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Feedlots concentrate large volumes of manure and effluents that contain high concentrations of nitrate, among
other constituents. If not managed properly, pen surfaces run-off and lagoons overflows may spread those
effluents to surrounding land, infiltrating into the soil. Soil nitrate mobilization and distribution are of great con-
cern due to its potential migration towards groundwater resources. This work aimed at evaluating themigration
of nitrate originated on feedlots effluents in a fine-textured soil under field conditions. Soil water constituents
were measured during a three-year period at three distinct locations adjacent to feedlot retention lagoons
representing different degrees of exposure to water flow and manure accumulation. A simple statistical analysis
was undertaken to identify patterns of observed nitrate and chloride concentrations and electrical conductivity
and their differences with depth. HYDRUS-1D was used to simulate water flow and solute transport of Cl−,
NO4

+\\N, NO3
−\\N and electrical conductivity to complement field data interpretation. Results indicated that

patterns of NO3
−\\N concentrations were not only notoriously different from electrical conductivity and Cl−

but also ranges and distribution with depth differed among locations.
A combination of dilution, transport, reactions such as nitrification/denitrification and vegetation water and
solute uptake took place at each plots denoting the complexity of soil-solution behavior under extreme polluting
conditions.
Simulations using the concept of single porosity-mobile/immobile water (SP-MIM)managed structural controls
and correctly simulated —all species concentrations under field data constrains. The opposite was true for the
other two locations experiencing near-saturation conditions, absence of vegetation and frequent manure
accumulation and runoff from feedlot lagoons.
Although the results are site specific, findings are relevant to advance the understanding of NO3

−\\N dynamics
resulting from FL operations under heavy soils.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Historically, beef cattle production has been one of the traditional
activities and significant support to the economic growth of Argentina
(Guevara and Grünwaldt, 2012). Until the 1990s, 100% of cattle were
grazed in rangeland. Towards the end of the 1980s, a steady increase
in soybean planting started competing for land with the meat industry.
Cattle were either displaced from traditional production areas in
Argentina's Pampa plains to other regions of the country or raised in
confined cattle operations (feedlots-FL) (Arelovich et al., 2011). Due to
igaciones Científicas y Técnicas
omade Buenos Aires, Argentina.
conicet.gov.ar (E.A. Veizaga).
flawed legislation and environmental controls, the rapid growth of FL
activities has generated environmental concerns because of the poten-
tial point and diffuse source of pollution these establishments may
produce.

FLs concentrate large volumes of manure by-products and effluents
vulnerable to weathering if not properly managed. Manure accumulat-
ed on the surface of pens is periodically removed and temporarily
placed in stockpiles. Waste retention lagoons are common systems to
hold FL effluents (Pordomingo, 2003). However, wastes not promptly
removed from corrals or managed within FLs are subject to environ-
mental factors; inadequate maintenance of retention lagoons may
cause unwelcome environmental consequences to soils and groundwa-
ter surrounding these structures. Pen surfaces and stockpiles-generated
run-off and lagoons overflows may spread solid and liquid effluents to
surrounding land (Veizaga, 2015).
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Manure solutions resulting from surface runoff after precipitation
events are composedof dissolved organicmatter, nutrients, salts, antibi-
otics, and heavy metals, among other constituents (Sweeten, 2000;
Pepple et al., 2011; García et al., 2012). Soil nitrate mobilization and
redistribution in the profile are of great concern due to its potential
migration towards groundwater resources.

Many pioneering studies in the 70s have focused on the characteri-
zation of soil and soil water underneath FL pen surfaces and their
relation to hydrological and biogeochemical processes. These works
reported little nitrate (NO3−\\N) mobilization below FL due to lack of
infiltration (Mielke et al., 1974; Mielke and Mazurak, 1976) and high
concentrations in the first 15 cm of the soil profile during the summer
season that enhanced nitrification processes (Elliott et al., 1972). Lack
of NO3−\\N presence in the subsoil was attributed to the loss of nitrate
via denitrification processes.

However, more recent works have focused on the leaching and dis-
tribution of salts and nutrients deep in the soil profile and surrounding
groundwater as a result of the long-term operation of FLs. Maulé and
Fonstad (2000, 2002) found that 50% to 67% of sampled groundwater
near five 25- to 35-year-old feedlots in central Saskatchewan (Canada)
had elevated concentrations of solutes due to the presence of
manure but cautioned about the use of NO3

−\\N as a reliable indicator
of manure seepage due to its no-conservative nature subject to biologi-
cal transformations (Maulé and Fonstad, 2002). A different pattern of
the distribution of nutrient elements (nitrogen, phosphorus, potassium)
and some of the elements participating in soil cation exchange have
been reported below FL soils. Olson et al. (2005) found that while
nutrients concentrations were significantly affected only in the top
soil layer (0.15 m) of a FL in southern Alberta (Canada), remarkable
increases in other soil properties were observed at a depth of 0.6 m
with chloride reaching its maximum concentration at a depth of
1.5 m. Chloride accumulation in the soil profile due to leaching was
also reported by other studies in the same geographical region for
moderately fine and coarse soils up to a depth of 70 cm and 50 cm,
respectively (Miller et al., 2008).

A growing need to investigate the chemical composition and trans-
formation processes of waste from FL operations has driven new
research. Recent studies reassessed the potential for leaching into the
soil profile. Vaillant et al. (2009) observed a notable reduction in ammo-
nium, organic nitrogen, carbon and chloride below one-meter depth in
the soil profile.

Chloride (Cl−) content in FL manure is considerably greater than in
soils, and can be considered as an indicator of potential movement of
nitrates due to their similarity in mobility and solubility (Tyler and
Thomas, 1977). It is a stable, soluble anion not affected by biological
processes. These properties make it an appropriate candidate for pro-
cesses understanding and comparison with the complex dynamics of
nitrate in soils below FL (Kachanoski et al., 1992; Czapar et al., 1994;
Schuh et al., 1997; Lobb et al., 1999; Derby and Knighton, 2001). How-
ever, the behavior of NO3

−\\N in the unsaturated zone or groundwater
varies widely from site to site. Consequently, the choice of monitoring
sites becomes crucial to analyze the suitability of Cl− as a proxy for
NO3

−-N evaluation in environments that have a strong polluting activity
(Baram et al., 2012a).

Flow and solute transport modeling are often used to complement
field studies to gain additional insights from process-based simulations
(Hanson et al., 2006;Mantovi et al., 2006; Crevoisier et al., 2008; Saso et
al., 2012). Those investigations used numerical simulations to assess un-
saturated flow and solute transport for Cl− and nitrogen (N) under con-
trolled flow and irrigation regimes, while Ramos et al. (2011) extended
their research to integrate field-modeling studies for multicomponent
solute transport for nitrogen. For the above studies near saturation
moisture conditions of the soil profile were reached, facilitating in
turn, monitoring activities, water sample collection, and numerical
model result interpretations. Only more recent studies undertook
field-scale experiments andmodeling under realmeteorological forcing
within feedlot premises (Olson et al., 2005;Miller et al., 2008; Vaillant et
al., 2009) and dairy farm facilities (Baram et al., 2012a, 2012b).

In the Argentine Pampas region, field investigations were recently
undertaken to assess solute distribution in soils in FL pens and adjacent
land affected by runoff. High concentrations of chloride at 20 cm depth
were found at FL sites when compared to adjacent soils non-affected by
trampling, highlighting the role of water runoff in this ambient
(Wyngaard et al., 2012). These authors extended their investigation to
assess whether the high concentration of these compounds, mobilized
by surface runoff from FL pens, promotes movement through the soil
to deeper horizons. Changes in inorganic N concentrations, urea con-
tent, urease activity in the soil up to 60 cm depth were evaluated across
a topographic transect from high to low ground in an FL and adjacent
pasture land. The effect of topographic location on the distribution of ni-
trogen species in the soil profile was profound with NH4

+\\N showing
its peak between 40–60 cm depth and NO3

−\\N at a depth of 10 cm
for the lower and higher topographic locations. Nonetheless, there is a
lack of combined field and numerical modeling investigations to assess
the fate and transport of nitrogen, and in particular NO3

−\\N\\N, in an
FL under natural forcing. Scarce studies on Argentina's Pampa plains
soils limit the knowledge and capacity to inform suitable management
strategies to mitigate negative impacts from FL operations.

The objective of the presentwork is to contribute towards the above
issue by evaluating the transport and transformation processes of ni-
trate originated on FL effluents within a fine-textured soil. Several soil
water constituents were measured during a three-year period at three
distinct sites adjacent to effluents retention lagoons and temporary
water ponding areas. The sites were carefully selected to investigate
how different flows of water and manure solution accumulation on
the surface affect the distribution of nitrate in the soil profile.

HYDRUS-1D was used to simulate water flow and solute transport
resorting to the concept of mobile/immobile water (MIM) for solute
transport of Cl−, NH4

+\\N, NO3
−\\N concentration and electrical

conductivity (EC). The analysis and interpretation of results focused
on identifying: 1) the quantitative differences between plots, 2) the
vertical variations, mean values, and range of the aforementioned
variables; and 3) first-order controls on observed NO3

−\\N distribution
in the soil profile.

2. Materials and methods

2.1. Site characteristics

The investigation was carried out in an FL establishment located
5 km north of San Justo city in the Province of Santa Fe, Argentina (30°
47′ 21″, 60° 35′ 31″) with a maximum of 9000 animal holding capacity,
distributed within 33 pens that occupy 11.4 ha.

The climate in the area is temperate, with an average annual precip-
itation of 1057mm (Series 1920–2011, National Institute of Agricultural
Technology — INTA). Winter months (June to August) are the driest,
with 40% of the annual precipitation falling in the summer months
(January toMarch). The averageminimumandmaximumtemperatures
are 12 °C and 26 °C for the winter and summer season, respectively.

The study region is characterized by highly productive soils and an
intense agricultural-livestock activity. Soil characteristics across the
area correlate well with the landscape geomorphological units. At the
FL and surrounding lands, soil is classified as Typic Argiudol in highland
areas to Natracualf in lowland areas.

2.2. Experimental design

A detailed topographic survey performed at the feedlot premises
allowed to identify the most suitable spots for water-manure solution
investigation. The selected area corresponds to a topographically low
zone around the effluents retention lagoons (Fig. 1). A soil pit 130 cm
deep was excavated to describe soil horizons and extract disturbed



Fig. 1. (A) Location of feedlot establishment; (B) Plan view of feedlot premises indicating the study site location and contour lines- equidistance 0.25 m; (C) Schematic illustration of the
field site, soil zone monitoring systems and observation wells installed: (plot A) upstream the waste lagoons, (plot B) upstream the waste lagoons near a ponding area, and (plot C)
downstream the waste lagoons. Plant view of the instrumentation at each monitoring site (light-grey shaded area) and depth of the different sensors in the soil (dark-grey area) are
also shown. Arrows indicate surface runoff direction.
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and undisturbed soil samples with a 5 cm diameter metal cylinder. Soil
horizons identification was instrumental in selecting the installation
depths of different soil water characterization devices. Textural proper-
ties were determined by Bouyoucos method (Gee et al., 1986) and bulk
density of each horizon by the cylinder method.

The field study comprised the instrumentation of three soil-water
monitoring sites named plot A, plot B, and plot C, affected by different
degrees of pollution. Fig. 1 schematically illustrates the location of the
three plots and the instruments/sensors installed. Plot A, instrumented
Nov-30, 2011, was located between the lagoons and a feedlot pen.
This site is at a slightly higher elevation than its surroundings. Vegeta-
tion grew naturally on the soil surface during field investigations. Plot
B, instrumented Feb-07, 2012, was located 35 m from plot A near a
water/manure ponding area and upstream the retention lagoons. This
plot was regularly affected by water-manure runoff and ponding efflu-
ents nearby that maintained near-saturation conditions for prolonged
periods of time after precipitation events. Plot C, instrumented Mar-
21, 2013, was located to the side of a carrying-effluents furrow formed
naturally during heavy rains. This site became a directly affected place
by water-manure effluents contained in the retention lagoons due to
frequent overflowing.

Plot A was instrumented with Watermark ® pressure head sensors
at 30, 60 and 100 cm depths linked to a Watchdog ® datalogger with
a recording interval of 1 h. Soil water solution was extracted using
ceramic cup lysimeters installed at the same depths. Porous ceramic
cups featured an air entry pressure of 0.5/1 bar (Soilmoisture Inc. US).
Only suction cups lysimeters were placed at plot B and plot C, at
30 cm and 60 cm, and at 30, 60, 75 and 100 cm depths, respectively. A
shallow well (PVC-5 cm diameter) was also installed at each plot to
monitor the potential for development of perched water table during
thewet period. Detailed information on site description and instrumen-
tation can be found in Veizaga et al. (2015).

Precipitation amount and intensity were measured at the site with
an ODYSSEY ® datalogger hooked to a tipping bucket rain gauge.
Other meteorological variables such as air temperature, relative humid-
ity, atmospheric pressure, evaporation, wind speed, and direction were
obtained from a weather station located 5 km south of the study site
(operated by Ministry of Water, Public Services and Environment of
Santa Fe Province). Meteorological data was used by the numerical
model to compute reference evapotranspiration-Eto (Allen et al., 1998).

2.3. Monitoring approach

Fieldworkwas conductedduring 28months fromNovember 2011 to
March2014. A total of 160 soil solution sampleswere extractedwith the
lysimeters during and after precipitation events. Lysimeters were
activated with a manual vacuum pump 24 h before water extraction
operations. Water samples were collected with a syringe and analyzed
in situ with a multiparameter probe (90MLV-TPS ®) to determine
electrical conductivity EC [μS cm−1], temperature (T) [°C] and total
dissolved solids (TDS) [mg cm−3]. Water samples were preserved in
agreement with standards, transported and analyzed in the laboratory
for Cl− concentration (titrimetric method 4500-B) and NO3

−\\N
concentration (spectroscopy UV-Vis equip BIO-TRAZA model 752
under 4500NO3-B technique, Clesceri et al., 1998). More details on soil
water sampling analyzes can be found in Veizaga (2015).
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2.4. Modeling approach

Numerical modeling was used to complement field results interpre-
tation and to gain insight on process-based simulation of solute
transport. HYDRUS-1D (Šimůnek et al., 2005), a standard numerical
model for simulating water, heat, and solute movement in one-dimen-
sional, variably saturated porous media, was used to simulate EC, Cl−,
NH4

+\\N and NO3
−-N distributions along the soil profile at plots A, B

and C. Although other versions of HYDRUS can accommodate two-
dimensional and three-dimensional flow and transport processes
(Šimůnek et al., 2016), the 1D version was selected to simplify the
approach and focus on differences between sites.

In single porosity media, HYDRUS-1D numerically solves Richards'
equation (Richards, 1931) with finite elements techniques and selected
soil hydraulic properties models, and the solute transport problem by
solving the advection-dispersion equation. Notwithstanding, the
presence of aggregates or cracks may affect solutes movement; their
effect might be particularly pronounced in soils with high clay content
causing, in turn, deviations from single-porosity solute transport
models (Jarvis, 2007). Then in these media, one can resort to a physical
non-equilibrium solute transport formulation that partitions the liquid
phase into mobile and immobile regions.

At the study site, the soil contains high percentages of clay, becom-
ing sensitive to preferential flow (Flury et al., 1994; Jarvis, 2007; Greve
et al., 2010; Imhoff et al., 2010; Berlin et al., 2013). Consequently, the
combination of a single porosity model for uniform equilibrium-type
of flow and the mobile-immobile solute transport model (SP-MIM
model) was used. Veizaga et al. (2015) showed that this approach was
adequate for Cl− transport at the site. However, it has not been
extensively tested for reactive nitrogen species such as ammonium
and nitrate as indicated by recentwork (Berlin et al., 2013). In FL ammo-
nium is one of the N constituents at high concentrations (Wyngaard et
al., 2012). In this work ammonium concentration was simulated as a
source of NO3

−\\N production.

2.4.1. Water flow simulation
The spatial and temporal distribution of soil water content and/or

pressure head is governed by Richards' equation (Richards, 1931),
which reads:

∂θ hð Þ
∂t

¼ ∂
∂z

K hð Þ∂h
∂z

−K hð Þ
� �

−S z; tð Þ ð1Þ

where θ(h) is the volumetric water content [L3 L−3], dependent on soil
water potential expressed as pressure head h [L] both varying in space
and time, z is the mean depth positive upward from the water table
[L], K(h) is the unsaturated hydraulic conductivity [LT−1], S(z,t) is a
sink term representing water uptake by plant roots [L3 L−3 T−1], and t
is the time [T]. The S(z,t) term can be modeled with alternative formu-
lations. In this work, the Feddes et al. (1974) approach was selected.

The unsaturated soil hydraulic properties were described using the
van Genuchten–Mualem functional relationships (van Genuchten,
1980) as follows:

Se hð Þ ¼ θ hð Þ−θr
θs−θr

¼ 1

1þ αhj jn� �m ð2Þ

K hð Þ ¼ KsS
l
e 1‐ 1‐S

1=m
e

� �m� �2
ð3Þ

in which Se is the effective saturation, θr and θs denote the residual and
saturated water contents [L3 L−3], respectively, Ks is the saturated
hydraulic conductivity [L T−1], α [L−1] is the inverse of the air entry
value, n [−] is an empirical shape parameter to the model (m= 1–1/n),
and l is a pore connectivity parameter [−].
HYDRUS-1D is capable of simulating layered porousmedia assuming
either a vertical, horizontal or inclined direction for the flow domain. In
this work, the ROSETTA Lite V1.1 model (Schaap et al., 2001) was used
to determine initial estimates for the parameters of the water retention
curve, adopting the above formulations for the θ(h) relationship.

2.4.2. Physical non-equilibrium solute transport simulation: theMIMmodel
The mobile-immobile water model-(MIM) assumes that non-

equilibrium transport (Eq. 5) is caused by physical factors (van
Genuchten and Wierenga, 1976; Gerke and van Genuchten, 1993).
MIM model used in this work partitions the liquid-phase into distinct
mobile (flowing) and immobile (stagnant) liquid pore regions (Eq. 4),
and that solute exchange between the two regions can be modeled as
a first-order exchange process (Eq. 6 and 7):

θ ¼ θm þ θim ð4Þ

∂θmcm
∂t

þ ∂ρcm

∂t ¼ ∂
∂z

θmDw ∂cm
∂z

� �
−

∂qcm
∂z

−ϕm−Γs−Scr

ð5Þ

∂θimcim
∂t

¼ Γs−ϕim ð6Þ

Γs ¼ ωmim cm−cimð Þ ð7Þ

c ¼ kdcm ð8Þ

where θm is the volumetric water content in the mobile phase [L3L−3]
and θimis the volumetric water content in the immobile phase [L3L−3].
Dw is the dispersion coefficient [L2 T−1], q is the volumetric flux density
[LT−1], S is the sink term in theflowEq. (1), cr is the concentration of the
sink term [ML−3], Γsis the mass transfer term in whichωmim is the first-
order transfer rate constant for solute between immobile-mobile phases
[T−1], cm is the solute concentration in the solid phase, and ϕm and
ϕimare reactions in the mobile and immobile domains [ML−3T−1]. Its
most general interpretation allows any chemical reaction in that phase
that leads to losses or gains in the total concentration (Šimůnek et al.,
2005, 2008), as follows for NH4

+\\N:

ϕNH4
þ ¼ −μ 0

w;NH4
þθ cNH4

þ−μ 0
s;NH4

þρ cNH4
þ ð9Þ

where μ'w [T−1] and μ'sare first-order degradation constants in the
liquid and solid phase, respectively, to represent nitrification process
from NH4

+\\N to NO3
−\\N (Eq. 9). A similar approach, representing

loss of nitrate via denitrification was modeled as a first-order degrada-
tion reaction through μw [T−1] (Eq. 10).

ϕNO3
− ¼ μ 0

w;NH4
þθ cNH4

þ þ μ 0
s;NH4

þρ cNH4
þ−μw;NO3−þθ cNO3

− ð10Þ

The nutrient uptake term is the sum of passive and active uptake.
The passive component is given by diffusion from the external solution
into the cell walls of roots while the active component comprises ion
movement from solution to plant against a concentration gradient.
Passive nitrate uptake was simulated at plot A, the only site where
vegetation grew during fieldwork.

3. Results and discussion

3.1. Soil type

For completeness, a brief description of the soil profile is introduced
here. For more details, the reader can refer to Veizaga et al. (2015). At
the study site, the soil is classified as a Typic Argiudoll (INTA, 1992).
Seven horizons (Table 1) were identified as follows: an A0 organic
horizon between 0 and 5 cm, an Ap horizon between 5 and 25 cm, a



Table 1
Soil physical properties.

Soil horizon
Depth (cm)

A0
0–5

Ap B1
25–37

Bt1
37–55

Bt2
55–84

B3
84–106

C1
106–130

5–10 10–15 15–20 20–25

Particle fraction (%) Sand 15.3 24 18.1 17.7 13.8 12.5 4.9 5.5 6.1 5.4
Silt 36.6 48.2 48.1 46.3 48.3 42.9 39.5 36.5 44.1 46.6
Clay 48.1 27.8 33.8 36 37.9 44.6 55.6 58 49.8 47.8

ρb (g cm−3) 0.65 1.07 1.27 1.57 1.37 1.46 1.54 1.58 1.5 1.44
Porosity (e) – – – – 0.436 0.39 0.4 0.38 0.41 0.4
ρs (g cm−3) – – – – 2.56 2.47 2.55 2.54 2.56 2.4
Texture (USDA) C CL SCL SCL SCL SC C C SC SC
ρb. bulk density; ρs. real density; SL. silt loam; SCL. silty clay loam; C. clay; SC. silty clay; CL. Clay loam
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B1 transition horizon 12 cm thick, a Bt1 horizon extending between
37 cm and 55 cm, a B2t horizon extending from 55 cm up to 84 cm, a
B3 horizon between 84 cm and 106 cm, and a C1 horizon extending
from 106 to the bottom of the pit. The Bt horizon is especially relevant
for water flow dynamics due to their high clay content. Horizons
Bt1and Bt2 (highlighted in Table 1) contain a combined % clay and %
silt of around 95%. These fine-textured horizons limit roots develop-
ment and water/solutes movement within the fine matrix between
upper and lower soil layers. However, in this soil by-passing flows
may develop thanks to cracks andfissures favoring, in turn, thedevelop-
ment of preferential flow paths (Imhoff et al., 2010). Table 1 also shows
physical properties of the seven soil horizons identified in the soil pit.

Bulk density increasedwith depth reflecting reduced organicmatter,
particles aggregation, and root penetration on subsurface layers, which
are also subject to the compactingweight of the soil above them (http://
www.nrcs.usda.gov/Internet/FSE_DOCUMENTS/nrcs142p2_053256.
pdf).

Compaction is particularly recognizable on the Bt1 and Bt2 horizons.
This 47 cm thick layer has a strong to medium angular prism structure
that desegregates in moderate to strong angular blocks. It also shows
an abundance of slickensides, and it is extremely hard, firm, very plastic
and adhesive. Thin roots development occurs through cracks (Veizaga,
2015). These textural and structural characteristics explain the range
of bulk density values determined by the cylinder method.

3.2. Soil water chemical characteristics

Asmentioned, during the study period between November 30, 2011
and March 30, 2014, a total of 160 soil water samples were obtained.
Table 2 shows their distribution by depths and plots.

The analysis of results focused on identifying: 1) quantitative differ-
ences between plots, 2) vertical variations of mean values and range
corresponding to each variable of interest EC, Cl− and NO3

−\\N.
Fig. 2 showsmeasurements of selected physicochemical parameters

at the three plots. Instead of the classical box-type plot the data cloud
was drawn to visualize the dispersion of data values. The center square
represents the parameter mean, the “whiskers” on the left and the right
of the solid line show the location of the minimum and maximum. At
each plot, the mean EC value was relatively uniform along the profile,
pointing out that salts are transported from upper layers to lower layers
with little alteration. However, its magnitude remarkably differs from
plot to plot according to different degrees of exposure to feedlot efflu-
ents. Plot A registered the lowest EC values, presenting mean values
Table 2
Number of collected soil water samples classified by plot and depth.

Depth [cm] Plot A Plot B Plot C Total

30 19 23 10 52
60 14 25 11 50
75 13 – 7 20
100 9 16 13 28
Total 54 64 42 160
b1500 μS cm−1 for all depths (except at 1m). At plot B, mean EC values
at different depths increased, lying between 1900 μS cm−1 and 2400
μS cm−1. Notice that at this plot the EC values range was higher at
30 cm depth than at other depths. Plot C, the most impacted site,
showed EC values higher than at plot A and plot B, with mean values
between 5100 μS cm−1 and 6350 μS cm−1 at different depths.

The contrast of EC values between plots is attributed to the impact
caused by different flows of the water-manure solution on each them.
As itwill be shown later, water and solutes flow at plot Awere governed
by a combination of dry and wet cycles under unsaturated conditions,
while at plot B and plot C near-saturation conditions even the range
of EC variation at each depth. Nonetheless, it is possible to identify
quantitative differences between plot B and plot C as a consequence of
water-manure solution deposition on the surface.

The Cl− ion is a main contributor to EC (Veizaga et al., 2015). In
general, patterns of Cl− concentration showed an increase with depth,
except at plot Cwhere the behavior of Cl−was very similar to that of EC.

Evapotranspiration processes seem to be relevant at plot A where
roots development was abundant up to 30 cm, therefore contributing
to the observed variability in Cl− concentration values (masked in the
figure due to the concentration scale used to enclose all the observed
values to differentiate behaviors among plots). Successive precipitation
events washed the profile transporting Cl− to deeper horizons through
either the soil matrix and/or preferential flow paths. At plot C, devoid of
vegetation, Cl− is carried from the surface source (lagoons overflows)
into the soil profile virtually without alteration.

Patterns of NO3
−\\N concentrations are notoriously different from

EC and Cl−, Ranges and distribution of NO3
−\\N with depth differ from

plot to plot, suggesting not only variations of pollution exposure at the
soil surface but also the occurrence of different transformation process-
es within the soil profile. At plot A, vegetation nutrient uptake reduces
NO3

−\\N concentration at 30 cm. Soil texture and the underlying hy-
drology of this plot may explain observed concentrations. The 60 cm
depth observation point is located within the Bt2 horizon [55–84 cm],
which contains 58% of clay, is very hard, very adhesive and plastic. The
textural contrast between this and the upper horizon could limit
water flow under unsaturated conditions. However, higher NO3

−\\N
concentration were observed at lower horizons. Successive precipita-
tion events may transport nitrate to deeper horizons through either
the soil matrix and/or preferential flow paths.

HighNO3
−\\N concentrationsweremeasured at 30 cmat plots B and

C, reducing considerably with depth. This behavior seems to respond to
the hydrology of the sites and exposure to effluents: (1)- near-perma-
nent presence of manure and/or manure-solution deposited on the
vicinity of the monitoring site transported by surface runoff from FL
pens (plot B) and lagoons overflows (plot C), and (2) saturated condi-
tions of shallow depth horizons for long periods after precipitation
events.

Field results suggest that unlike Cl−, the observed variability of
NO3

−\\N concentration values among plots and depths are the result
of different controls at each site. TheNO3

−\\Ndistribution at plot A chal-
lenges the traditional idea of a textural control due to the presence of a
hard, plastic Bt2 horizon that could limitwater andnitratemovement to

http://www.nrcs.usda.gov/Internet/FSE_DOCUMENTS/nrcs142p2_053256.pdf
http://www.nrcs.usda.gov/Internet/FSE_DOCUMENTS/nrcs142p2_053256.pdf
http://www.nrcs.usda.gov/Internet/FSE_DOCUMENTS/nrcs142p2_053256.pdf


Fig. 2. Concentration of EC, Cl− and NO3
−\\N corresponding to plot A, plot B and plot C at different depths. All collected data were used to construct the diagrams.
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deeper soil layers. Veizaga et al. (2015) showed that Cl− distribution at
plot A could be partially explained by the presence of cracks typical of
fine-textured material that resulted in increasing Cl− concentrations
with depth.

Plot B is frequently affected by pondedwater–manure solution accu-
mulated after precipitation events, becoming a relevant salt source. Its
chemical characterization can help explain the occurrence of higher
Cl− concentrations and EC since vegetation has no influence on this
plot, suggesting the potential importance of lateral subsurface flows.
However, in plots B and C, contrary to plot A, prevailing saturated con-
ditions in deep soil horizons and fluctuating saturation conditions at
the surface soil layers, can promote and trigger biological processes re-
lated to theN cycle. The potential for both source and sink of NO3

−\\N at
different depths of the soil profile suggested by the datawill be assessed
by numerical simulations.

A discussion on primary sources of N at the site is merited at this
point. Feedlot and dairy operations effluents have similar components.
According to Baram et al. (2012b), seepage water from earthen dairy
waste lagoons contains high quantities of organic-N and NH4

+\\N,
whereas in the subsurface, nitrate (NO3

−\\N) is the most common
contaminant. Oxidation of ammonia (NH3) and NH4

+ into NO3
−\\N

(nitrification) in porous medium carried out by bacteria requires a
source of molecular oxygen (O2) (Prosser, 1989) and carbon. Nitrate
can be further reduced by microorganisms into N gas (N2) through
denitrification. Infine-textured soils affected bydesaturation-saturation
episodes such as those present at the study site, both nitrification and
denitrification could occur. This process is called coupled nitrification–
denitrification (CND) (Kremen et al., 2005; Baram et al., 2012a). It is
acknowledged that oxygen and organic carbon concentrations can
strongly affect nitrate dynamics. In FL environments, organic carbon is
not a limiting component for microbial activity, however the available
O2 can enhance nitrification while limiting denitrification, in turn
affecting nitrate dynamics. Although the measurements did not consid-
er oxygen and organic carbon concentrations, an attempt wasmade via
modeling, to represent CND with a similar approach as that used by
Ramos et al. (2012). assuming that neither C nor O2 was limiting for
microbial activity.

3.3. Soil moisture and hydrochemical patterns over a wet period

A selected period was isolated for a detailed analysis of the concen-
tration data to identify processes that may be masked in an integrated,
lumped analysis. A wet period between October 6, 2012, and December
23, 2012 (i.e. a 73 days period), recorded a cumulative precipitation of
571 mm that represents 49% of the average annual precipitation for
the region (series 1971–2013). For completeness, a brief description of
the water movement through the soil profile is presented to inform
the reader before the use of the numerical model to interpret observed
NO3

−\\N concentrations at each plot.

3.3.1. Pressure head variation
The variation of pressure head at plot A in response to atmospheric

forcing given by precipitation and evapotranspiration is shown in
Fig. 3. Pressure head ranged from 0 KPa (saturated soil) to 70 KPa at
all depths denoting a relatively wet profile. The first sensor (30 cm) reg-
istered a systematic quick response to precipitation reaching saturation
immediately after each event, followed by a consistent linear drying
process always occurring at a similar rate. The sensor at 60 cm, located



Fig. 3. Pressure head at different depths, soil temperature (Ts) at 10 cm depth and daily
precipitation (P) measured at plot A from October 6th, 2012 to December 23th, 2012.
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within a denser horizon, responded rapidly to moisture fronts but only
for cumulative precipitation of N50 mm, although the drying process
wasdifferent. Differences in pressure head response at these twodepths
could be mainly explained by (1) the presence of abundant vegetation
Fig. 4. Space-time variation of EC, Cl− and NO3
−\\N concentrations in response to rainfall during

data at plot C correspond to period May 1–November 20, 2013.
roots at 30 cm depth that contributes to evapotranspiration, and (2)
fewer roots and textural characteristics of the heavy soil horizon at
60 cm that could slow thedryingprocess. In contrast to theupper layers,
at 100 cm depth, measured pressure head lied between 0–20 KPa.
Values were relatively stable, remaining at near-saturation conditions
during the analysis period, denoting a notable water-holding capacity.
Sub-surface soil temperature records showed an increasing seasonal
trend as summer days approached. Daily fluctuations of about 10 °C
were measured with a significant temperature drop on rainy days.
Identifying pressure head patterns at different depths will partially
help interpret hydrochemical responses to precipitation events.

3.3.2. Hydrochemical response
A wet soil profile facilitated soil water sample collection. Five 2, 3

and 4-day field campaigns were undertaken during the wet period
[October 6, 2012 - December 23, 2012]. Fig. 4 shows measured EC, Cl−

and NO3
−\\N concentrations at plot A and plot B. Abundant rainfall

occurred in the second half of the analysis period, resulting in dilution
of Cl− at plot A, even at 100 cm depth. However, significant dilution
was not observed at plot B. Plot B is located at a slightly lower elevation
than plot A (in the order of 50 cm), which in turn, favors surface flow
and accumulation of water/manure nearby. Ponded water may induce
subsurface, high-salt concentration due to lateral flows, which could
explain relatively constant EC and Cl− concentrations at plot B during
this period.

Temporal and spatial variations ofmeasuredNO3
−\\N concentrations

did not exactly follow the aforementioned patterns. At plot A the trend of
NO3

−\\N concentrations was similar to that observed for Cl− and EC
however, concentration values at different depthswere bracketedwithin
a narrower range. In contrast, at plot B, NO3

−\\N concentration increased
in the upper layers towards the end of the analysis period which may
be an indication of nitrification. Another interesting observation is that
NO3

−\\N concentration values decrease significantly with depth
between the first days and last days of the analysis period, suggesting
that denitrification may be occurring.

Due to operational constrains and accessibility issues, no concentra-
tion data were available for plot C for the selected wet period.
awet period. Data at plot A and plot B correspond to periodOctober 6–December 23, 2012,
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Nonetheless, for completeness and comparison between the three sites,
a different periodwas analyzed fromMay1, 2013 toNovember 20, 2013
(Fig. 4). The temporal pattern of EC values was similar to that observed
at plot B. Chloride concentration values showed little differences at
depths however they decreased with time, with concentrations around
of 1000 mg l−1 at all depths. However, NO3

−\\N concentration values
were the lowest amongplots for thedeeper horizonswith the exception
of an increase recorded at 30 cm after the October 30th rainfall
(maximum concentration of 150 mg l−1), in agreement with the
observed dynamics at plot B.

From the above results, it is clear that NO3
−\\N dynamics and distri-

bution in the soil profile is complex at the field site. Numericalmodeling
may guide identifying additional processes affecting its transport and
transformation exploring the range of transformation constants that
may apply to the site.
3.4. Simulation for nitrate transport over the wet period

3.4.1. Model setup
The one-dimensional flow and solute transport domain extended up

to a depth of 130 cm, divided into four layers (Table 3) and discretized
with 261 nodes densified near the soil surface. Observation nodes
were defined at depths corresponding to the location of suction cups.
The same soil profile was used for all three plots. Boundary conditions
for water flow were set as follows: a) atmospheric conditions at the
soil surface; b) free drainage at the bottom of the simulated soil profile
at plot A, constant pressure head at the bottom of plot B and plot C.

For simulating solute transport under variably-saturated flow condi-
tions, the combination of single porositywater flowwithmobile-immo-
bile solute transport (SP-MIM) was used (Glaesner and Gerke, 2013).
The simulation period extended for 73 days corresponding to the wet
period described in Section 3.3. A flux concentration type boundary
conditionwas set at the soil surfacewhile a zero concentration gradient
was defined at the bottom of the profile.

Initial conditions profile for EC, Cl− and NO3
−\\N were defined by

the observed concentration at the first simulation day. Ammonium
concentration in the incoming water was equal to 0.01 mg cm−3 for
plot A, 0.1 mg cm−3 for plot B and C. The increment of concentration
value tend to represent the degree of exposure to ammonium at each
site.

Initial conditions for ammonium in the mobile and immobile zones
were set with a linear declining trend from the concentration at surface
up to 0 mg cm−3 at 40 cm deep for plot A, plot B and plot C.
Table 3
Optimized hydraulic and solute transport parameters for each layer in themodel simulation
for plots A, B, and C.

Parameter Layer 1 Layer 2 Layer 3 Layer 4

[0–15 cm] [15–37 cm] [37–84 cm] [84–130 cm]

Ѳr [cm3 cm−3] 0.0588 0.0640 0.0699 0.0704
Ѳs[cm3 cm−3] 0.4743 0.4022 0.3900 0.4135
α [KPa−1] 0.0180 0.0063 0.0042 0.0160
n [−] 1.3527 1.1540 1.1500 1.2050
Ks [cm d−1] 29.63 9.23 6.84 10.77
l [−] 0.5 0.5 0.5 0.5
DL [cm] 30.00 8.70 21.40 3.72
Ѳim[cm3 cm−3] 0.10 0.30 0.32 0.32
ω [d−1] 0.008 0.003 0.003 0.008
Do [cm2 d−1] 1.7 1.7 1.7 1.7
Reaction parameters for plot A, B and C:
μ'w, NH4+ [d−1] 0.2 0.2 – –
μ's, NH4+ [d−1] 0.2 0.2
Kd [cm−3 g−1] 3.5 3.5
First-order rate to denitrification process for plot B and C:
μw, NO3- [d−1] – – 0.1 0.1
3.4.2. Calibrated parameters
As previously mentioned, all model parameters depending on

textural characteristics for each horizon (Өs, Өr, α, n,) as well as the
saturated hydraulic conductivity Ks and the pore connectivity parame-
ter l were initially estimated using the model ROSETTA Lite Version
1.1, available in HYDRUS-1D (Schaap et al., 2001).

In ROSETTA, the retention curve and the hydraulic conductivity
curve are constructed using soil data from agricultural and non-agricul-
tural lands of the northern hemisphere (Schaap and Leij, 1998a, 1998b).
Therefore, their representativeness for Argentinean soils may be
questioned. The initial parameter values were later adjusted during
calibration using HYDRUS-1D inverse routine using local parameter
values for the study area (Imhoff et al., 2010). Table 3 shows fitted
hydraulic and solute transport parameters for all layers considered in
the model simulation.

Calibrated hydraulic parameters are consistent with soil texture.
Although each parameter has a clear physical sense, van Genuchten
and Nielsen (1985) noted thatѲr andα often have an empirical charac-
ter. In spite of this observation, an attempt was made to compare the
range of calibrated values with those reported in the literature for
similar soils. Values of hydraulic parameters for coarse to medium
texture soils are commonly reported in the literature (Santini et al.,
1995). However, values for fine-textured soils are rarer (Ventrella et
al., 2000; Imhoff et al., 2010). The α-coefficient reduced from 0.018 for
layer 1 (average 20% sand) to 0.0063 and 0.0042 for layer 2 and 3,
respectively (average 5% sand), in tune with the expected increase in
air entry value associated with finer-textured materials.

Saturated hydraulic conductivity Ks reduced threefold between the
coarsest, upper layer, and the finest, lower layers, from near 30 up to
6.84 cm d−1 for layer 3. This latter value is similar to that reported by
Ventrella et al. (2000), equal to 5 cmd−1, for a very fine-texturedmate-
rial. But it differs from the typical Argiudol described by Imhoff et al.
(2010), who mentioned field estimates of Ks equal to 168 cm d−1 on
a parcel labored with direct sowing.

Fieldwork was performed during and after precipitation events,
being difficult to characterize runoffwater,which in turn, becomes infil-
trating water into the soil. The solute concentration of the incoming
water is an input to HYDRUS-1D. Consequently, this variable was con-
sidered a calibration parameter due to the impossibility of measuring
chemical components of surface runoff in real-time, becoming a source
of results uncertainty.

Model transport parameterswerefitted using the StandardMode op-
tion within HYDRUS-1D (Šimůnek et al., 2005). Due to the inability to
measure transport parameters or to rely on published values for similar
soils for comparisonpurposes, calibrated parameter values are uncertain.
Also, it is recognized that themultiple parameters combinations can lead
to a non-unique result. Previous results from a sensitivity analysis per-
formed to ascertain Cl− transport model response to certain parameters
changes, indicated that simulated Cl− concentrations were not sensitive
to DL, Do and ω (Veizaga et al., 2015). However, they were sensitive to
the value of Ѳim showing the model dependency on immobile water
availability to reproduce adequately observed Cl− concentrations. This
dependency also supports the use of the MIM approach for solute
transport in the studied soil. A new sensitivity analysis was conducted
to explore uncertainty in the selection of the new parameters.

In this work, μ'w ,NH4+ and μ's ,NH4+ were assumed equal to 0.2 d−1

and ammoniumwas assumed to adsorb to the solid phase using a distri-
bution coefficient Kd of 3.5 cm3 g−1, which represents the center of the
range of values reported by Hanson et al. (2006). Volatilization of am-
monium and subsequent ammonium transport by gaseous diffusion
was neglected (Ramos et al., 2012). Besides nitrogen species, Cl− and
and EC were simulated.

3.4.3. Simulated hydrochemical variables
Measured and simulated pressure head for plot A are presented in

Fig. 5 (top panel), showing an adequate fit of observed data. The same



Fig. 5. Comparison between measured and simulated EC, Cl− and NO3
−-N values and concentrations at plot A and plot B at different soil depths.
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Fig. 5 (continued).
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figure shows measured and simulated values of CE, Cl− and NO3
−\\N at

plot A, plot B and plot C. Also included are simulated concentrations of
NH4

+\\N at plot B and C.
At plot A, simulation results satisfactorily matched measured data.

As a result of precipitation events, solute concentrations (EC, Cl− and
NO3

−\\N) undergo a sharp decline at all depths. Infiltratedwater dilutes
salts along the profile transporting them to deeper horizons, in agree-
ment with recent findings reported in the literature (Ramos et al.,
2012). On the contrary, between precipitation events measured/simu-
lated pressure head (suction) increases as a result of high evapotranspi-
ration rates, which in turn, causes the concentration of salts near the soil
surface. This effect progressively dissipates at deeper soil layers. Note
that NO3

−\\N uptake by plant roots was activated at plot A.
Even though measured ammonium concentrations were not avail-

able for comparison with simulated results, the model would indicate
that NH4

+\\N is rapidly nitrified and NO3
−\\N transported into lower

layers. Previous results supported the use of the MIM approach for Cl−

transport in plot A. These new results reassure the suitability of this
model not only for Cl− but also for CE and nitrate.

To a large extent, at plot Bmeasured values of EC and Cl− concentra-
tions remain stable with depth, a pattern that the model reproduces
correctly. The combination of adequate moisture levels, hot tempera-
tures and the abundance of organic material at surface layers result in
suitable conditions for nitrification in both plot B and plot C. Similar to
plot A, model simulated NH4

+\\N is rapidly nitrified and NO3
−\\N

transported into lower layers. However, the particular characteristics
of plot B and C (saturated conditions in deep soil layers) may trigger
denitrification. This process was simulated as a first-order reaction at
the two deepest layers of the model with μw ,NO3−=0.1d−1 (Smith
and Tiedje, 1979).

The simulated NO3
−\\N concentration at plot B adequately

reproduced measured data, slightly overestimating at 30 cm depth.
Ammonium is rapidly converted to NO3
−\\N at upper layer, Neverthe-

less, ameasurable concentration is transported downward and detected
at 60 cm deep. Again, the saturated conditions are favoring vertical
transport.

At plot C, data availability limited solute transport simulations and
comparison with the other plots. On the one hand as explained, the
site late instrumentation precluded relying on a data set concomitant
with plot A and B. On the other hand, during humid periods accessibility
to plot C was restricted due to lagoons overflowing and muddy condi-
tions, interfering data collection activities. Nonetheless, a simulation
was attempted for a very humid period from November 1, 2013 to
November 13, 2013, where cumulative rainfall reached 233.7 mm, to
test the performance of the modeling approach at this impacted site.
Measured and simulated values of CE, Cl− and NO3

−\\N are shown in
Fig. 5.Modeled NO4

+\\N is also included in the figure. Simulation results
satisfactorily matched measured solute concentrations at 30 cm.
Interestingly, observed EC and Cl− values decreased at the end of the
simulated period at the upper layer, probably because of intense
dilution processes caused by the extreme precipitation event. Contrary,
observed NO3

−\\N concentrations increased. However, the model did
not succeed at reproducing observed nitrate concentrations at 60 cm
and 100 cm. Low concentration measured data could be attributed to
lateral, subsurface flow coming from the unlined retention lagoons
located upstream of the site. This flow may have encountered a quite
dense horizon which impeded downward movement. More field data
should be collected in future studies to confirm this hypothesis and
modeling results at this location.

It is acknowledged that a source of uncertainty ofmodel results is the
concentration of incomingwater (CTOP), a HYDRUS-1D input data, which
is unknown in this case. Within the simulated twelve-day-period,
precipitation was distributed as shown in the shaded area of Fig. 4.
According tofield observation, during thefirst day of heavy precipitation,



31E.A. Veizaga et al. / Journal of Contaminant Hydrology 193 (2016) 21–34
lagoons overflow spread all over the surrounding land in a mantle-
type manner. On the second day of heavy precipitation, overflows con-
centrated within carved, run-off channels by-passing the monitoring
plot C, rendering very complex the estimation of CTOP.

3.5. Model goodness of fit

Flow and transport model performance was assessed quantitatively
by means of various criteria applied to pressure head and concentra-
tions, respectively. The following statistical measures of goodness of fit
(Zheng and Bennett, 2002) compared field measured values with
HYDRUS-1D simulations. Quantitative measures of uncertainty were
themean error (ME), mean absolute error (MAE) and rootmean square
error (RMSE), expressed as:

ME ¼ 1
N

XN
i¼1

Oi−Pið Þ

MAE ¼ 1
N

XN
i¼1

Oi−Pij j

RSME ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN
i¼1

Oi−Pið Þ2

N−1

vuuuut

where Oi and Pi are observation values and model results in the units of
the particular variable, respectively, and N is the number of observa-
tions. The subscript i indicates observation number, while the term in
parentheses is called model error.

Model results closely replicate pressure head at plot A. The statistical
indicators (Table 4) integrate results for three depths resulting in a ME
of−0.0021 cm, a MAE of 0.0452 cm and a RMSE of 0.0564 cm. Numer-
ical results of the continuous overall soil water salinity characterized by
EC produced an RMSE of 0.0635 μS cm−1 for plot A and 0.0801 μS cm−1

for plot B, which indicate an acceptablemodel performance comparable
to errors reported from HYDRUS-1D simulations performed by Ramos
et al. (2011) and even HYDRUS-2D simulations by Ramos et al.
(2012). It would be desirable to rely on a higher number of observation
data to obtain more robust statistical indicators for hydrochemical
variables. The use of ceramic cups difficulted soil solution sampling
during dry periods, reducing in turn, the number of data points for
model calibration and statistics estimations. Nonetheless, N was higher
than 22 in all calculations included in Table 4.

3.6. Model sensitivity

Normalized sensitivity coefficients κjwere calculated to test the
overall responsiveness and sensitivity of the model results to certain
Table 4
Results of the statistical analysis betweenmeasured and simulatedpressure head at plot A,
and measured and simulated EC, Cl− and NO3

−\\N concentrations at plot A and B.

Statistic
Pressure head
(cm)

EC
(uS cm−1)

Cl\\
(mg cm−3)

N\\NO3\\
(mg cm−3)

Plot A
N 219 25 26 34
ME −0.0021 0.0263 4.42E-6 −3.38E-6
MAE 0.0452 0.0515 7.57E-6 5.82E-6
RMSE 0.0564 0.0635 1.19E-5 7.45E-6
Plot B
N – 24 22 23
ME – 0.0423 6.82E-7 −2.55E-6
MAE – 0.0552 2.70E-6 4.63E-6
RMSE – 0.0801 3.66E-6 6.62E-6
input parameters. The coefficient κi , j is defined as the ratio of relative
variation in the output variable y to relative variation in parameter
input values aj, as follows:

κ j ¼ ∂y=y0
∂aj=aj0

Where y0 is the output variable calibrated value, and aj0 is the value
of the jth parameter of the reference/calibrated simulation run, respec-
tively. These normalized sensitivities are dimensionless quantities that
can be used to compare the importance of different observations to
the estimation of a single parameter or the importance of different
parameters to the calculation of a simulated value (Hill, 1998). In this
work, they were used for this second purpose, focusing on transport
parameters.

Counting the four layers, and three investigation sites, the number of
parameters candidates to be tested would be quite large. As mentioned
in Section 3.4.2, results froma previous sensitivity analysis performed to
ascertain Cl\\transport model response to certain parameters changes,
indicated that simulated Cl\\concentrations were not sensitive to DL,
Do and ϖ. Based on the calibration stage, and to simplify the analysis,
the target output variable is the simulated nitrate concentration in the
top layer of plot B because of the variety processes occurring at that
site. Among candidate parameters to conduct sensitivity analysis, the
partition coefficient Kd and the concentration of ammonium in the in-
coming water CTOP were investigated. Values of the calibrated parame-
ters used in the denominator of the above equation are given in Table 3.

A model is said to be sensitive if κ N 1, neutral if κ= 1, and robust if
κ b 1(Rodríguez et al., 2008). Normalized sensitivity coefficients for each
Kd tested shown in Fig. 6 corresponds to the mean κj for the simulation
period. For the range of tested Kd, κ was between 0.207 to 0.212, a rel-
atively uniform value less than one, indicating that model results were
not very sensitive to Kd. The range of tested distribution coefficient
was between 1.5 and 4 cm3 g−1, defined by Hanson et al. (2006) from
previously published values.

The normalized sensitivity coefficient for CTOP depicted in Fig. 6 cor-
responds to themean κ for the simulation period. The coefficient values
were less than one but above κ for Kd parameter. The concentration of
incoming water is a site dependent variable related to mechanisms
that affect the source at each site. For lower values of CTOP (NH4

+\\N),
between 0 to 0.125 mg cm−3, κ remains constant equal to 0.338. Larger
values of CTOP cause a rapid increment of κ denoting the incipient sensi-
tivity of model results to the concentration of incoming water.
Fig. 6. Sensitivity analysis for Kd parameter and the incoming concentration of ammonium
(CTOP) at plot B.
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Interestingly, Chevron and Coquet (2008) conducted a sensitivity
analysis of transient-MIM HYDRUS-1D evaluating the ratio of relative
variation in output pesticide concentration to relative variation in
parameter input values. The authors found that transient MIM
HYDRUS-1D was highly sensitive to parameters related to pesticide
degradation and sorption, especially the Freundlich exponent associat-
ed with nonlinear sorption.

3.7. Model deviation from data

Deviations betweenmeasured and simulated variables expressed by
error calculations presented in Table 4 can be attributed to different
causes, including errors related to field measurements, modeling
approach, model structure and model inputs. A brief discussion of
each of them follows.

3.7.1. Measured data
Pressure head sensors measure bulk soil moisture, i.e. moisture

contributed by mobile and immobile water alike, in proportions that
will dependon the soilmoisture condition. For instance, one could spec-
ulate that if the sensor is located at or near a crack formed after a drying
period, it would measure mobile water after the first rain. If the soil
moistens enough so as to close small cracks, then the sensor would
measure predominantly immobile water. As presented in Köhne et al.
(2009), the acceptable of the single porosity model performance
achieved here with meaningful physical soil parameters has been re-
ported in previous studies. These authors also highlighted the limitation
in using flow data alone for the identification of dual porosity models
parameter and the role of preferential flow in structured soils.

Since it was difficult to collect soil solution samples with ceramic
cups during dry periods, model simulations could not be compared
with measured data during these periods. Therefore, measured-simu-
lated comparison is restricted to wet periods. Besides, concentrations
determined from suction cups samples represent both spatial and
temporal averages while they are compared against point and time-
specific simulated values. The sampled volume depends on soil hydrau-
lic properties, soil moisture content and applied suction (Weihermüller
et al., 2005, 2011). Even though three distinct data collection sites
around lagoons effluents were investigated, spatial soil variability can
also affect concentrationsmeasured by suction cups, a topic extensively
investigated by Weihermüller et al. (2011). Likewise, the number of
field measurements differed from plot to plot, affecting simulations ro-
bustness where few calibration measurements were available, namely
plot C.

3.7.2. Modeling approach

3.7.2.1. MIM model. Based on van Dam et al. (1990) and Ventrella et al.
(2000) experience, the MIM approach combined with the single poros-
ity Richards' equation was used in this study. For consistency, the same
SP-MIM model was implemented for all three plots. Adopting the MIM
approach improved transport results at plot A (Veizaga et al., 2015),
where cracks and macropores may develop. Pressure head data were
available at this site to identify rapid responses (associated to by-pass-
ing flows)/slow responses (associated to matrix flows). Improvement
of concentration results was not so evident at plot B and C, probably
because of the near-saturation conditions of the soil profile at these
sites, creating a different flow-transport environment.

3.7.2.2. Nitrate species simulation. In soil-groundwater systems, nitrogen
species consist of NH4

+\\N, NO3
−\\N, organic N and nitrogen gas (N2).

The transformation from one species into another will depend on
environmental conditions, particularly pH, temperature, oxygen
and microorganisms activity. In this work, the modeling approach to
transport N species, namely NH4

+\\N and NO3
−\\N, used first-order

reactions to represent nitrification-denitrification processes. This type
of representation was successfully used in studies by Johnsson et al.
(1987), Mailhol et al. (2007), Crevoisier et al. (2008) and Ramos et al.
(2012). Alternatively, full monod kinetics could be used to model N-
transformations (Lee et al., 2006).

3.7.3. Model structure

3.7.3.1. 1D vs 2D. Ramos et al. (2012) compared their two-dimensional
results with one-dimensional results of the same study site, concluding
that adopting the 2D approach proved to be beneficial in lowering the
simulation errors. Nonetheless, the same authors stressed that the
notion of increasingmodel dimensionality, in their case to three-dimen-
sions, do not necessarily bring a better match between measured and
simulated data. In their own experience, NO3

−\\N\\simulated concen-
trations were worse.

Field data at plot B and C suggested the possible occurrence of
subsurface, lateral flows. Exploratory simulations with HYDRUS-2D
software package (Šimůnek et al., 2006) were attempted (Veizaga,
2015). The 2D configuration included plot B and surrounding areas,
and extended to the ponding area nearby, suspected to cause subsurface
flows after heavy rains. Model runs were constrained by limited data,
providing uncertain results. The simulations were kept as simple and
rigorous as possible to comply with the objectives of comparing the
three sites.

3.7.3.2. Layer discretization. A four-layer discretization was adopted for
the representation of the soil profile grouping similar horizons identi-
fied in the soil pit where observation points were located. However
physical properties and textural characteristics allowed describing
seven horizons. Even though, it is considered an adequate discretization
compared to similar HYDRUS-1D simulations (Ramos et al., 2011; Saso
et al., 2012). More critical could be the fact that the same calibrated
hydraulic parameters were used at the three plots given the constrain
of pressure head data availability. As discussed, the surface exposure
to runoff is may differ from site A, B and C.

3.7.4. Model input data

3.7.4.1. Initial conditions concentration. Initial condition for EC, Cl− and
NO3

−\\N was known, it was not for NH4
+\\N. Based on measured

NO3\\N and considering the N-species transformation processes in
these environments (Lee et al., 2006), a linear decaying NH4

+\\N profile
was assumed, with the underlying hypothesis that has underwent
nitrification prior to the simulated period.

4. Summary and conclusions

This work documented the NO3
−\\N dynamics and its migration in a

fine-textural soil impacted by feedlot (FL) operations representative of
the Argentine Pampas region. Findings of this research increased
the understanding of fundamental processes leading to the observed
NO3

−\\N dynamics that can assist management strategies to mitigate
the negative impact on surrounding environments.

Key outcomes were the result of a careful selection of monitoring
sites (plots A, B, and C) subject to different degrees of exposure to ma-
nure accumulation and lagoon overflows following significant rainfall
events, confirming recent findings elsewhere from beef-dairy farms
enterprises under heavy texture soils. Site selection was a relevant
factor, allowing field-oriented activities under budget constraints like
those found in developing countries.

Both statistical analysis over the entire dataset and numerical
modeling over a wet period were undertaken. Results from both
methodologies pointed out that the combination of different hydrolog-
ical conditions and exposure (and duration) to manure on the soil
surface have a profound impact on the transport and transformation
of NO3

−\\N in the soil profile, which overshadowed the expected
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structural control by the B2t horizon (clay). The model confirmed that
NO3

−\\N and Cl− reached deep horizons (up to 1 N m) at FL locations
with less exposure to manure, vegetation grow, and prevailing unsatu-
rated soil conditions driven by climatic forcing. This finding is signifi-
cant, and further supports recently published works challenging
the traditional idea that fine-texture soils mostly act as an impeding
layer for NO3

−\\N migration to the water table. Processes controlling
NO3

−\\N dynamics at locationswith near-saturated conditions, showed
more complexity: a combination of dilution, transport and reactions
such as nitrification/denitrification took placed. As vegetation growth
was impeded, microorganisms enhanced production (nitrification) at
the soil surface, and possibly denitrification at deeper layers.

In spite of insufficient data, HYDRUS-1D was an effective simulation
tool for assessing fate and transport of some N-species. Model simula-
tion results inherit uncertainties produced by several sources (field
measurements,modeling approach,model structure andmodel inputs).
Nevertheless, the selected SP-MIM approach produced model results
that complemented field data interpretation adequately well. Statistical
measures of model goodness of fit (ME, MAE and RSME) were within
values commonly reported in the literature for similar processes.
Model sensitivity was tested for two transport related parameters, Kd

and concentration of ammonium of incoming water (CTOP). Modeled
values were not sensitive to Kd but showed incipient sensitivity to
CTOP. However, the sensitivity coefficient remained always less than
one, denoting model robustness.

Previous knowledge from modeling work conducted at the site
using the MIM approach for Cl− has facilitated the exploration of
observed NO3

−\\N data, the interpretation of modeling results leading
to processes identification, and the need for future research activities.
Similar work is encouraged elsewhere to test model capabilities and
performance for prediction of the likelihood of NO3

−\\N mobilization
from FL operations, extending the analysis to two-dimensional repre-
sentations and additional chemical species to close the N cycle in
these environments.
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