2010. Samples collected from springs (S1, S2 and S3) and from the well (G1)
were considered representative of the chemical and isotopic characteristics of groundwater from the
higher and lower plain, respectively. The goal of this numerical modelling exercise is to find out the
magnitude and “sign” of the fluxes entering or leaving the Oglio River, as a tool to describe the

hydrological dynamics of this system.

The proposed linear mixing model assumes that the stream can be represented by a lumped model,
where no other information than the discharge and chemical data at the end-points is available.
Diverting/contributing channels and groundwater are also included as general source/sink terms of

the stream mass-balance.

The mass balance equation is given by:

{CEQEZ C1Q1+ Z CowQsw+ Z CowQew (0
Q:=Q1+ZQsw+ ZQew

where C and Q refer to concentration (g m'3) and discharge (m3 s'l), the sub-indexes 1 and 2 refer to
the starting and ending points of the stream reach, and the sub-indexes “SW” and “GW” refer to the
contribution of tributaries or artificial channels and of groundwater, respectively. The magnitude
and the “sign” of both terms, namely Qsw and Qgw, constitute the unknowns of the mass-balance

indicated by the solution of the linear mixing model. The first equation indicates a linear mixing

10
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process, while the second one constrains the discharge of each end-member to be equal to the total

discharge after mixing.

Two cases are distinguished:

1. when Q; > Qy; that is, when a decrease in discharge along the stream reach occurs, we
assume water diversion from irrigation or supply channels is larger than water inputs from

the aquifer. In this case Csw = C; and the sign of Qsw should be negative.

2. when Q; < Q; that is, tributaries, channels, and/or water treatment plants contribute to
stream discharge with a water input and a dissolved load. This input adds to that of
groundwater. In this case, Csw is the mean concentration of all the tributaries, and Qgw will
represent the sum of all their discharges. Using Cgyw as the mean, we assume that unknown

input concentrations will not differ from this averaged value.

Such a simple system of linear equations can be solved by direct substitution of the terms, resulting

n:
Qz (Cz - Cew) +Q1 (Caw -C1)
- 2
Qsw (Csw - Caw) (22)
Qew=Q2-Q1-Qsw (2b)

Both equations are solved for conservative tracers, such as chlorides, sulphates, EC, B, Sr and

5" 0o and 8*Hypo values.

An overdetermined system can also be presented using all these variables, or components, and
including the discharge relationship condition. This type of modelling is generally referred to as
End Member Mixing Analysis [EMMA] (Christophersen et al., 1990; Hooper et al., 1990; Weltje,
1997). As before, the mass-balance expressed by EMMA is given by a linear combination of the

contribution of each end-member according to a proportional factor, in our case the inputs from

11
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surface sources or ground water, or input/outputs from the channels. Equation (1) represents the
analysis for a single component. Nevertheless, for several end-members (n>1), different
components (m) can be used to build up a system of equations that considers a linear combination
of all components according to the flow contribution from each end-members, generating an over-

determined system of equations. Using matrix notation:

Ax=C (3)

where A is the matrix (m+1,n) that contains the concentrations of the different components (m) at
each one of the end-member (n), x is the unknown vector (n,1) that describes the contribution of
each end-member to the mixing, and C is the vector (m+1,1) with the concentrations of each
component in the sample. The system also includes the condition that the sum of all contributions

must be equal to discharge at the ending point of the stream reach.

The multiple linear regression solution of such overdetermined system is given by:

X = (ATA)1 ATC )

where, in our case, x (2,1) contains the unknowns Qsw and Qgw, A is the tensor (2,m+1) of the Csw
and Cgw values for each of the m components, and C (m+1,1) is a vector that contains the known

terms; i.e., C,Q, - C,Q for each component equation.

12
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4. RESULTS

4.1 Hydrological data

Water flow in the Oglio River showed marked seasonal differences, with higher discharge in winter
compared to summer (Fig 2a). Steep fluctuations of flows are a role in the first 25 km, as a
consequence of 6 consecutive hydroelectric power plants and of the presence of water diversion
channels; thereafter, tributaries cause a progressive, step like flow increase down to the closing
section. During the crop growing season, water flow in the Oglio River displayed a minimum
around km 30, immediately downstream the last water diversion structure. More than two thirds of
the arable land is watered by border irrigation, a traditional practice made possible by both abundant
water availability in this area and by coarse-textured soils. After km 40, a step-like increase in
discharge was observed with remarkable seasonal differences. Winter discharge at the river closing
section was around 120-180 m’s™ and more than doubled summer values, ranging around 40-60 m’

-1
S .

4.2 Hydrochemical data

Nitrate concentrations exhibited wide variations along the river course, from a few up to ~40 mg L
! as for water flow there were marked seasonal differences among upstream-downstream patterns
(Fig 2b). In the upstream reach (down to km 20) the nitrate concentrations reflected those of the
Iseo Lake and were rather constant, with values below 4.4 and 2.2 mg L™ in the winter and in the
summer, respectively. In the middle reach (km 20 to about km 80), nitrate concentrations increased
in all samplings, with significantly steeper increase (from 2.7 to 33.7 mg L) measured in summer,
down to km 50. Such changes were coupled to similar increases in water conductivity and dissolved

inorganic carbon concentrations, and to a decrease in water temperature (Tab. 2). In the downstream

13
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reach of the Oglio, till the closing section, nitrate concentrations tended to remain stable (December

2009 and February 2010) or to decrease (August 2009 and July 2010).

Therefore, based on the patterns of nitrate concentrations, we divided the Oglio River in three main
reaches with slightly different lengths among sampling periods. In the graphs, samples pertaining to

such reaches are identified through different colour of symbols (Fig. 1b, 2b and followings).

Nitrate concentrations in water samples collected from springs were generally higher than those
measured in the Oglio River, and ranged between 30 and 50 mg L. Nitrate concentrations
measured in natural tributaries, artificial channels, WWTPs and other point sources showed more

variability (Fig. 2¢) and ranged between 10 to 50 mg L.

Concentrations of Cl and B (Fig. 3a) in the Oglio River water showed similar patterns, increasing
downstream. Chloride concentrations varied by a factor of ~8, from 2.8 to about 22 mg L™ and
reached highest values in July 2010. Boron concentrations were generally low and ranged between
0.004 and 0.034 mg L. Sulphate and strontium concentrations showed different seasonal trends,

with higher values measured in summer samplings in the middle reach.

In spring waters (Fig. 3b), sulphates ranged from 44 to 49 mg L™ and chloride from 6.7 to 12.6 mg
L. The boron concentration was rather constant, but generally higher in S1 (0.025-0.029 mg L)
than in S2 and S3; the lowest value (0.015 mg L") was detected at S3 in December 2011. Water
collected from springs had the highest strontium concentrations (nearly 0.8 mg L'l) in July 2010 and
December 2011. In natural and artificial tributaries, the concentrations of analysed chemical species
were in the same range of those measured in the Oglio River, while WWTPs may be distinguished

because of their relatively high chloride and B contents (Fig. 3b).

4.3 Isotopic data

In the Oglio River, the isotopic composition of the water molecule ranged from - 9.32 to -7.74%eo
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and from -66.3 to - 54.1%o for 8'*Oo and 8*Hypo, respectively (Fig. 4). An overall enrichment of
the isotopic composition was observed downstream. The results for spring waters were very similar,
around - 8.6%o in 818OH20 and -60%o in SZHHQO. Data are aligned or fall slightly below the Global
Meteoric Water Line (GMWL; Rozanski et al., 1993), with the exception of G1, plotting slightly

above.

The isotopic composition of nitrate showed an overall enrichment in SISNNog from the upstream to
the downstream reach of the Oglio River, whereas 8180N03 values showed an initial decrease, then
increased again in the downstream reach (Fig. 5). Isotopic data generally fell outside the
compositional fields defined in the literature for different nitrate sources (Clark and Fritz, 1997;
Kendall, 1998), and did not align on a slope typical for denitrification trends. A similar situation
was observed for tributaries and springs (Fig. 6), whereas WWTPs outflows showed seasonally
varying and more or less pronounced signs of denitrification. Most of the sampled tributaries enter
the Oglio River in the downstream reach (black symbols). Compared to the Oglio River water, the

nitrate isotopic composition of tributaries was enriched in December 2009, and similar in July 2010.

Boron isotopes ranged from -3.8 to +15.0%o 5''B (Tab. 2). Samples from the Oglio River ranged
from +4.9 to +10.6%o; the spring water sample showed a remarkably constant isotopic composition,
around +14%o; tributaries were more variable and ranged from -3.2 to +15.0%0; WWTPs showed
negative 8''B (Sacchi et al., in press), in agreement with literature data (Seiler, 2005; Widory et al.,

2005; Tirez et al., 2010).

4.4 Results of the hydrological modelling

The results of the mass balance calculations (equations 2a and 2b) coupled to the solution of the
multiple linear regression system (equation 4) for the first 46 km of the Oglio River length, using

the July 2010 survey data, are reported in Tab. 3. In this reach, during this survey, the Oglio River
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discharge decreases and minimum values are achieved (Fig. 2a). Such a decrease is due to water
diversion in artificial channels for irrigation purposes (Qsw in Tab. 3, corresponding to -22.32+0.52,
-16.12+0.47, and -3.93£0.75 m® s, for the reaches between km 15-26, 26-36 and 36-46,
respectively), yet compensated by groundwater inputs to the river (Qgw In Tab. 3, corresponding to
3.80+0.52, 4.184+0.47, and 5.89+0.75 m> s for the same reaches). Notably, while the amount of
water abstracted changes with distance, due to distinct irrigation channels, the groundwater input to

the river shows a similar magnitude with a slight increase downstream.

However, EC, chloride, sulphate, and Sr contents were only considered for the linear system
solution on the reach 36-46 km. Indeed for the water isotopes, the mass balance returns an opposite
sign for Qgw and Qgw if 6180H20 rather than 52HH20 values are used in the calculation, whereas for
B a positive result both for Qgw and Qsw is obtained. Moreover, a little increase in discharge is
observed, as a result of larger groundwater contribution than channel diversion, since no tributaries
contributing to the Po River occur in this reach. Also, in the three reaches constituting the upstream
and part of the middle reach of the Oglio River, EMMA calculations, using data reported in Tab. 3,
provide magnitudes for the amount of water diverted to irrigation and for groundwater input to the

Oglio similar to those obtained using a mass-balance based on individual variables.

From km 46 to km 59, the hydrological modelling could not be performed because of the presence
of an important tributary, causing a detectable increase in discharge, which could not be sampled.
From km 59 to the Po River confluence, the application of the linear model takes into account the
chemical and isotopic composition of tributaries. In this case, chemical variables of tributary flows
contributing to the Oglio River discharge are represented by a mean value of all tributaries.
However, tributary and groundwater input rates are actually distinct for each variable. In particular,
results differ in magnitude and/or in sign for surface and groundwater contributions, evidencing
strong discrepancies between the different variables. Nevertheless, the EMMA approach based on

the use of many variables to estimate tributaries and groundwater fluxes provide an average surface
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input of 48.2 m® s'. In this reach, an average loosing stream (-2.72 m® s™") behaviour seems to occur
along the almost 100 km of the downstream reach length. This contrasts with the gaining stream

scenario that dominates the upper and middle reaches of the Oglio River (km 15 to 46).

5. DISCUSSION

As many rivers within heavily exploited watersheds, the Oglio River is characterized by altered
hydrology, with an irrigation dependent flow regulation at its origin, a number of diversion
structures in the upstream sections and a series of discontinuities associated to adjacent
hydroelectric power plants. As a result, rather defined hydrological and hydrochemical features
(with nitrate data as key parameter) allow to divide the river in three reaches (upstream, middle and

downstream).

Summer samplings were particularly useful in order to highlight the nitrogen input to this river, as
flow in the river course was reduced by water abstraction for agriculture, resulting in lower dilution
capacity and marked variations of nitrate concentrations. This was evident in the middle reach,
downstream the last irrigation channel and where river-groundwater interaction peaks. Our data and
calculations suggest a marked decrease of flow, mostly due to water abstraction, which is only
partially compensated by the ingression of nitrate-rich groundwater. Surface and groundwater
interaction in the middle reach of the Oglio river and its effects on water quantity and quality are
one of the main outcomes of the present study. They stress the relevance of deepening the
knowledge of nitrogen dynamics in aquifers, in terms of dominant processes, timing of transfer of

this pollutant and hydraulic modelling of the hyporheic zone (Sophocleous, 2002).

In the watershed portion associated to the downstream river reach, water used to irrigate agricultural

lands is drained by the secondary channel network and by runoff, and is subsequently returned to

17



O ~J o U b WN -

AT IUIOTOTOTOTE B D DD D DNSWOWWWWWWWWWRNNNRNONNNMNNONNNR R RR PR PR
B WNFROWOVWOJIONUDdWNRFR,OWO-JAUEd WNHFROWOJIAOEWNHEOWOW®-JOUEWNR OWOW-ToUd WN EFE O W

the main course. Here, the number of co-occurring processes and of nitrogen sources that add to the
overall picture (civil and industrial, beside agricultural), are elevated due to the high population and
infrastructure density. The greatly altered hydrology and the multiple N sources and processes alter
the water chemical and isotopic characteristics. With this respect, evidences of such complex
mixing are provided by hydrochemical and isotopic data and by the difficult interpretation of the

results of hydrological modeling.

5.1 Upstream and middle reaches

In the upstream reach the concentrations of dissolved solutes, and particularly those of inorganic
nitrogen, do not display significant patterns, reflecting the chemistry of the Iseo Lake and the
absence of significant inputs of contaminants (in terms of incoming loads, i.e. the combination of
flows and concentrations). For example, the contribution of WWTP, characterised by B rich water

but low discharge, is not recorded by the river water chemical and isotopic composition.

In the middle reach, on the contrary, a consistent pattern among all sampling periods was observed,
with a general increase of dissolved constituents (Fig. 2b and 3a). Our data suggest that such a
significant alteration of the Oglio River water chemistry cannot be attributed to surface water
contributions or point source pollution, as neither significant tributaries nor WWTPs outflows are
present in this reach. Neither the concentration trend shown by nitrates can be explained by
microbial processes such as nitrification in the water column, as the concentrations of reduced
nitrogen forms (ammonium, dissolved and particulate organic N) are low (Bartoli et al., 2012). The
middle reach geographically encompasses the "springs belt" area (Fig. 1b), which represents the
natural discharge area of the unconfined aquifer located in the higher plain (Sacchi et al., in press).
Spring water samples collected close to the river course exhibit a markedly different chemical
composition compared to the Oglio River water, with higher and rather constant content of

dissolved salts, and in particular of nitrates (Tab.2 and Fig. 2c). The chemistry of spring waters
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displays a narrow seasonal variability, limited to the irrigation period, where agricultural return
flow contributes to spring discharge (Laini et al., 2011). Nitrate concentrations are comparable with
those measured in other springs of the Oglio River watershed (Laini et al. 2011) and in groundwater
from the higher plain (Sacchi et al, in press). For this reason we can reasonably assume that the
composition of spring water is representative of the composition of groundwater from the
unconfined aquifer of the higher plain. We argue that, in the “spring belt” area, and in particular
during summer months, limited flows in the river course mix with groundwater, and the Oglio River
chemistry approaches that of the springs. Such outcome is supported by nitrate as well as by CI,
SO,”, and Sr concentrations, and is likely a consequence of the partial and progressive replacement

of river water abstracted for irrigation with subsurface inputs.

Additional evidence is provided by the isotopic tracers. Stable isotopes of the water molecule (Fig.
4) in the sample from the upstream reach (white triangle) are depleted. The isotopic composition
measured at km 15 ("0 = -9.32%0) corresponds to a mixture of Alpine and local precipitation
(group B water in Pilla et al., 2006; Longinelli and Selmo, 2003). Since this sample (and the
following two downstream ones) fall below the GMWL, their composition might also have been
enriched by evaporation in the Iseo Lake, before entering the Oglio River. In the middle reach (grey
triangles), 8" 00 approaches the isotopic composition of groundwater, i.e. that displayed by
springs (8'°Omo ~ -8.55%0). Moreover, the isotopic composition of dissolved nitrates in the
upstream reach (white triangles in Fig. 5), where nitrate concentrations are normally below 5 mg L
' is close to the compositional field of atmospheric sources (i.e. a nitrate contribution form
atmospheric deposition or from synthetic fertilisers). Moving downstream, in the middle reach (grey
colour in Fig. 5) the nitrate isotopic composition becomes progressively more enriched in 8'"Nnos

and depleted in 8'*Oos, indicating an increasing contribution from organic sources: in this reach

the isotopic signature of nitrate is consistent with that displayed by springs (Fig. 5).

In order to better assess whether the anthropogenic organic matter contribution is from manure or
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from untreated wastewater, B isotopes were investigated. Results are reported in Fig. 7, together
with the values for groundwater samples from the Lombardy plain (Sacchi et al., in press). The 5''B
of spring waters (around +14%o) is comparable with the isotopic composition of groundwater
showing the lower concentrations, therefore assumed by Sacchi et al. (in press) as the presumably
"uncontaminated" end-member. The isotopic composition of the Oglio River water in the upstream
reach shows even lower B concentrations and is isotopically more depleted. When flowing
downstream, despite the increase in B concentration (Fig. 3a) the isotopic composition remains
rather constant (+6.17%o + 0.97; n=9). The only exception is the sample collected in summer at km
59 (8''B = 10.64%o), which approaches the concentration and isotopic composition of springs and
groundwater. This similarity in composition is an additional evidence of groundwater mixing with

the river water.

The interpretation is validated by the results of the hydrological modelling, assessing a
progressively more important contribution of groundwater to the river flow from the upper to the
middle reach. In the upper reach water abstraction (-22 m’s™) is only partially compensated by
inflows (+5 m3s'1) while in the middle reach the abstraction (-3 m3s'1) is more than compensated by
inflows (+5 m’s™") (Tab. 3). The contribution of groundwater to the river flow is comparable with
that estimated by the Oglio Consortium solely based on discharge measurements, of about 0.5 m? s°
"km™ after km 30. As the chemistry of groundwater is significantly different from that of surface
water, the relevant volumetric input from the spring belt to the Oglio River determines a measurable
change in the river water quality, with up to a tenfold increase of nitrate concentrations. Ultimately,

the mixing of river and groundwater results in river eutrophication.

Studies on nutrient enrichment caused by storm water and runoff are common in the literature
while, to our knowledge, only a few authors attempted to quantify the relevance of groundwater-
surface water interaction for the chemistry of river waters, as we did (Sophocleous, 2002; Petitta et

al., 2009; Ouyang, 2012; Di Lorenzo et al., 2012). Ouyang (2012), for example, estimated with the
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Darcy’s law the groundwater recharge to the St. Johns River (Florida), and calculated the N and P
loads to the river water at 4 sites. However, contrarily to our study, he did not analyze the overall
change in river concentrations downstream the groundwater-surface water mixing zones. Di
Lorenzo et al. (2012), with a combined isotopic and chemical approach, analyzed the nitrogen
exchange between the aquifer and the river, and could distinguish zones where the Vibrata River
(central Italy) is fed by the aquifer and where the river feeds the aquifer. Their measurements and
calculations suggest that nitrogen migrates from the river to groundwater, where it is partially
denitrified in the hyporeic zone. Petitta et al. (2009), in a similar study, demonstrated that the
shallow aquifer represents a significant nitrogen source for the irrigation channels within the Fucino

watershed (central Italy) in early spring and autumn.

When considering the relevance of the contamination input, our case study largely exceeds what
reported in the literature. Pittman et al. (1997) reported low nitrate concentrations both in the
Suwannee River (NO; < 1 mg L") and in spring waters feeding the river; Di Lorenzo et al. (2012)
found a nitrate concentration of about 4 mg L™ in the reach of the Vibrata River (Italy) fed by the
aquifer; Deutsch et al. (2006b) in a sub catchment of the Warnow River (Germany) estimated with
the application of a mixing model the nitrate contribution from groundwater to 11% during Winter.
By comparison, nitrates in the Oglio River reach up to 33 mg L' in summer, and the groundwater
input causes a tenfold increase in concentrations. When considering that other pollutants such as
pesticides or herbicides are likely present in the unconfined aquifer, and may be exchanged and
recycled to the surface, future research should address efforts and develop methods for the
quantitative analysis of surface-groundwater interactions (Pacioni et al., 2007; Laini et al., 2012;

Ouyang, 2012).

5.2 Downstream reach

The nitrate origin and its dynamics are more difficult to assess in the downstream reach of the Oglio
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River. Here, dissolved constituents display different patterns: nitrate, sulphate and Sr concentrations
remain constant or slightly decrease, especially in summer, whereas B and, to a lower extent,

chloride concentrations always increase.

Denitrification, as a dominant process, should result in net decrease of nitrate in the Oglio River
water, a phenomena that was not clearly evident from our NO;  concentration and isotopic data.
Nitrate isotopes do not support the relevance of denitrification process in the downstream sector of
the Oglio River, as downstream samples (black symbols in Fig. 5) are grouped together, and not
clearly aligned along the expected denitrification trend. On the contrary, rather constant or slightly
decreasing concentrations suggest low denitrification rates compared to a very large pool
transported downstream or equilibrium between multiple N sources (lateral inputs or within river

nitrification) and sinks (N, production).

When nitrates tended to decrease in the downstream reach (as in the July 2010 sampling) we
speculate that dilution of river water with nitrate-depleted inputs could be responsible. This dilution

might be attributed to the inflow of tributaries and/or to an input of groundwater.

Tributaries display nitrate concentrations very similar to those displayed by the river water (Fig.
2¢). Their isotopic composition, in some cases, clearly falls in the box identifying the isotopic
composition of anthropogenic organic matter (Clark and Fritz, 1997; Kendall, 1998), but most
samples from the downstream reach (black symbols) are enriched both in 815NN03 and 818ONO3. This
composition is indicative of residual nitrates enriched by denitrification and/or mixing of multiple
sources and/or nitrates which have undergone recycling processes in the environment (Kendall et
al., 2007). Groundwater, instead, is mostly deprived of nitrates, as a consequence of intense
denitrification phenomena both in soils and in the shallow unconfined aquifer of the lower plain of
Lombardy (Sacchi et al., in press). Notably, the isotopic composition of Gl, the groundwater
sample collected in the lower plain, is highly enriched in isotopic composition (Fig. 5), as in

denitrified groundwater. Tributaries show higher B concentrations than river water (Fig.7) and their

22



O ~J o U b WN -

AT IUIOTOTOTOTE B D DD D DNSWOWWWWWWWWWRNNNRNONNNMNNONNNR R RR PR PR
B WNFROWOVWOJIONUDdWNRFR,OWO-JAUEd WNHFROWOJIAOEWNHEOWOW®-JOUEWNR OWOW-ToUd WN EFE O W

isotopic composition generally deviates towards positive or negative values, indicating a larger
contribution of B from manure or domestic sources (WWTP). On the same plot, G1 seems to better
fit with both concentration and isotopic composition of river water. Finally, water isotopes (Fig. 4)
also remain constant in river water, with a composition (8'*Oo =~ -8.5%0) comparable to that
observed for G1. In this reach, only one sample is enriched up to 5180H20 = -7.7%o, and plots below
the GMWL. This sample could indicate an additional contribution from local precipitation, from

tributaries (e.g. Mella River, 8'*Op0 = -7.89%o), or from agricultural return flow.

A final argument in favour of a dominant input of nitrate-depleted groundwater to the downstream
reach of the Oglio River is the remarkably similar B and Cl concentrations in river water between
summer and winter, if compared to the change in discharge which more than doubles in winter
compared to the summer. This would indicate that these ions are provided by a unique source which

also sustains the water flow.

Unfortunately, the contribution of tributaries and/or groundwater in the downstream reach cannot be
demonstrated and quantified unequivocally using a single variable mass balance approach.
Discrepancies in the results provided by the different components (Tab. 3) are due to the similar
values for chemical and isotopic variables between successive sampling points since, in the
downstream reach, most hydrochemical and isotopic contents remain constant in concentration or
are subject to little variations. In addition, also the chemical and isotopic composition of the
possible contributions (tributaries and groundwater) are very similar, requiring large inputs or
outputs to explain the observed variations. However, the use of EMMA, based on an
overdetermined system of equations, provides a rough estimate of the tributaries and groundwater

inputs, which is consistent with hydrological observations.
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6. CONCLUSION

The multi tracer, multi isotope approach used in our study allowed to evidence, in the upstream and
middle reach of the Oglio River, a large input of nitrate-rich groundwater which could be quantified
using hydrological modelling based on mass balance and EMMA equations. The input of
contaminated groundwater is responsible for the sharp increase in dissolved nitrates in the river
water, and is more evident in summer, when discharge is low due to abstraction for irrigation
purposes. This is one of the few studies where it was demonstrated that unconfined aquifers are a
pollution source to surface waters, altering their water chemistry and quality. Such finding has a
number of implications, dealing mainly with the strategies to put in act in order to remove nitrate

from the groundwater.

Also, in the downstream reach, river-groundwater interactions likely occur, but the main difference
with upstream reaches is that the groundwater is nitrate-depleted, resulting in constant or slightly
decreasing nitrate concentrations in the river water. However, the latter speculation could not be
rigorously demonstrated and quantified with the hydrological modelling. To disentangle the
hydrological complexity of the investigated system, future research should address more in detail
the downstream reach of the Oglio River, with an even more intense sampling strategy focussed on

shorter segments.

The use of the isotopic triptych (815NN03, 8180,«)3 and SllB) indicates, for the considered tributaries,
an input of anthropogenic organic matter, where the contribution of WWTPs is detectable,
especially in the lower plain. Unfortunately, the isotopic approach was not as successful when
applied to the Oglio River water. Indeed, while nitrates are proven to derive from the input of
contaminated groundwater from the higher plain, the natural B isotopic composition is preserved.

This would indicate that, in our case study, the two tracers do not have a common origin and are not
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co-migrant. This decoupling evidences the peculiarity of the two tracers and offers some hints on
nitrate dynamics. Indeed in the lower plain, the recycling of the elements and chemical compounds
in the environment, due to surface-groundwater interconnections, coupled to human disturbances in
the water cycle (i.e. groundwater exploitation, surface water diversion, irrigation practices and
discharges), led to the formation of similar chemical pools among the water compartments. In other
words, the long lasting agronomical practices of irrigation have profoundly modified the
groundwater-surface water equilibrium and chemical characteristics in the lower plain, resulting in
a highly buffered system. Irrigation water, while passing through the soil, leaches down nitrates
which are subsequently denitrified, whereas boron is retained in the soil by adsorption. When
returned to the Oglio River, groundwater modifies the river water composition by dilution, in the

case of nitrates, or by addition in the case of other constituents.

The large inertia and buffer capacity of the combined soil-groundwater-surface water system result
in an apparent steady state, for both hydrochemical and isotopic composition. We are aware that the
equilibrium is only apparent and not real, as processes can be uniform along the river course but
flows are not, with a pronounced seasonal variation (depending upon the diversion/irrigation
period), that results in profoundly different mixing rates between surface and groundwater. With
this respect, this is a prime example of how the long lasting agronomical practices in intensively
cultivated areas such as the Po plain have modified the environment, smoothing and homogenizing

expected differences.

The results of this study have relevant implications for the management of nitrate pollution in this
watershed. Indeed, in order to reduce the nitrate transport to the Po River and ultimately to the
Adriatic Sea, as indicated by the EU regulators, groundwater contamination in the higher plain
needs to be addressed first. In absence of a nitrate removal by denitrification, the improvement of
groundwater quality will be achieved only by the natural replacement in the aquifer with nitrate-free

groundwater. Since the turnover time of groundwater is much larger than that of surface water
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bodies, long recovery times are to be expected.
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Tab. 1
Sampling Date Hydrochemical Hydrological Isotope data
campaign data data H,0 NO; B
August 2009 5-7/8 T, EC, DIC, NO5, Q 8" Nnos. 8"*Onos
(summer) CI, SO* (only  middle  and
downstream reaches of
the Oglio River)
December 30/11-3/12 T, EC, DIC, NOy, Q 8" Nos,
2009 CI, SO 8"*Onos
(autumn)
February 2010 8-11/2 T, EC, DIC, NO5, Q 8" Nnos. 8"*Onos
(winter) CI, SO~ (only  middle  and
downstream reaches of
the Oglio River)
July 2010 28-30/7 T, EC, DIC, NO5, Q SDio, 0 Nios, 3''B
(summer) CI, SO/%, B, Sr "0 8""Onos
December 29/11-2/12 B, Sr 8''B

2011 (winter)



Table 2
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Tab. 2
N. km T DIC NO; SO, ClI "Nys "Onos B "B Sr "®Omo *Huo
°C mgL”' mgL'! mgL'! mgL"' 8% 8% mgL' % mgL' &% %o
May 2009* Groundwater Gl 80 - - 190 340 7.0 1594 13.80 0.026 8.19 021 -8.68 -56.4
August 2009 Oglio River 1 0 23.1 793 0.7 - - - - - - - - -
Oglio River 19 15 231 756 1.7 - - - - - - - - -
Oglio River 39 46 20.5 2544 270 322 7.1 94l 8.2 - - - - -
Oglio River 44 59 207 2782 335 533 99 10.55 8.2 - - - - -
Oglio River 48 75 227 2867 335 598 109 10.97 9.0 - - - - -
Oglio River 53 87 246 2763 304 567 12.6 11.01 8.8 - - - - -
Oglio River 63 107 23.0 2879 253 578 132 1207 9.0 - - - - -
Oglio River 73 125 262 2928 280 517 162 11.74 9.5 - - - - -
Oglio River 77 132 269 2702 232 563 165 12.02 9.1 - - - - -
Oglio River 80 154 28 2373 145 399 162 12.08 9.5 - - - - -
WWTP (Point source) 5 2 248 - 175 479 530 1278 6.7 - - - - -
WWTP (Point source) 17 13 235 - 257 395 182 11.02 5.9 - - - - -
Tributary 20 15 215 - 174 292 172 11.73 105 - - - - -
WWTP (Point source) 29 27 25.7 - 160 521 149 13.57 8.4 - - - - -
Tributary 49 75 219 - 122 731 202 11.80 8.9 - - - - -
Tributary 54 92 253 - 220 456 179 1347 9.0 - - - - -
Tributary 69 123 23 - 171 338 126 14.14 100 - - - - -
December 2009 Oglio River 1 0 11.7 119.6 3.5 - - - - - - - - -
Oglio River 19 15 11.6 1135 50 37 41 089 115 - - - - -
Oglio River 28 26 113 1623 96 32 38 402 112 - - - - -
Oglio River 36 36 11.8 172.6 120 34 40 405 113 - - - - -
Oglio River 38 38 122 1769 107 35 43 564 104 - - - - -
Oglio River 39 46 122 1842 155 35 57  5.69 8.7 - - - - -
Oglio River 40 50 123 2025 162 38 57 7.8 104 - - - - -
Oglio River 44 59 123 2025 218 38 71 622 9.3 - - - - -

Oglio River 63 107 11.1 2385 132 44 14 10.02 - - - - - -



N. km T DIC ZOm mon— Cl ~m22ew HMwAUZOw B :Hw Sr ;OENO N:mno
°C mgL”' mgL' mgL" mgL' &% % mgL' &% mgL' % %o

Oglio River 77 132 9.5 2434 14.8 46 14.0 10.52 9.6 - - - - -
Oglio River 770 137 9.6 2452 14.1 45 13.8  8.89 6.2 - - - - -
Oglio River 790 143 9.7 248.3 13.0 45 12.6 10.32 8.7 - - - - -
Oglio River 80 154 94 236.1 224 45 145  9.69 9.0 - - - - -
Spring S2 34 - - 377 46 126  8.09 7.7 - - - - -
Fish farm (Point source) - 33 143 - 433 44 9.6 8.07 6.5 - - - - -
Fish farm (Point source) - 37 121 - 133 32 5 457 8.4 - - - - -
Tributary 46 66 11.0 - 498 63 19.7 12.44 11.7 - - - - -
Tributary 49 75 109 - 319 65 232 994 9.2 - - - - -
Tributary 54 92 10 - 206 36 19.8 13.83 2.5 - - - - -
Tributary - 952 - - 297 68 414 1492 10.4 - - - - -
Tributary 61 104 11 - 425 62 266 11.70 12.6 - - - - -
Tributary 66 116 11.1 - 495 52 217 12.49 9.1 - - - - -
Tributary 69 123 8.9 - 120 33 73 892 10.5 - - - - -
Tributary - 132 7 - 345 56 340 10.97 10.7 - - - - -
Tributary 81 142 - - 19.0 58 284 10.58 8.7 - - - - -
February 2010  Oglio River 1 0 58 1415 3.6 - - - - - - - - -
Oglio River 19 15 5.0 128.1 5.2 - - - - - - - - -
Oglio River 44 59 7.1 1537 132 36776 586 8.76 8.3 - - - - -
Oglio River 48 75 6.7 1653 17.8 3895 727 9.76 8.1 - - - - -
Oglio River 53 87 7.0 1879 18.6 1639 480 8.79 7.7 - - - - -
Oglio River 63 107 7.3 217.8 279 4841 1577 10.55 8.3 - - - - -
Oglio River 73 125 7.28 2044 259 3822 1329 10.71 8.2 - - - - -
Oglio River 77 132 7.1 2056 249 39.67 15.06 10.47 9.2 - - - - -
Oglio River 80 154 7.1 205.6 28.8 50.59 17.18 10.75 8.9 - - - - -
WWTP (Point source) 5 2 93 - 156 50.00 52.50 14.96 12.4 - - - - -
Tributary 20 15 5.7 - 147 1930 20.72 894 11.2 - - - - -
WWTP (Point source) 29 27 8.7 - 17.8 49.00 106.00 11.78 8.5 - - - - -

Tributary 49 75 84 - 46.6 60.05 21.43 10.09 9.2 - - - - -



N. km T DIC NO; SO, ClI "Nys “Onos B "B Sr ®Omo *Hmo
°C mgL”' mgL' mgL" mgL' &% % mgL' &% mgL' % %o
Tributary 54 92 82 - 40.1 25.85 2285 1143 7.8 - - - - -
Tributary 69 123 83 - 234 3022 1081 10.44 8.9 - - - - -
July 2010 Oglio River 1 0 235 970 08 - - - - - - - - -
Oglio River 19 15 246 836 1.7 39 28 554 150 0.004 - 039 932 -663
Oglio River 28 26 241 1263 48 40 42 845 50  0.008 - 051 924 -653
Oglio River 36 36 199 228.1 19.8 45 73 7.89 100 0.012 - 067 -881 -61.7
Oglio River 39 46 202 2623 305 46 7.7 9.05 58 0.013 - 076 -893 -613
Oglio River 40 50 19.8 2824 334 47 92 1042 120 0.015 - 079
Oglio River 44 59 19.9 2898 193 50 83 1130 11.7 0.016 10.64 077 -8.69 -60.4
Oglio River 48 75 212 3032 245 55 119 1223 107 0.017 - 074 876 -60.1
Oglio River 53 87 22.1 302.6 26.5 55 153 1245 106 0.021 - 0.69 -
Oglio River 63 107 223 3166 14.7 56 20.1 12.85 109 0.032 7.14 060 -838 -56.8
Oglio River 77 132 21.7 2800 10.7 48 172 12.66 9.6 0.029 540 050 -8.53 -57.9
Oglio River 776 137 22.6 2654 109 31 198 1246 124 0.034 - 032 774 -54.1
Oglio River 79b 143 22.8 2623 112 45 168 1297 11.5 0.032 - 046 - -
Oglio River 80 154 23.6 2068 7.3 45 219 1297 123  0.030 817 047 -858 -59.0
Spring S1 25.7 - - 345 47 67 825 114  0.028 - 079 -858 -60.2
Spring S2 34 - - 514 49 9.0 742 7.1 0.020 13.94 075 -849 -59.8
Spring S3 35 - - 337 44 82 897 127 0.019 - 076 -8.61 -60.4
WWTP (Point source) 5 2 224 - 388 55 70.5 16.27 8.8  0.141 - 051 - -
Tributary 20 15 233 - 80 30 220 1198 6.0 0.048 259 0.80 - -
WWTP (Point source) 29 27 245 - 153 47 330 1869 104  0.032 - 050 -8.89 -63.7
Tributary 46 66 19.8 - 97 47 165 953 124 0.028 - 046 - -
Tributary 49 75 20.0 - 255 53 169 10.11 167  0.029 - 0.60 - -
Tributary 54 92 208 - 141 59 274 1424 137 0062 399 050 -7.89 -53.4
Tributary - 952 - - 134 38 11.0 1158 134  0.022 - 039 - -
Tributary 61 104 22.7 - 208 62 249 1349 104 0.048 5.08 045 - -
Tributary 66 116 19.2 - 150 58 222 1323 118 0.052 539 044 - -
Tributary 69 123 193 - 104 45 134 1157 122 0.026 - 038 - -



N. km T DIC ZOm mon— Cl ~m22ew HMWAUZOw B :Hw Sr ;OENO N:mno
°C mgL”' mgL' mgL" mgL' &% % mgL' &% mgL' % %o

Tributary - 132 - - 133 24 17.0 10.98 143  0.031 - 020 - -
Tributary 81 142 225 - 6.9 45 17.0 1297 132  0.031 8.10 044 -8.83 -60.4
December 2011  Oglio River 19 15 - - - - - - - 0011 633 045 - -
Oglio River 28 26 - - - - - - - 0.012 - 047 - -
Oglio River 36 36 - - - - - - - 0.013 - 051 - -
Oglio River 39 46 - - - - - - - 0.013 6.15 0.51 - -
Oglio River 40 50 - - - - - - - 0.016 - 055 - -
Oglio River 44 59 - - - - - - - 0.016 4.89 0.49 - -
Oglio River 48 75 - - - - - - - 0.016 - 051 - -
Oglio River 63 107 - - - - - - - 0.026 634 051 - -
Oglio River 77 132 - - - - - - - 0.029 6.09 048 - -
Oglio River 77bis 137 - - - - - - - 0.028 - 048 - -
Oglio River 790 143 - - - - - - - 0.026 - 049 - -
Oglio River 80 154 - - - - - - - 0.029 7.04 0.49 - -
Spring S1 25.7 - - - - - - - 0.025 - 082 - -
Spring S2 34 - - - - - - - 0.022 13.64 0.83 - -
Spring S3 35 - - - - - - - 0.015 - 083 - -
Tributary 5 2 - - - - - - - 0.092 - 058 - -
Tributary 20 15 - - - - - - - 0.077 15.03 0.89 - -
Tributary 29 27 - - - - - - - 0.058 - 053 - -
Tributary 46 66 - - - - - - - 0.027 - 079 - -
Tributary 49 75 - - - - - - - 0.026 - 077 - -
Tributary 54 92 - - - - - - - 0.064 891 0.49 - -
Tributary 66 116 - - - - - - - 0.049 - 044 - -
Tributary 69 123 - - - - - - - 0.025 -321 040 - -

Tributary 81 142 - - - - - - - 0.030 898 0.49 - -
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Tab.3
reach (km) Q G Q &3 Cow Q*(Cy-Cow)  Qi*(Cow-Cy) Csw Qsw Qcw
15-26
EC (mSm™) 36.84  20.50 18.55 28.7 54.8 -484.8 1264.8 20.50 -22.72 4.43
Cl(gm™) 36.84 2.80 18.55 42 8.0 -69.9 190.3 2.80 -23.32 5.03
S04 (g m”) 36.84 39.0 18.55 40 46.7 -123.7 282.4 39.0 .20.71 2.42
30 (%o0) 36.84 -9.32 18.55 -9.24 -8.6 -12.6 27.9 -9.32 -20.23 1.94
3D (%o) 36.84  -66.31 18.55  -65.35 | -60.14 -96.6 227.3 -66.31 -21.17 2.88
B (gm?) 36.84  0.004 18.55 0.008 0.022 -0.3 0.7 0.004 -22.54 425
Sr (g m™) 36.84  0.394 18.55 0.508 0.770 -4.9 13.9 0.394 -23.91 5.62
EMMA -22.56 430
reach (km) Q G Q G Cow Q*(Cy-Cow)  Qi*(Cow-Cy) Csw Qsw Qcw
26 - 36
EC (mS m™) 18.55 28.7 6.62 458 54.8 -59.8 484.8 28.70 -16.26 433
Cl(gm™) 18.55 42 6.62 7.3 8.0 -4.4 69.9 4.20 -17.38 5.45
S04 (g m™) 18.55 40.0 6.62 45.0 46.7 -11.0 123.7 40.00 -16.90 4.96
30 (%o0) 18.55 -9.24 6.62 -8.81 -8.6 -1.6 12.6 -9.24 -16.13 420
8D (%o) 18.55  -65.35 6.62 -61.70 | -60.14 -104 96.6 -65.35 -16.56 4.63
B (gm?) 18.55 0.008 6.62 0.012 0.022 -0.1 0.3 0.008 -13.48 1.55
Sr (g m™) 18.55 0.508 6.62 0.673 0.770 -0.6 49 0.508 -16.10 4.17
EMMA -16.32 439
reach (km) Q G Q, G Cow | Q*(Cy-Cow) Qi*(Cow-Cy) Csw Qsw Qew
36 -46
EC (mS m™) 6.62 458 8.58 51.20 54.8 -31.17 59.80 45.80 -3.17 5.13
Cl(gm™) 6.62 7.3 8.58 7.70 8.0 -2.29 441 7.30 -3.19 5.15
SO, (g m™) 6.62 45.0 8.58 46.00 46.7 -5.72 11.03 45.00 -3.19 5.15
3'%0 (%o0) 6.62 -8.81 8.58 -8.93 -8.6 -3.20 1.65 -8.81 6.25 -4.29
8D (%o) 6.62 -61.70 8.58 -61.30 | -60.14 -10.01 10.35 -61.70 -0.22 2.18
B (gm?) 6.62 0.012 8.58 0.013 0.022 -0.08 0.07 0.012 1.01 0.95
Sr (g m™) 6.62 0.673 8.58 0.765 0.770 -0.04 0.64 0.673 -6.18 8.14
EMMA -3.16 5.12
reach (km) Q G Q &3 Cow Q*(Cy-Cow)  Qi*(Cow-Cy) Csw Qsw Qew
59 - 154
EC 19.69 57.10 69.59  51.20 49.8 97.4 -143.7 61.8 -43.0 92.9
Cl 19.69 8.30 69.59  21.90 7.0 1036.9 -25.6 18.48 91.62 -41.72
SOy 19.69 50.00 69.59  45.00 34 765.5 -315.0 47.89 -148.60 | 198.50
3"0 19.69 -8.69 69.59 -8.58 -8.68 7.3 0.2 -8.36 7.58 42.32
8D 19.69  -60.41 | 69.59 -59.05 | -56.37 -186.3 79.6 -56.91 25.17 24.73
B 19.69 0.016 69.59  0.030 | 0.0255 0.3 0.2 0.04 46.46 3.44
Sr 19.69 0.769 69.59 0.474 | 0.2089 18.45 -11.03 0.43 60.57 -10.67
EMMA 48.20 272
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Fig 1. a) Location of the Po River watershed and of the Oglio River watershed (investigated area)
in Northern Italy. BG = Bergamo; BS = Brescia; CR = Cremona; MN = Mantova; MI = Milan; PV
= Pavia. b) Location of the sampling stations selected for isotopic analyses in the Oglio River
watershed. Grey areas = Nitrate Vulnerable Zones. The map also shows the approximate length of

the upstream, middle and downstream reaches and the position of the "springs belt".

Fig. 2. a) Seasonal discharge trends in the Oglio River. b) NO3™ concentrations in the Oglio river.
The white, grey and black triangles indicate different reaches in the Oglio River, varying in length
in the different sampling campaigns (see text for explanation). ¢) NOs™ concentrations in spring
waters, groundwater, natural and artificial tributaries, WWTPs and other inputs to the Oglio River.

Symbols refer to the mean value; bars indicate minimum and maximum values.

Fig. 3. a) CI', SO4%, B and Sr contents in the Oglio River water. b) CI', SO,*, B and Sr contents in
spring waters, natural and artificial tributaries, WWTPs and other inputs to the Oglio River.

Symbols refer to the mean value; bars indicate minimum and maximum values.

Fig. 4. a) Stable isotopes of the water molecule in the Oglio River water, plotted versus distance
from the Iseo Lake. b) Stable isotopes of the water molecule in the Oglio River water, in springs
and in tributaries. The white, grey and black symbols differentiate the Oglio River reaches, as

defined based on nitrate concentrations (see text for explanation and Fig. 2b).

Fig. 5. NOj isotopic composition in the Oglio River water and in springs. The white, grey and
black symbols indicate different reaches in the Oglio River, as defined based on nitrate
concentrations (see text for explanation and Fig. 2b). SF = Synthetic fertilizers; Nit. = Evolution

during nitrification; MSF = Mineralised synthetic fertilizers; SOM = Soil organic matter; AOM =



Anthropogenic organic matter (sewage and manure); Denit. = Evolution during denitrification.

Compositional fields after Clark and Fritz (1997) and Kendall (1998).

Fig. 6. NO;™ isotopic composition in tributaries and springs. The white, grey and black symbols
indicate different reaches in the Oglio River, as defined based on nitrate concentrations (see text for
explanation and Fig. 2b). SF = Synthetic fertilizers; Nit. = Evolution during nitrification; MSF =
Mineralised synthetic fertilizers; SOM = Soil organic matter; AOM = Anthropogenic organic matter
(sewage and manure); Denit. = Evolution during denitrification. Compositional fields after Clark

and Fritz (1997) and Kendall (1998).

Fig. 7. 8''B vs 1/B data. Grey symbols = data from Sacchi et al. (in press).
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