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Abstract

Transport and reduction of nitrate in a typically macroporous clayey till were examined at
variable flow rate and nitrate flux. The experiments were carried out using saturated, large diameter
(0.5 m), undisturbed soil columns (LUC), from a forest and nearby agricultural sites. Transport of
nitrate was controlled by flow along the macropores (fractures and biopores) in the columns. Nitrate
reduction (denitrification) determined under active flow mainly followed first order reactions with
half-lives (¢1/,) increasing with depth (1.5—3.5 m) from 7 to 35 days at the forest site and 17 h at
the agricultural site. Nitrate reduction was likely due to microbial degradation of accumulated
organic matter coupled with successive consumption of O, and NOj3 in the macropore water
followed by reductive dissolution of Fe and Mn from minerals along the macropores. Concentrations
of total organic carbon measured in soil samples were near identical at the two study sites and
consequently not useful as indicator for the observed differences in nitrate reduction. Instead the high
reduction rates at the agricultural site were positively correlated with elevated concentration of water-
soluble organic carbon and nitrate-removing bacteria relative to the forest site. After high
concentrations of water-soluble organic carbon in the columns from the agricultural site were leached
they lost their elevated reduction rates, which, however, was successfully re-established by
infiltration of new reactive organics represented by pesticides. Simulations using a calibrated discrete
fracture matrix diffusion (DFMD) model could reasonably reproduce the denitrification and resulting
flux of nitrate observed during variable flow rate from the columns.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In many areas of Denmark and other northern hemisphere countries, deposits of clay-
rich till constitute the parent material of highly productive agricultural soils and underlying
clay-rich aquitards. These aquitards provide varying degrees of protection of deeper
aquifers against nitrate pollution from agriculture depending on properties such as
fracturing, thickness, hydrology, geo-biochemistry and mineralogy.

Nitrate reduction is part of the denitrification process, which can take place under
anaerobic conditions mainly developing during water-saturated conditions (see Korom,
1992, for review of processes). The overall denitrification process can be described as:

2NO; 4 12H* + 10~ — N, 4 6H,0 (1)

N,O is an intermediate product in the transformation from NO;3 to Nj.
Electrons needed for denitrification can originate from microbial oxidation of organic
matter (electron donor):

5CH,0 + 4NO; — 2N, + 4HCOj + CO, + 3H,0 (2)

for which reaction the Gibbs standard free energy is — 448 kJ mol~ ' CH,O representing
the organic matter (Berner, 1980).

Fractures and biopores (macropores) have been shown to constitute zones of increased
densities of bacteria associated with downward transport and accumulation of organic
material from natural vegetation and agricultural (and industrial) production (see e.g.
Canadell et al., 1996; Jorgensen et al., 1998a,b, 2002; Vinther et al., 1999; Jensen et al.,
1999). The occurrence of this sub-environment is visually apparent in most sub-soil
profiles of oxidized till as a distinct bleached pattern of local chemical alteration along
macropore walls (microsites) extending from the root zone and sometimes down to 10 m
depth or more (e.g. Briimmer, 1974; Jorgensen and Fredericia, 1992; Blume, 1988).
Several studies have shown that locally increased potentials for denitrification are
frequently associated with the microsites (e.g. Fujicawa and Hendry, 1991; Ernstsen et
al., 1998a,b). Besides hosting microsites the macropores also typically conducts more than
90% of downward water flow in the tills (e.g. Jorgensen et al., 1998a,b,c; Sidle et al.,
1998; Jorgensen et al., 2002). In previous nitrate studies, however, the correlation between
microsites and preferential flow paths in the soil has not been investigated and
consequently the implications of observed nitrate reduction rates for downward nitrate
fluxes in the aquitards, is largely unknown.

One difficulty of such an investigation is to obtain controlled and coupled measure-
ments of flow and pore water reactions with nitrate along a well-defined continuum of
undisturbed natural flow paths (macropores) in the soil. In the current study this problem
was overcome by using the large (0.5 m in diameter and 0.5 m in length) undisturbed
column (LUC) method developed by Jergensen (1995). LUC allows investigation of
chemical reactions (e.g. nitrate reduction) along a large number of natural fractures and
biopores embedded in the clayey soil matrix under controlled manipulation of active flow
and chemical boundary conditions.
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The overall aim of this study is to investigate the dynamic relation between transport
and reduction of nitrate, and the resulting nitrate flux as recorded during active flow along
macropores in the aquitards of a forest and nearby agricultural sites. Specific objectives
were (1) to study the influence of land use inherent in columns on the reduction of nitrate
applied to the till, (2) evaluate the role of macropores and associated bleached microsites
along macropores and bulk matrix to the overall transport and reduction of nitrate, and (3)
assess key parameters controlling nitrate reduction. A further objective was to evaluate
discrete fracture matrix diffusion (DFMD) modeling as numerical approach (see Jorgensen
et al., 2004 for comparison of different numerical approaches for simulation of non-
reactive solute transport at variable flow and time) for studies and assessment of nitrate
transport and vulnerability of aquifers situated underneath clayey till aquitards.

2. Materials and methods
2.1. Soil materials

Large undisturbed till columns (LUC), 0.5 m high and 0.5 m in diameter, were
excavated from 1.7 to 4 m depth in a beech forest and from arable land near the villages
of Hinnerup and Grundfer, respectively, in the western part of Denmark (Fig. 1).
Additional small soil samples were collected from 10 to 20 cm increments by inserting
steel tubes (diameter: 6 cm) approximately 10 cm into the vertical wall of the excavations
at both sites. The upper 3 to >10 m of the geological profile at the two study sites is
clayey till with 17-25 % clay. The till is water saturated from approximately 0.5 and 2 m
depth at the forest and agricultural sites, respectively, at high water table during winter,
and from 3 to 3.5 m depth at lowest water table in summer at both sites. At the forest site
the till layer is >10 m thick and the lower seasonal water table is represented by the
lower boundary of yellowish brown oxidized till, while at greater depth (>3.5 m) the till
is grey and unoxidized due to permanent water saturation. The clayey till of the
agricultural site overlies a sandy aquifer at approximately 3.5 m depth. Both the clay
and the sand unit are oxidized throughout this profile. At both field sites the dominant
direction of hydraulic gradient is downward indicating a flow direction from the ground
surface into the underlying aquifers. A geological description of the area is provided by
Gravesen (1996).

At both study sites numerous biopores (mainly root channels) and vertical fractures
were observed in the clays throughout 10 X 10 m wide and 3—4 m deep excavations
made at each site. Pronounced secondary chemical alteration of the macropore walls (Fig.
2) is occurring both along the fractures and root channels, and resembles the redox
features (microsites) described in clayey till by Jorgensen and Fredericia, (1992). These
are generally developed along macropores in near surface clayey deposits (Madsen,
1983).

At the forest site pH values of 4.5—5 were measured down to 1 m depth, and increasing
to 5.8—6.0 at 2 m depth, from which the uppermost LUC column was collected. At the
agricultural site the pH was near neutral (pH 7) all through the profile due to agricultural
treatment of the soil with lime. The small soil samples were analyzed for total organic
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El Mainly clayey till |:| Mainly sandy till and meltwater sand

I:l Mainly meltwater sand

Fig. 1. Denmark. Location of forest site (Hinnerup) and agricultural site (Grundfer).

carbon (TOC) by standard procedure (Klute, 1986) and for water-soluble organic carbon
by shaking the samples for 1 h with demineralized water at a soil-to-water ratio of 1:2 and
measuring the carbon content of the filtrates by UV-persulfate oxidation with IR detection
of CO, (Dohrmann DC-180 Total Organic Carbon Analyzer, Certex). The content of
adenosine tri-phosphate (ATP), a measure of microbial biomass, in soil samples was
determined as described by Lind and Eiland (1989). Similarly, the effluent solution from
the column experiments (se below) were analysed for dissolved organic carbon (DOC) and
ATP. Nitrate reducing bacteria were enumerated as described by Vinther et al. (1999). The
soil samples for the study were collected in autumn immediately after harvest from the
agricultural site and in winter from the forest site.

2.2. Column experiments

The large undisturbed columns (LUC) were used for experiments with transport and
reduction of applied nitrate during controlled saturated flow using well defined hydraulic
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Fig. 2. Photo showing bleaching and Fe(Ill) enriched rims along fractures at 1.7 m depth from the forest site
(see Jorgensen and Fredericia, 1992, for mineralogical explanation).

gradients. The columns are assumed to be representative for the till matrix and macropores
by containing approximately the same high density of these structures as observed at the
field sites (Jorgensen et al., 2004). Fig. 3A shows an “open cut” of the large column
permeameter, which allow for controlled studies of flow and solute transport in undis-
turbed soil columns under well-defined boundary condition. In all columns 96% to >99%
of the water flow occurred as preferential flow along isolated biopores embedded in the
clayey matrix or in root channels following fracture planes (see Fig. 5, Jorgensen et al.,
2004). The sampling and set-up of the LUC and hydraulic properties of the columns is
described in detail by Jergensen et al. (2004).

The nitrate investigations with the columns were performed with constant influent
concentrations of nitrate for each column. The experimental device used for the experi-
ments is shown in Fig. 3B. On-line refrigeration of the influent solution and insulation of
the influent and effluent flow lines was combined with cooling the complete LUC system
in order to maintain a temperature at 12 + 2 °C during the experiments. Flow during the
experiments was controlled with peristaltic pumps, and corresponding hydraulic gradients
were monitored during experiment to see that hydraulic properties of the columns were not
changing during experiments (Jorgensen et al., 2004). Discrete samples of effluent were
collected with a fraction collector (3700 Portable Sampler, ISCO) for analysis of nitrate,
while samples for analysis of redox-sensitive parameters were collected in vacutainers
injected from outlet ports directly on the effluent line (“taps™ in Fig. 3B). The water used
for influent solution in the experiments was obtained from the study sites or a confined
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Fig. 3. (A) Large undisturbed column (LUC) permeameter (cut open) used for the flow and transport experiments.
(B) Laboratory set-up for the nitrate study.

aquifer at a site that is geologically similar to the site where the columns were taken. Major
ions measured for the influent (in mg 1~ ') were Ca®": 94—-96, Mg? *: 22-25, Na': 33—
105, K*: 4.3-5.2, Fe* "1 0.04—0.06, Mn* *: <0.005-0.01, SO3 ~: 14-23, HCO5: 378—
391, O,: 7—11. DOC was 10—30 mg/l and the pH was 7.8 ( £ 0.1).
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Influent concentrations together with flow sequences applied for the experiments are
shown in Table 1. The different flow sequences in Table 1 have been chosen in order to
increase the number of flow situations relevant for field condition of the nitrate transport,
and to provide the data for testing the ability of the DFMD model to reproduce such
transport. Influent and effluent chemical analysis and methods of analysis are listed in
Table 2. Normalized concentrations (C/Co) of nitrate and bromide were calculated as

(Cefﬂuent - Cbackground)/ (Cinﬂuent - Cbackground)-
2.3. Transport model

2.3.1. Model code

Evaluation of nitrate effluent concentrations and reduction in the columns was carried
out using the Discrete Fracture Matrix Diffusion (DFMD) model code FRACTRAN
(Sudicky and McLaren, 1992). The model assumes flow and transport along parallel plate
fractures as well as in the matrix, coupled with Fickian diffusion between the fractures and
matrix (matrix diffusion). The model describes degradation of solutes as a first order

Table 1
Flow rates and solute concentrations applied to the columns
Experimental ~ Flow rate® Nitrate influent  Pesticide pulseb
day no. (mm day™ D) concentration concentration
(mg 1™ (mg 1™
Column 1 (three different flow rates, 0.0—12.5 24.5 70 —
two of them repeated once) 12.5-28.6 11.9 70
28.6-39.6 4.89 70
39.6-48.7 249 70
48.7-58.5 4.83 70
Column 2 (constant flow with flow 0.0-14.9 24,5 70 -
interruptions) 14.9-25.0 0 (for 10 days) -
25.0-34.6 24,5 70
34.6—-59.8 0 (for 24 days) —
59.8-74.0 24,5 70
74.0-119.2 0 (for 45 days) —
119.2-130.3 24,5 70
130.3-158.4 O (for 28 days) —
158.4-182.8 24,5 70
Column 3 (three different flow rates) 0.0-0.38 54.2 85 -
0.38-2.64 11.9 85
2.64-4.58 2.94 85
Column 4 (three different flow rates) 0.0-5.12 3.06 58 -
5.12-6.25 15.3 57
6.25-6.97 21.4 55
Column 4 (application of pesticide - 12.3 44 Bentazon: 153
pulse as organic carbon source) MCPA: 84
MCPP: 185
Fenoprop: 78
Propoinol: 30

* Flow rate average + max. 0.5 mm day ™ '.

® Pesticide pulse 4.5 1.
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Table 2

Measured solute parameters and applied analytical methods

Parameter Method of analysis Reference

NO;~ Cadmium reduction (columns 1, 2 and 4) HACH, 1989
Ion selective electrode (column 4)

O, Modified Winkler Eaton et al., 1995

Mnygar Atomic absorption spectrometric

Fe** Modified phenanthroline Marczenko, 1986

pH pH-meter

DOC Non-perchable organic carbon Wu et al., 1990

TOC Combustion

ATP Luciferine-luciferase-method Eiland, 1985

reaction. The governing flow and transport equations for the model is given by Sudicky
and McLaren (1992).

2.3.2. Model calibration and estimation of nitrate reduction

Calibration of FRACTRAN to describe the dilution of the tracers by physical processes
(matrix diffusion and dispersion processes) was carried out on the basis of observed flow
and bromide (non-reactive tracer) transport for each of the large undisturbed columns
(Jorgensen et al., 2004) Table 3. It was shown that the calibrated model could reasonably
reproduce the bromide transport data observed from the experiments under the variable
flow rates and different flow sequences applied to each column. Because nitrate and
bromide has similar physical properties any loss of nitrate greater than the calibrated
model would account for (physical processes) was attributed to chemical reduction of
nitrate. Consequently, the portion of nitrate attenuation specifically caused by chemically/
microbial reduction could be isolated and estimated by varying the degradation rate
parameter in the calibrated model until the simulations would fit the nitrate transport data.
This allows for comparison of nitrate reduction between the columns despite of the
different flow sequences that were carried out for each column (Table 1).

3. Results and discussion
3.1. Nitrate fluxes

Fig. 4A—D shows normalized effluent breakthrough of nitrate from the forest and
agricultural columns (see Table 1 for applied solute concentrations and flow rates).

In the experiment with an incremental series of different flow rates (Fig. 4A) the
difference between normalized concentrations of nitrate and bromide in the effluent is seen
to be greater for low than for high flow rates despite constant influent concentrations of the
solutes. This is due to increased diffusion of the nitrate into the matrix and more time for
reduction at low flow rate.

The same result is seen from the experiments with flow interruptions of different length
(Fig. 4B), where much lower concentration appears for nitrate relative to bromide after
long flow interruptions than after short interruption. Furthermore, while the bromide
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Table 3
Soil and solute input model parameters used for FRACTRAN simulations

Parameter Value Reference

Fracture aperture (2b)/spacing (2B)

Column 1 87 x 107 °m/0.17 m Calculated/fitted

Column 2 74-81x 10" m/0.1 m Calculated/fitted

Column 3 94 %10~ ° m/017 m Calculated/fitted

Column 4 14%x 107 m/0.1 m Calculated/fitted
Bulk hydraulic conductivity (K)

Column 1 259% 10" °ms™! Measured

Column 2 297x10"° ms! Measured

Column 3 330x10 ®ms™! Measured

Column 4 20%x10 8ms! Measured
Matrix hydraulic conductivity (K.,) 510 O ms ! Foged and Wille, 1992
Matrix porosity (0,,)*

Column 1 0.31 Measured

Column 2 0.35 Measured

Column 3 0.33 Hoff, 1997

Column 4 0.33 Assumed
Matrix dispersivity”

Longitudinal (o) 0.05 m Assumed

Transverse (o) 0.005 m Assumed
Fracture dispersivity®

Longitudinal (oy)* 0.05 m Assumed
Diffusion coefficients of NO3 at 12 °C

Free-water diffusion coefficient (Dg) 199 %1072 m?s™! Lide, 1994

Effective diffusion coefficient (D*)¢

Column 1 6.17x 107 Om? 57!

Column 2 6.97x 107" m? 57!

Column 3 6.57x 107 0m? 7!

Column 4 6.57x 10" Om*s™!
Retardation factor of NO3 (R) 1 Assumed

# Matrix porosity and measured total porosity are assumed equal values.

b 4 is estimated to be 0.1 of the column length and o, to be 0.1 of «; (Fetter, 1993).
€ oy* is assumed equal to o;.

4 D*=Dgyt, where 7 is assumed equal to the matrix porosity of the columns.

concentration in the effluent solution gradually builds up to the same level as the influent
bromide concentration (due to saturation of the column matrix with bromide), the nitrate
flattens out at a lower, however constant, concentration when flow was restarted after each
flow interruption. This indicates that nitrate is removed from the mobile pore water at
constant rate by chemical or microbial reaction.

When application of the two tracers was stopped during continued flow, an initial
rapid drop in concentrations appeared for both traces due to flushing of the compounds
from the macropores. Hereafter the nitrate concentration was declining more rapidly than
the bromide concentration. This is in agreement with that less accumulation has occurred
in the matrix for nitrate than for bromide, because nitrate has been removed by
reduction.

Fig. 4C and D shows normalized effluent nitrate concentrations observed during
continuous infiltration of the nitrate into the two columns from the agricultural site during
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a series of different flow rates (bromide transport data form these columns was obtained
from separate experiments presented by Jorgensen et al. (2004), in which study they are
refereed to as columns 1 and 2).

From the data in Fig. 4 it immediately appears that the nitrate reduction rates in the
agricultural columns are significantly higher than in the forest columns. The transport data
show that at the low flow rate for both columns the nitrate breakthrough concentrations
stabilizes at very low levels, indicating that almost complete reduction of the influent
nitrate is occurring during passage through the columns. Increasing the flow rate resulted
in increasing effluent concentrations, which flattened out during maintained flow. This
indicates that a new level of equilibrium between nitrate infiltration and reduction was
reached at each new flow rate applied. Decreasing the column temperature from 12 to 8 °C
in order to test the influence of soil temperature on the nitrate reduction and resulting flux
increased the nitrate flux by 40—50% (not shown).

3.2. Nitrate reduction and pore water reactions

Fig. 5 shows the effluent concentrations of O,, Mn(tot.) and Fe* * from the deep forest
column measured simultaneously with the effluent NO5 . The figure reveals that the low
nitrate concentrations, which develops during each flow interruption, are accompanied by
decreased concentrations (0.5—1.5 mg/l) of oxygen and increased concentrations of
Mn(tot.) and Fe®*. These observations suggest that successive reductive consumption
of Oy, NOj in pore water and Mn and Fe in minerals (electron acceptors) was occurring as
result of microbial degradation of organic matter (electron donor) as described by
Jorgensen and Fredericia (1992). Since near 99% of flow was conducted by the macro-
pores in the column, these observations suggest that the nitrate reduction and Fe/Mn
reduction was occurring in the matrix along the macropores. According to the metabolic
energy yielded from bacterial reduction of O,, NO3, Mn*" and Fe**, these compounds
would be consumed in order from O, to Fe**, (e.g. Kormo, 1992). Instead Fig. 5 indicates
that the individual reactions were occurring simultaneously in the pore-water. A likely
explanation for this is that the effluent solution from the column integrates a large number
of reactive microsites, which are different with respect to water flux, type and amount of
organic matter, and redox potential. Eventually the measurements reveals that the
concentration of both Mn(tot.) and Fe*" in the effluent decreases gradually along the
series of flow interruptions. This is consistent with progressing depletion of Mn/Fe
minerals resulting in the bleaching observed along the fractures and biopores (see Fig. 2).

3.3. Organic carbon and bacteria

The role of bacteria and denitrification for the observed nitrate reduction was
further evaluated from measurements of ATP (adenosine-tri-phosphate), N,O (interme-
diate product of denitrification from NOj3 to N) and DOC taken from the effluent of
the deep columns from both study sites (Table 4). The measurements show that the
slowest reduction of nitrate (found in the forest columns) was associated with
corresponding low ATP and N,O concentrations (low microbial activity) and low
concentrations of DOC in the column effluent. From the agricultural column the very
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Fig. 5. Concentrations of O, NOj3, Mn(tot.) and Fe? " measured simultaneously in the effluent from the deep
forest column (2) during intermittent flow (24.6 mm/day) and variable length of flow interruptions.

high rate of nitrate reduction was accompanied by approximately 3—20 times higher
concentrations of ATP and N,O, respectively, and higher concentrations of DOC than

for the forest site (Table 4).
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Table 4
Comparison of N, organic, and microbial parameters observed from deep agricultural and forest site columns
Parameter Forest site Agricultural site
Column 2 (3.0—3.5 m depth) Column 4 (2.4—2.9 m depth)
Flow rate during measurement, 3-36 3-30
mm/day
DOC (analyzes) (26) (63)

Concentration in
influent/effluent solution

Range, mg/l 12—-14/7-9 10-30/41-170
[mean], mg/l [131/8] [18)/[99]
NOj3 (analyzes) (num. analyzes) (26) (136)

Concentration in
influent/effluent solution

Range, mg/l 72-79/21-61 58-65/0-21
[mean], mg/1 [75)/[50] [641/[5]
N,O (analyzes) (15) (38)

Concentration in
influent/effluent solution

Range, mg/l <0.5/0.5-0.8 <0.5/2-18
[mean], mg/L [<0.5)/[<0.6] [<0.5]/[11]
ATP (analyzes) 39) (140)

Concentration in

influent/effluent solution

Range, ng/l 12-27/18-119 10-70/9-510
[mean], ng/l [131/[45] [30]/[160]

The column effluent measurements are in agreement with vertical profiles of the soil
samples obtained from the two field sites (Fig. 6A—C). The profiles reveals two to three
orders of magnitude higher concentration of nitrate reducing bacteria (6A), and 2—10
times higher concentrations of water-soluble organic carbon (6B) at the agricultural site
than at the forest site. This is in agreement with Vinther et al. (1999) who found that
the numbers of denitrifying bacteria and nitrate reducing bacteria were very low (< 10*
cells g~ ' soil) in the same forest soil as studied in this investigation as compared to
the 10°-10° cells g~ ' soil which is generally found in agricultural soils. Further,
Vinther et al. (1999) found that the numbers of denitrifying bacteria and the content of
ATP were significantly higher along macropore channels than in the matrix soil, and that
the low concentration of DOC in the forest soil was a limiting factor for the
denitrification. This is in accordance with Burford and Bremner (1976) who found a
linear relationship between denitrification capacity, defined as the evolution of gaseous
nitrogen over 7 days from samples amended with nitrate, and soil content of water-
soluble carbon.

The total organic carbon (6C) content is near identical at the two sites, and hence, this
parameter was not useful as an indicator for the greatly enhanced denitrification potential
at the agricultural site. The laboratory and field data (Table 4 and Fig. 6) consistently
supports that nitrate is microbiologically reduced by denitrification and that the higher
nitrate reduction rates in columns from the agricultural site is caused by the higher
concentration of water-soluble carbon at this site.
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Interview with the farmer of the agricultural site indicated that the soil had not been
treated with manure, which suggests that the increased concentration of water-soluble
organic carbon most likely was the result of decaying root remains after repeated seasonal
removal of the crops from the land. The very low hydraulic conductivity with depth at the
agricultural (correlating with low values of soil vane shear, see Jargensen et al., 2004) site
may have favored accumulation of water-soluble organic carbon in the profile as result of
slow leaching and prolonged periods of water-saturated conditions. This emphasizes the
potential importance of land use, and soil mechanical and hydraulic properties to the type
and reactivity of organic matter available as electron donors.

3.4. Loss and regain of reduction capacity

During maintained flow with the agricultural columns the initial high concentration of
dissolved organic carbon leached from these columns were to a great extent depleted after
percolation of approximately 180 I influent solution. Simultaneously with the DOC
depletion, the denitrification potential ceased. In contrast with this observation, both
DOC and denitrification rate for the forest columns were low and stable throughout
percolation of approximately the same amount of water.

In order further to investigate the relation between organic carbon and the nitrate
reduction, the organically depleted deep column from the agricultural site was infiltrated
with a pulse of pesticides (Table 1) in addition to nitrate to represent a renewed source of
dissolved organic matter. Fig. 7 shows that after the pesticides were infiltrated, the nitrate
in the column effluent disappeared almost immediately, showing that the denitrification
potential was effectively renewed. This emphasizes the role of easily water extractable or
dissolved organic carbon in the soil, however, quick loss and renewal of denitrification
potential also suggest that the denitrification potential in agricultural sub-soil may vary in
time and space depending on the short-term history of land use.
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Fig. 7. Renewal of nitrate reduction potential by infiltration of pesticides in the deep agricultural column (1.9—
2.4 m depth) after depletion of inherent dissolved organic carbon.
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Errlaiesreduction rates for the columns estimated by DFMD modeling
Denitrification Forest site Agricultural site
Column 1 Column 2 Column 3 Column 4
(1.5—-2.0 m depth) (3.0-3.5 m depth) (1.7-2.2 m depth) (2.4-2.9 m depth)
t12 (days) 8.5 34.7 0.11 0.8

3.5. Modeling of nitrate reduction rates

Using the calibrated FRACTRAN model the observed nitrate effluent concentration
from the experiments were simulated by varying the degradation rate parameter as the only
model variable to fit the effluent nitrate concentrations observed from each column at the
various flow rates (Fig. 4). The resulting estimates of nitrate reduction rate constants and
corresponding half-lives derived from this procedure are shown in Table 5.

The estimations show that at both sites the rate of denitrification is high down to at least 4
m depth; half-lives increase with depth from 7 to 35 days at the forest site and from 1 to 7 h at
the agricultural site. Hence, the rate is two orders of magnitude higher at the agricultural site
than at the forest site, which points to the positive correlation between the very high
denitrification rates and the elevated concentrations of water soluble organic carbon from the
agricultural site (Fig. 6B). From the overall good agreement between the observed and
simulated concentrations the evaluation show that the calibrated FRACTRAN model
provides a reasonable approximation to the highly variable nitrate fluxes observed during
different flow rates with the columns. The reduction rates applied to fit the data were unique
and consistent for each column. The ability of the model to reproduce the flow and nitrate
data shows that the nitrate reduction in the columns largely followed the first order reduction
rate described by the model.

4. Implications to groundwater risks

In order to evaluate the nitrate transport rates obtained from the experiments closer to
field conditions FRACTRAN simulations were carried out for the lower boundary of a
hypothetical 5 m thick water-saturated clay layer. The simulations used the soil and
fracture parameters together with the nitrate reduction rate determined from the deep
column from the forest site (Table 5). Hence, the simulations were using the slowest
reduction rate (¢, =34 days) estimated for the two study sites. The simulations revealed
that at steady state vertical flow of 4 mm/day (approximately two times the average
infiltration rate during winter in the study area), the nitrate from the lower boundary of the
clay layer did not exceed 1 mg/I in response to an upper boundary nitrate concentration of
80 mg/I (representing the mean root zone concentration in agricultural soils and locally in
forest soils; Gundersen and Bashkin, 1993).

The groundwater recharge in Denmark, however, is significantly influenced by
rainstorm events with common infiltration rates of 5—-30 mm/day (GEUS, 2002).
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Simulation of a 2 day storm of 30 mm/day following a 120 days period with continuous
infiltration of 80 mg nitrate/l at 4 mm/day, produced an increase of the nitrate concen-
trations from the lower boundary of the clay layer from 1 mg/l to a maximum of 3 mg/
1 during a period of 10 days after the rainstorm. Additional simulations for the same flow
conditions indicated that the reduction of nitrate determined from the LUC’s would reduce
mean root zone nitrate concentrations of 80 mg/1 below the EU drinking water standard (5
mg/l) during passage of 2 .5—5 m clay and less 1 m clay, respectively, for the forest and
agricultural land use. As mentioned previously approximately 40—50% higher nitrate
fluxes were monitored for the columns at temperatures (8—10 °C) corresponding to the
seasonal temperature minimum in sub-soil oxidized clayey till in Denmark. However,
despite this reduction in denitrification rate the model simulations suggest that during
downward water movement at water saturated conditions in the soil, average agricultural
root zone concentrations of nitrate would be significantly reduced during passage through
the top 3—10 m oxidized zone of the clayey tills.

In the columns of the current investigation preferential flow paths were represented by a
high density of fractures and biopores with apertures, which compares well with apertures
reported from other Danish clayey till sites (e.g. Jorgensen et al., 1998c; Sidle et al., 1998).
However, even higher flow rates (>1 km/day) have been reported to occur along deep root
channels in clayey till by Jorgensen et al. (2002). Where such channels combine with thick
oxidized channel rims, this may cause higher fluxes of nitrate from tills into groundwater
than indicated from the columns and simulations of the current study.

5. Summary and conclusions

This study has investigated the role of macropores (fractures and biopores) to downward
transport and reduction of nitrate in water saturated clayey till from a forest and an
agricultural study site. It was found that very high denitrification and transport rates were
occurring along the macropores, which represented 96—99% of total water flow in the soil.

Nitrate reduction largely followed first order reactions with estimated half-lives (¢,,)
increasing with depth (1.5-3.5 m) from 7 to 35 days at the forest site and 1—7 h at the
agricultural site. It was indicated from reductive dissolution of Fe and Mn minerals
simultaneously with the removal of nitrate, that nitrate reduction was associated with
reactions in microsites observed as bleached features along macropore flow paths.

It was found that the greatly elevated nitrate reduction rates observed for the
agricultural site correlated with significantly higher concentrations of water-soluble
organic carbon, higher number of nitrate removing bacteria together with indicators
(ATP and N,O) of elevated bacterial activity for the agricultural site, relative to the forest
site. Additional support for the role of water-soluble organic carbon and potential
agricultural influence was provided from the observation that loss of denitrification
potential was associated with depletion of DOC in the column effluent, and that the lost
potential for nitrate reduction was successfully renewed after infiltration of new DOC (this
time a pesticide pulse) into the columns. This suggests that nitrate reduction capacity and
rate may be highly variable in time and space depending on the short-term history of
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agricultural land use. The results suggest that water-soluble organic carbon in the soil may
be a relevant indicator for potential denitrification capacity and rate.

It was found that the discrete fracture matrix diffusion (DFMD) model FRACTRAN
could reasonable reproduce the observed nitrate fluxes from the columns observed during
different flow rates. Using the nitrate reduction rates obtained from the columns it was
found that during downward saturated water movement occurring mainly in winter,
average agricultural root zone concentrations of nitrate (80 mg/l) would be removed or
significantly reduced during passage through the top 3—10 m oxidized zone of the clayey
tills under forest and agricultural land use.
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